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Reservoir dip angle and permeability significantly impact CO2 plume migration and the amount of secondary
phase trapping in storage formations. There is a fundamental trade-off between up-dip plume migration and
secondary trapping that can be advantageous, or disadvantageous, for selecting an optimal CO5 storage site. For
example, low permeability reservoirs have limited plume migration up-dip, consequently, residual and solubility
trapping are also limited. On the contrary, for highly permeable reservoirs, up-dip migration can be fast and
extensive, leading to accelerated residual and solubility trapping. By performing a systematic simulation study of
plume migration and secondary trapping in reservoirs with a range of permeabilities and dip angles, we found
that having a dip angle of at least 1° and permeability of at least 500mD results in up to 88% of the plume being
immobilized 100 years post-injection. In reservoirs with a permeability of at least 500mD, we can optimize the
amount of immobilized CO, while limiting the amount of plume migration. As reservoir dip angles increase up to
2° and permeability increases, CO, plume migration increases progressively, and up to 8x more mass of CO can
migrate up-dip versus down-dip. At the same time, CO; solubility in brine and residual trapping work to decrease
the plume volume and can immobilize 28% to 90% of the CO2 plume over 100 years post-injection. Five
influential parameters were identified that strongly influence the plume volume during the post-injection period
for these dipping reservoirs: CO2 saturation, residual gas saturation, CO3 solubility in brine, COy density, and
formation permeability. We also investigated the impact of simulation grid resolution, the maximum non-wetting
phase saturation, and the pore-size distribution parameter on predicted plume behavior. This work provides
simple, reliable relationships between key site screening metrics, reservoir dip angle, and permeability to inform
the site selection process and monitoring, measurement, and verification (MMV) design.

1. Introduction

Carbon capture and sequestration (CCS) will play a significant role in
mitigating carbon emissions and that role is expected to grow over time
(UNFCCC, 2017). CCS involves the injection of supercritical carbon di-
oxide (COy) into geological formations for long-term storage. A key
element to the success of CCS is finding a suitable sequestration site that
can store emissions securely over geological timescales. Understanding
how the CO, plume will migrate in the reservoir over time is essential to
the site selection and regulatory processes. An estimate of the plume
footprint is used to identify pore space ownership issues and any po-
tential leakage pathways through well infrastructures, faults, or frac-
tures in the area (Frailey, 2013; NETL, 2017a; Wen and Benson, 2019).
Secondary trapping, such as residual or solubility trapping, stabilizes or
prevents plume migration, if significant (NETL, 2017a). During the site
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selection process, secondary trapping mechanisms should be identified
and assessed (NETL, 2017b). In addition, the ability to predict the plume
migration both spatially and temporally helps optimize the monitoring
process (Doughty, 2010). To select an optimal storage site, the reservoir
properties that influence plume migration and secondary trapping need
to be considered. The reservoir dip angle is a reservoir property that
significantly impacts plume migration and secondary trapping.

Saline reservoirs used for storage are often dipping, and dip signifi-
cantly influences the storage process, including residual and solubility
trapping, up-dip migration, and plume stabilization (Doughty and
Pruess, 2004; ML.A. Hesse, 2008; Kumar et al., 2004). Dip angles can
range from 0° to gently dipping reservoirs in mid-Norway to 7° in the
Vedder Formation in California to much higher values (Chadwick et al.,
2004; Doughty, 2010). Many of these sloping regional saline reservoirs
do not have structural closure, which could result in leakage from up-dip
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93.5km

Fig. 1. Model Grid. The model is 40 m thick, with uniform grid blocks of 4 m in the z-direction. The reservoir extends 93.5 km in the x-direction and 30.25 km in the

y-direction. The grid is refined around the injection well as detailed in Table 1.

Table 1
Description of the grid used for systematically comparing the influence of dip
angle and permeability on plume migration and secondary trapping.

Vertical (Z-direction) X-direction Y-direction

Permeability =~ Number Cell Number Cell Number Cell
of Grid Size of Grid Size of Grid Size
Cells (m) Cells (m) Cells (m)
10-100 mD 10 4 1 10000 3 2000
500mD and 20 2 3 5000 2 1000
1D
3 2000 1 500
2 500 53 250
118 250 1 500
8 500 2 1000
7 1000 3 2000
3 2000
1 5000
1 10000
Total Thickness: 40m X-direction extent: Y-direction extent:
93,500m 32,250m

migration (Chadwick et al., 2008; M.A. Hesse et al., 2008). To assess this
risk, the speed and distance of the CO, plume front and duration at
which CO; remains mobile or positively buoyant needs to be estimated
(Hesse et al., 2006). As CO, migrates up-dip due to buoyancy, capillary
forces on the trailing edge of the plume trap CO; in the pore space, while
at the leading edge, CO dissolves in under-saturated brine (Doughty,
2010; Hesse et al., 2006).

In high permeability reservoirs, the CO, can migrate up-dip long
distances (Kumar et al., 2004). At the same time, solubility and residual
trapping increase as a larger volume of brine and rock interact with the
mobile CO,, that increases the storage security over time as they
immobilize the COy plume (IPCC, 2005; Kumar et al., 2004). Studies
have shown that residual trapping will be the dominant trapping
mechanism in sloping aquifers and is optimized in sloping reservoirs
with small mobility ratios and high residual CO3 saturation (Hesse et al.,
2006, M.A. 2008). Increasing the slope of the aquifer leads to faster
residual trapping as the CO, plume migrates up-dip faster and slumps
more slowly (Hesse et al., 2006). Therefore, the reservoir dip angle
strongly influences plume migration and the immobilization of the CO5
plume.

Not only does the dip angle of a reservoir affect storage security, but
aquifer permeability and formation dip were also shown to be the key
parameters impacting the sweep efficiency (Gammer et al., 2011).
Permeability and dip angle are critical determinants of sweep efficiency
because they control the speed of CO2 migration and pressure buildup
(Goater et al., 2013).

Previous studies have utilized numerical modeling to examine the
impact of dip angle in a particular location with a unique heterogeneity
(Doughty, 2010; Doughty and Pruess, 2004; Wang et al., 2017). Addi-
tionally, analytical solutions have been developed in sloping confined
aquifers and in unconfined reservoirs (Gupta and Bryant, 2010; Hesse
et al., 2006, M.A. 2008; Juanes et al., 2010; Juanes and MacMinn, 2008;

Vella and Huppert, 2006). Many of these studies do not include sec-
ondary trapping mechanisms in their analytical solutions or only include
residual trapping. In addition, many of these solutions are
one-dimensional or two-dimensional and can be challenging to apply
with the information available during the site screening process.

During a multi-stage site screening process, such as the one outlined
in (Callas et al., 2022), the ability to estimate the impact that the
reservoir dip angle and permeability have on plume migration and
secondary trapping helps differentiate potential storage sites. During the
site ranking stage, homogeneous reservoir characteristics are used
because this is generally the information available early in the screening
process (e.g., before a detailed site characterization is performed).
Currently, there is no way to estimate the impact between reservoir
characteristics available at the site screening and ranking phase on
plume migration and secondary trapping without numerical simulation.

To address these issues, we systematically investigated the influence
of the reservoir dip angle and permeability on the CO, plume footprint
and secondary trapping mechanisms in homogeneous reservoirs. We
also investigated the impact of grid resolution, the maximum non-
wetting saturation, and the pore size distribution parameter in consti-
tutive relations for multiphase flow. This work aims to provide simple,
reliable relationships between key site screening metrics, reservoir dip
angle, and permeability to inform the site selection process.

2. Methods

For these studies, we focus on homogeneous, gently dipping reser-
voirs. A 3-D cartesian grid is used with refined cells in the area where the
plume is located near the injection well. Grid cells have a uniform
thickness of 4 m for permeabilities of 10 mD, 50 mD, and 100 mD.
Permeabilities of 500 mD and 1000 mD required finer grid cells in the z-
direction of 2 m. The reservoir extends 93.5 km in the x-direction and
30.25 km in the y-direction to simulate an infinitely acting reservoir
(Fig. 1). These dimensions were chosen to ensure that there was no
pressure interference between the pressure front and constant pressure
boundaries and that the CO, plume migration remained within the
reservoir model. The center of the grid near the injection well uses 250
m grid cell blocks in the x- and y-directions for the area that the plume
extends. The grid block size gets progressively larger in the x- and y-
directions (Table 1). The thickness of the reservoir is 40 m. In
Appendix A, we present a grid sensitivity study to justify the grid di-
mensions selected.

2.1. Model setup

The simulations were carried out using Computer Modeling Group
(CMG) GEM (Computer Modeling Group, 2019). The system is simpli-
fied to be a water-CO3 reservoir with a temperature 65 °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 supercritical CO- injection with a constant rate of 1
million metric tonnes per year for 20 years and monitor for 100 years
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Fig. 2. A. Up-dip versus down-dip CO, mass ratio at the end of injection as a function of permeability and dip angle. B. Plume tip distance from the injection well at
the end of injection as a function of permeability and dip angle. C. Sweep efficiency at the end of injection as a function of permeability and dip angle. D. Mass
fraction of dissolved CO, at the end of injection as a function of permeability and dip angle. E. Plume aspect ratio is defined as plume width divided by plume length
at the end of injection as a function of permeability and dip angle. F. Plume volume, m>, at the end of injection as a function of permeability and dip angle. G. Pressure
buildup at the bottom of the injection well in kPa at the end of injection as a function of permeability and dip angle.
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Fig. 3. A. Up-dip versus down-dip CO, Mass Ratio 100 years post-injection as a function of permeability and dip angle. B. Plume tip distance from the injection well
100 years post-injection as a function of permeability and dip angle. C. Sweep efficiency 100 years post-injection as a function of permeability and dip angle. D. Mass
fraction of dissolved CO, 100 years post-injection as a function of permeability and dip angle. E. Plume aspect ratio is defined as plume width divided by plume
length 100 years post-injection as a function of permeability and dip angle. F. Plume volume, m®, 100 years post-injection as a function of permeability and dip angle.
G. Mass fraction of residually trapped CO, 100 years post-injection as a function of permeability and dip angle.
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Table 2
For a given dip, there are five interacting factors that influence the supercritical
phase CO, plume volume behavior.

Interacting Factors Impact on CO; Plume Volume

® CO, Saturation

@ Solubility
Trapping

® Residual
Trapping

@ CO., Density

® Permeability

Increasing the CO saturation, decreases the plume volume
Increasing solubility trapping, decreases the plume volume

Increasing residual trapping, decreases the plume volume
Increasing the CO, density, decreases the plume volume

Increasing the permeability, increases the plume volume
during injection

post-injection. The injection well is located near the center and is
perforated in the bottommost 12 m of the reservoir. Brooks-Corey
constitutive relations for relative permeability and capillary pressure
were used (Brooks and Corey, 1964). Details for the relative perme-
ability and capillary pressure curves can be found in Appendix C. The
Land trapping model was used to calculate the amount of residual
trapping (Land, 1968). The dip of the reservoir varied between 0° and 2°
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trapping, and CO, density as driving forces behind plume volume behavior.

1000



C. Callas et al.

300

250

[
S
2

150

Plume Tip Velocity (m/yr)

S
8

50

2040 2060 2080 2100 2120
------ 1000mD Dip=0 === 1000mD Dip=1 === 1000mD Dip=2 ++++++ 500mD Dip=0 === 500mD Dip=1
——500mD Dip=2 100mD Dip=0 100mD Dip=1 100mD Dip=2
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in 0.2° increments. A maximum reservoir dip of 2° was chosen to
examine almost flat reservoirs that are unbounded and see the impact of
small dip angles. Dimensionless gravity numbers vary from 0.015 to
1.67 and the capillary numbers are on average on the order of 1071, so
capillary forces dominate (Appendix D Tables D.2 and D.3). The
permeability ranged from 10mD to 1,000mD with a k,/kp, ratio of 1. The
porosity was set to 0.15 and salinity was 30,000 mg/L. This salinity
value was chosen to be representative of the formation fluid in offshore
sediments which is typically similar to sea water (Litynski et al., 2011).

3. Results
3.1. Plume migration

To estimate the extent of the up-dip plume migration, the mass of
CO; in the gas phase and dissolved in the brine that migrated up-dip
from the injection well was calculated and compared to the mass of
CO4, dissolved and free-phase that migrated down-dip from the injection
well. Fig. 2A shows this ratio at the end of the 20-year injection period
for varying permeabilities and dip angles. For permeabilities less than
200 mD, the ratio between up-dip CO2 mass and down-dip mass remains
unity for all dip angles between 0° and 2°. This indicates that the plume
is symmetric in the x-direction about the injection well. However, as the
permeability and dip angle increase, more CO, migrates up-dip, up to 6x
more in the 1000 mD and 2° dip case. One hundred years post-injection,
this trend becomes amplified (Fig. 3A). In the highest permeability and
dip case, 8x more CO2 mass is up-dip versus down-dip.

The plume tip distance is the maximum distance the plume has
migrated up-dip away from the injection well. At the end of injection, for
low permeabilities, the plume tip distance remains constant for
increasing dip angles (Fig. 2B). As the permeability increases, the plume
tip distance increases with increasing dip. For a 1000 mD reservoir, a flat
reservoir would have a plume radius of about 3,500 m away from the
injection well. This distance increases to 7000 m for a 2°dip reservoir.
After 100 years, the plume has continued to migrate away from the in-
jection well (Fig. 3B). In low permeability reservoirs, the plume tip
distance has increased from 2,500 m to 3,000 m and remains constant
for all dip angles. However, as permeability increases, the distance the
plume migrates up-dip increases significantly in the post-injection
period. In the case of a 1000 mD flat reservoir, the plume tip has
migrated about 6,000 m away from the injection well and in a
2°reservoir, this distance increases to 16,500 m.

3.2. Sweep efficiency

The sweep efficiency is a measure of how efficiently the storage space
in a reservoir is used and is given by Eq. (1). For the same amount of
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injected CO,, a greater sweep efficiency indicates a smaller plume
footprint and a lesser sweep efficiency results in a larger plume footprint
(Van der Meer, 1995). The footprint is the areal extent of the plume, that
is the area of the plume in the topmost layer in the z-direction.

Vieas > Vi, S

- (€8]
Vr//ml/n int Znéﬁm!prim V" d)n

E:wpep =

where V is the cell volume, ¢ is the porosity, S is the average gas satu-
ration, n denotes the spatial grid cell, and n € footprint denotes all grid
cells within the plume footprint (Wen et al., 2021). In Fig. 2C, the sweep
efficiency varies from 0.2 to 0.1. These values remain fairly constant for
varying dips for permeabilities below 800mD. A hundred years
post-injection, sweep efficiency values have decreased to 0.165 for low
permeabilities and 0.045 for high permeabilities

(Fig. 3C). This decrease in sweep efficiencies is greater for high
permeabilities as the plume footprint increases post-injection
significantly.

3.3. Plume shape and volume

In homogeneous reservoirs, the CO, plume shape from an aerial view
changes from circular in flat reservoirs to more oblong as the plume
migrates further in the up-dip direction (Appendix E, Figs. E.1-E.6). To
characterize this change in shape, the aspect ratio is calculated. The
aspect ratio measures the ratio of the CO, plume width to the length of
the plume (Fig. 2E). An aspect ratio of one reflects a circular plume
shape in the x- and y-direction. A ratio higher than one indicates that the
plume width (y-direction) is greater than the plume length (x-direction).
Conversely, a ratio of less than one indicates that the plume length is
greater than the width. In Fig. 2E, low permeabilities tend to have aspect
ratios around one for all dip angles at the end of injection. Similarly, the
aspect ratio tends to be around one for all permeabilities with dip angles
less than 1°. For permeabilities above 600mD with dip angles greater
than 1°, the aspect ratio begins to decrease to 0.80, indicating a CO»
plume width that is 0.8x the plume length. One hundred years post-
injection, all permeabilities and dips greater than 0° have an aspect
ratio less than one as the plume spreads up-dip (Fig. 3E).

The plume volume uses the total CO5 in the gas phase. The plume
volume at the end of injection increases with increasing permeability
and in cases with a permeability greater than 500mD, the plume volume
also increases with increasing dip angle (Fig. 2F). One hundred years
post-injection, the plume volume decreases with increasing perme-
ability. For permeabilities greater than 500mD, the plume volume de-
creases from 0°to about 1°then increases for dip angles greater than 1°
(Fig. 3F).

3.4. Secondary trapping

The amount of CO; dissolved in brine increases as the plume mi-
grates up-dip, particularly in high permeability and high dip cases
(Fig. 2D). At the end of injection, the mass fraction of dissolved CO4
ranges from 0.102 to 0.110. Low permeabilities have relatively constant
amounts of dissolved CO; for all dip angles. The increase is due to the
increase in CO; solubility in brine that occurs as pressure increases in
these low permeability reservoirs (Fig. 2G). At higher permeabilities, the
amount of dissolved CO, increases with increasing dip angle as the
plume migrates further up-dip, exposing free-phase CO, to more un-
dersaturated brine. In the post-injection period, residual trapping is the
dominant trapping process (Fig. 4). In Fig. 4, the total amount of CO4
injected is divided into the dissolved phase, immobile, and mobile
portions. Throughout injection, about 10% of the CO5, dissolves into the
brine and the rest of the injection CO5 is mobile. Once injection stops,
the fraction of CO; dissolved increases in all cases, ranging from 0.128 to
0.192 (Fig. 3D). The amount of CO, residually trapped ranges from 0.15
to 0.7 (Fig. 3G). Below 100mD, the amount of residually trapped CO,
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stays constant over dip angles from 0° to 2°. Above 100mD, the amount
of residually trapped CO; increases with increasing dip angle and a
maximum is reached around 500mD and 1° dip. Over 100 years post-
injection, solubility and residual trapping can immobilize anywhere
from 27.8% to 89.2% of the CO, plume.

3.5. Pressure buildup

Another important factor to consider when selecting a suitable
storage site is the pressure buildup when injecting CO. Fig. 2G shows
the pressure buildup for a range of permeability and dip angles. This
figure shows that the pressure buildup does not vary much with dip
angle but does decrease with increasing permeability. Injecting 1 MT/yr
into a 10mD reservoir results in a pressure buildup 100% of the initial
reservoir pressure and exceed the fracture pressure. The pressure
buildup for a 50mD, 100mD, 500mD, and 1,000mD reservoir are 25%,
13%, 3%, and 1% the initial reservoir pressure, respectively. Limiting
the pressure buildup to 50-75% of the initial reservoir pressure, for
these 40 m thick cases, reservoirs with a permeability above 50mD
would be suitable based on the pressure buildup.

4. Discussion

The findings presented in this work are useful to inform site selection
for carbon storage in unbounded saline aquifers. In Section 3.1, the
simulations of plume migration in dipping reservoirs show that the
migration of CO; is strongly dependent on the reservoir dip angle in high
permeability reservoirs. The ability to estimate the extent of up-dip
migration can be important in the site selection process to avoid sites
that may have hazards up-dip that could become potential leakage
pathways, in addition, to informing the monitoring area and monitoring
well placement.

From the results presented in the previous section, for a given
reservoir dip angle, five interacting factors have been identified that
control the mobile gas-phase CO5 plume volume: CO; saturation, solu-
bility trapping, residual trapping, CO. density, and permeability
(Table 2). The saturation of a fluid is defined as the fraction of the pore
space occupied by that fluid. All else being equal, increasing the average
CO4 saturation of the plume also increases the sweep efficiency (Eq. (1)),
thereby resulting in a smaller plume footprint as the pore space is uti-
lized more efficiently. With larger CO5 saturation in the pore space, the
amount of dissolution of CO into the brine is decreased because there is
less water available in the pore space to dissolve CO,. In contrast, as the
saturation of the CO; increases, the saturation of the residually trapped
CO; can increase towards the maximum non-wetting residual satura-
tion, Spwrmax, thus, increasing the amount of CO5 residually trapped in
the pores (Kumar et al., 2004).

Both solubility trapping and residual trapping also decrease the
mobile free-phase plume volume. In Section 3.4, the amount of trapped
CO, is quantified through residual trapping and solubility trapping and
shows that both increase with increasing permeability and dip angle.
Residual trapping is the dominant trapping mechanism in the post-
injection period. Residual trapping occurs during the imbibition pro-
cess as the water saturation increases and CO becomes trapped in the
pore space. Most of the plume is undergoing the drainage process just
after injection ends, apart from a narrow imbibition zone at the plume’s
trailing edge (Doughty, 2010; Juanes et al., 2010). The imbibition zone
increases during the post-injection period until about 60 years in the
higher permeability and dip cases when drainage is limited to the
leading edge of the plume. Immobilizing the plume is beneficial as it
increases storage security and decreases plume migration.

As the plume migrates up-dip, particularly for high permeability
reservoirs, the density of the CO, plume decreases as pressure decreases.
As the plume approaches the supercritical point for COj, typically
around 800 m below the surface, the density decreases substantially as
CO4, transitions from a supercritical fluid to a gas. This decrease in CO,
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density expands the plume volume as the CO, migrates up-dip from the
injection well.

Lastly, reservoir permeability has a strong influence on the plume
volume and plume migration. As the reservoir permeability increases,
the CO5 plume moves further in the reservoir due to buoyancy and can
migrate further up-dip in the case of a dipping reservoir. During injec-
tion, the plume volume increases with increasing reservoir permeability.

These factors can be applied to Fig. 3F to understand the driving
factors behind the behavior of the plume volume with increasing
permeability and dip angle. Two regimes can be identified that are
driven by the change in solubility trapping, residual trapping, and CO5
phase density (Fig. 5).

On the left-hand side and bottom right-hand corner of Fig. 5, the
decrease in the plume volume is due to an increase in solubility trapping
and an increase in residual trapping. However, in the upper right-hand
corner, the decrease in CO; density as it migrates toward the surface is
the driving force for the increase in plume volume that is seen for high
permeability reservoirs with dips between 1° and 2°. Understanding the
forces behind the change in plume volume during the post-injection
period informs the desired reservoir characteristics for a particular
project, thus aiding the site selection process.

4.1. Influence of pore distribution parameter, 4, on P,

The pore distribution parameter, A in the Brooks-Corey capillary
pressure curves impacts the results (Eq. C.1, Eq. C.2). The base case uses
a 4 of 0.6, that represents a wide range in pore sizes and has a similar
shape to the capillary pressure curves presented in the work of (Pini and
Benson, 2017) for a Berea sandstone core. To understand the impact of
the pore-size distribution parameter, A was increased to 2 and decreased
to 0.4 (Fig. C.1). Increasing 4 to 2 represents a rock with a more uniform
range of pore sizes and looks similar to the shape of the capillary pres-
sure curve for glass beads from (Brooks and Corey, 1964). A 1 of 2 has a
flatter capillary pressure drainage curve than the base case indicating
more homogeneity in pore sizes, which results in more plume migration
up-dip and larger plume volumes than the base case in dipping reser-
voirs. There is no figure illustrating this impact from 4 in this work. The
plume tip distance from the injection well is between 28% and 43%
greater at the end of injection due to the increase in 1 and sweep effi-
ciencies are smaller. CO, saturations are larger, resulting in less disso-
lution as there is less water in the pore space to dissolve the CO,.
However, with the larger CO, saturations, more residual trapping can
occur. This combination of less solubility trapping and more residual
trapping changes Fig. 3F by increasing the plume volume and shifting
the “C-shaped” trend where plume volumes decrease then increase to
smaller permeabilities. Conversely, in the case with a smaller 4, a larger
increase in capillary pressure is needed to achieve large CO, saturations,
so the plume experiences smaller CO; saturations, resulting in increased
solubility trapping and decreased residual trapping. This results in lower
plume volumes and a smoother and shifted right-hand side of Fig. 3F.

4.2. Impact of maximum non-wetting residual saturation

A sensitivity study was performed to investigate the impact of the
maximum residual non-wetting saturation, Spumae. Without residual
trapping, the CO; plume will rise to the top of the reservoir and spread
out. In many cases, CO3 acts as the non-wetting phase when injected in a
saline reservoir and can become trapped during imbibition (M.A. Hesse,
2008; Krevor et al., 2015). The base case analysis used a Spyrmax Of 0.4.
This value varied from 0.2 to 0.3. AS Suurmax increases, the amount of
residual trapping also increases (Fig. B.1 in Appendix B). In the 100mD
reservoir, the fraction of CO5 residually trapped increases from about
0.1 to 0.2 in a flat reservoir, 0.15 to 0.25 in a 1° dip reservoir, and 0.2 to
0.5 in a 2° dip reservoir. Increasing the reservoir permeability increases
the initial amount of trapping and the percent increase with increasing

S nwrmax -+
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4.3. Plume front velocity and stabilization time

Because many of these sloping regional saline storage formations do
not have structural closure, potentially leading to leakage from up-dip
migration, the speed of the CO, plume front and stabilization time
needs to be considered (Chadwick et al., 2008; M.A. Hesse, 2008; Hesse
et al., 2006). The velocity of the plume front for each time step in the
post-injection time frame was calculated (Fig. 6). In Fig. 6, reservoirs
with permeabilities of 100 mD, 500 mD, and 1000 mD and dip angles of
0°, 1°, and 2° are shown. The only case in the nine cases presented that
the plume stabilizes is the flat 100mD reservoir. However, in the more
permeable cases, it is notable that most of the movement occurs in the
first forty to sixty years. The largest movement is experienced in the case
of the 1000 mD reservoir with a 2° dip angle where the plume tip dis-
tance doubles in the first forty years, then the velocity of the plume
significantly reduces and begins to level out. From Fig. 4, the driving
force behind the decrease in velocity becomes apparent: the rate and
amount of residual trapping. For 100 mD reservoirs, the residual trap-
ping gradually increases. However, in the more permeable cases, there is
a significant increase in the amount of residually trapped CO in the first
sixty years for 500 mD reservoirs and in the first forty years for 1000 mD
reservoirs.

The results are for reservoirs with a specific depth, salinity, and
thickness however these findings can be applied more broadly to dip-
ping reservoirs with different reservoir properties. Deeper reservoirs will
have higher CO, density, that will result in a more compact plume and
less lateral migration and higher sweep efficiency. This model uses
salinity typical for offshore environments. As the salinity of the brine
increases, the solubility of the CO, decreases, which reduces the amount
of solubility trapping (Enick and Klara, 1990). The mobility ratio also
decreases as the salinity of the brine increases, resulting in less CO5
invading the pore space and less residual trapping (Brennan, 2014). The
reservoir thickness influences the injectivity and pressure buildup. In
particular, for the low permeability reservoirs, a smaller pressure
buildup reduces the amount of solubility trapping. Looking at the
dimensionless gravity number (Eq. D.1 in Appendix D), increasing the
thickness increases the buoyancy force. This work studies isotropic
reservoirs and future studies will examine the impact of anisotropy.
However, for reservoirs with a ky/k, < 0.1, we would expect higher
sweep efficiencies and a more compact plume.

5. Conclusion and future work

This study focuses on modeling CO, storage in 3D dipping un-
bounded saline reservoirs. By systematically investigating a range of
permeabilities and dip angles using numerical simulations, we quantify
the relationship among secondary trapping, plume migration, reservoir
dip angle, and permeability. We found that one hundred years post-
injection, up to 8x more CO, mass can migrate up-dip versus down-
dip and that the plume tip can migrate up to 16,500 m up-dip from
the injection well. This migration is offset by an increase in solubility
and residual trapping with increases in dip angle and 30% to 90% of the
CO3 plume can be immobilized in the post-injection period. The residual
trapping rate and the amount is the driving force behind decreasing the

Appendix A. Grid selection

International Journal of Greenhouse Gas Control 129 (2023) 103966

CO3 plume velocity. Although additional simulation time was needed to
determine the stabilization time for high permeability reservoirs, most
of the plume movement takes place in the first forty to sixty years after
the end of injection. Five key parameters control the plume volume in
dipping reservoirs: CO5 saturation, residual saturation of CO4 solubility
in brine, permeability, and CO; density. Sensitivity to the pore distri-
bution factor and the maximum non-wetting residual saturation influ-
ence the results by changing the interaction between the five key
parameters identified.

Using these findings, we determine the optimal permeability and dip
angle combination to maximize the amount of secondary trapping and
minimize the amount of plume migration. However, we cannot examine
dip angle independent of permeability. To be distinguished from pre-
vious studies, the novelty of this work comes from the systematic
approach of investigating a range of dip angles and permeabilities and
examining the sensitivity of the findings to factors such as the pore
distribution parameters and the maximum non-wetting residual satu-
ration. Additional assumptions made during the simulations, such as the
depth of the injection well and salinity, will impact the results. This
study does not examine any potential viscous fingering that occurs at the
CO,-water interface along the top of the reservoir as it is beyond the
scope of this paper. The results of this analysis are for a homogeneous
reservoir and the next steps will include incorporating the impact of
heterogeneity and permeability anisotropy on CO2 plume migration and
trapping in saline reservoirs. These results can be incorporated into the
site selection process to find an optimal CO; storage saline reservoir as
well as initial planning for spatial extent of monitoring as illustrated
elsewhere (Callas et al., 2023).
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A grid sensitivity study was performed because plume migration and mass fraction of CO5 dissolved are sensitive to cell size ((Yamamoto and
Doughty, 2011). In the x-direction, we performed a sensitivity study with grid cell widths of 100 m, 250 m, 300 m, 400 m, and 500 m cells in the region
the plume is located. The cross-section of a flat 1000 mD reservoir is displayed in Fig. A.1 with a range of grid widths. The plume edge becomes more
refined with finer grid blocks. The estimated plume tip distance difference between the 100 m and 250 m grid cell size is approximately 2%.

The plume tip distance, aspect ratio, sweep efficiency, plume volume, up-dip vs downdip CO; mass ratio and mass fraction of dissolved CO5 are
shown for a 1000 mD reservoir 100 years post-injection for varying grid block sizes (Fig. A.2). These figures show reservoirs with dip angles of 0°, 1°,
and 2° From this figure, metrics like plume volume and mass fraction of dissolved CO; level out around 250 m to 300 m grid block sizes. Other metrics
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Fig. A.1. Comparison of the supercritical CO saturation cross-section of a flat 1000 mD reservoir with varying cell widths in the x-direction 100 years post-injection.
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Fig. A.3. Comparison of the different metrics for a 100 mD reservoir with varying cell widths in the x-direction 100 years post-injection.
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Fig. A.4. Computational time to run simulations with varying cell widths in the
x-direction 100 years post-injection.
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Fig. A.6. Comparison of the supercritical CO, saturation cross-section of a 2°dip 100mD reservoir with varying cell thicknesses in the z-direction 100 years

post-injection.
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Fig. A.8. Comparison of the different metrics for a 100 mD reservoir with varying cell widths in the z-direction 100 years post-injection.

like up-dip vs downdip ratio for lower dip reservoirs change very little with varying grid block sizes. Fig. A.3 shows these same metrics for a 100 mD
reservoir 100 years post-injection. The parameters in A.3 do not show a leveling off with finer grid sizes even down to 100 m grid block size, which
indicates that finer grid size is needed. However, the CPU time limits the ability to perform studies finer than 100 m and the computational time
significantly increases at grid block sizes less than 250 m (Fig. A.4). The computational time significantly increases from a 250 m grid cell width to a
100 m width. Therefore, we chose a 250 m grid width size in the x-direction to achieve the most refined results while balancing the computational
demands of running these simulations.

In the vertical direction, the cell thicknesses examined were 2, 3, and 4 m. A cross-section of the CO, saturation for a 1000 mD and 100 mD
reservoir with a dip of 2° are displayed in Figs. A.5 and A.6. In both cases, decreasing the grid cell thickness increases the plume detail. However, in the
1000 mD 2° dip case, there is a 14% difference in the plume tip distance for a grid cell thickness of 4 m compared to 2 m. In contrast, in the 100 mD 2°
dip reservoir, the difference in plume tip distance is only 4% between the 4 m and 2 m grid cell thicknesses. We also examined the aspect ratio, sweep
efficiency, plume volume, up-dip vs downdip CO2 mass ratio, and mass fraction of dissolved CO- for a 1000 mD and a 100 mD reservoirs (Figs. A.7 and
A.8). Therefore, we decided to use 2 m grid cell thicknesses for the 500 mD and 1000 mD reservoirs to decrease the error stemming from the grid cell
size. For cases with permeabilities less than 100 mD, we chose to use 4 m grid cell thicknesses because the error is less than 4%.
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Appendix B. Varying Spumax
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Fig. B.1. Fraction of CO, post-injection dissolved in brine, residually trapped and mobile for varying Spyrmax in @ 100 mD, 500 mD, and 1000 mD reservoir for

reservoirs with 0°° 1°> and 2° dip angle.

Appendix C. Brooks-Corey parameters

The Brooks-Corey model for capillary pressure, P., curves for drainage and imbibition:

~1
S — Swir \ *
Pep =P, i
@ ( 1- SWW )

Pe, =P, (SWT' o 1)
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Fig. C.1. : Capillary pressure curves and relative permeability curves using Brooks-Corey equations used in these simulations. The drainage curve is indicated with a
D and the imbibition curve is indicated with an I.

where P, is the capillary entry pressure, S, is the irreducible wetting phase saturation, S,, is the wetting phase saturation, A is the pore distribution
Sw—Suiy
R —

The Brooks-Corey model for drainage relative permeability for the wetting and non-wetting phase used is given below:

parameter, and S,, . =

ey = (85)7 (C.3)
4\ 2 «\2+1

Koy = o (Su) % (1= 82) % (1 — (s ) (C.4)

where 1 is 2 and S}, = Sl"’::v:’ t=1-8;, and S,, is the wetting phase saturation at the start of imbibition. The imbibition relative permeability for the

non-wetting phase is expressed as

2
Koy = iy (Su) % (Shug) % <1 ~(1-5.)

it

+1
) (C.3)

where Sy, is the flowing non-wetting phase saturation that is written as

, 4
Souy = 0.5 % ((s:w =)+ \/ (Sp = )"+ & (S = o) ) €4

where Cis the Land’s trapping coefficient defined as C = g~ — - = =1— — 1, ;. is the normalized residual non-wetting saturation expressed as S,

3
i Srwrmax

= lsjgﬂ, and S;,,; is the normalized initial non-wetting saturation expressed as S;;,; = lsjg‘ and .In this model, S, is 0.2 and Spyrmax is 0.4. Sy, is the

i

irreducible wetting phase saturation and Syyrmax is the maximum residual non-wetting phase saturation. Based on the work from (Juanes et al., 2006),
only the drainage relative permeability curve was used for the wetting phase.

Appendix D. Model parameters

The key fluid parameters influencing flow in the model can be found in Table D.1. Harvey’s correlation for CO, Henry’s constant was used, which
makes the Henry’s constant a function of pressure, temperature and salinity (Harvey, 1996). No dispersion or diffusion was included in this model.

Table D.1

Key fluid parameters influencing flow in the model.
Parameter Values for 0° Dip Values for 2° Dip
Water Density (Initial) 1008.5-1008.7 kg/m> 1013.2-1001.4 kg/m3
Water Viscosity (Initial) 0.46 cp 0.46 cp
CO,, Density (End of Injection) 664.1-669.8 kg/m3 594-664 kg/m3
CO,, Viscosity 0.02-0.05 cp 0.047-0.054 cp
Vertical Temperature Gradient
Reservoir Temperature 65°C 65°C
Mass Fraction of Dissolved CO; at the End of Injection 0.102-0.119 0.102-0.118
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Table D.2
Gravity number for varying permeabilities and dip angles of 0°, 1°, and 2° using the equation in (Nordbotten et al., 2005).
10mD 50mD 100mD 500mD 1000mD
Dip= 0° 0.015 0.080 0.161 0.818 1.648
Dip= 1° 0.015 0.080 0.163 0.821 1.657
Dip= 2° 0.015 0.080 0.163 0.824 1.673

Interfacial Tension

39.000

37.000

36.000

35.000

34.000

Vapour-Aqueous IFT (dynefcm)

33.000

32.000

31.000
18000.0 20000.0 22000.0 24000.0 26000.0 28000.0 30000.0 32000.0 34000.0 36000.0 38000.0  40000.0

Pressure (kPa)

Legend
—— 6500degC —— 70.00degC —— 75.00degC —— 80.00degC = 8500degC —— 90.00degC

Fig. D.1. Interfacial Tension Curves from CMG WINPROP with a reservoir salinity of 30,000 mg/L.

The dimensionless gravity number was calculated using Equation D.1 below from the work of (Nordbotten et al., 2005):
Apxgxk
#o (392)

The gravity number increases with increasing dip and for permeabilities greater than 100mD the gravity number increases with increasing
reservoir dip angle. From (Nordbotten et al., 2005), N, between 0.1 and 1, the gravity term becomes increasingly important.
The dimensionless capillary number was calculated using Equation D.2:

N, = (D.1)

N, = % (D.2)

where ¢ is the interfacial tension (mN/m), u = ,fc; AP and ¢, is the COy viscosity. The interfacial tension was approximated using the CMG
2

WINPROP at average reservoir pressure and temperature (Fig. D.1).

Table D.3
Capillary number by varying permeabilities and dip angles of 0°, 1°, and 2°.
10mD 50mD 100mD 500mD 1000mD
Dip= 0° 1.5E-10 1.6E-10 1.7E-10 1.6E-10 1.3E-10
Dip=1° 1.1E-10 3.8E-11 2.3E-10 1.9E-09 3.9E-09
Dip= 2° 6.2E-11 2.5E-10 6.6E-10 4.0E-09 8.2E-09
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Appendix E. Areal footprint
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Fig. E.1. Areal footprint at the end of injection for 1000mD reservoir with 2° dip angle.
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Fig. E.2. Areal footprint at 100 years post-injection for 1000mD reservoir with 2° dip angle.
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Fig. E.3. Areal footprint at the end of injection for 100 mD reservoir with 2° dip angle.
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Fig. E.4. Areal footprint 100 years post-injection for 100 mD reservoir with 2° dip angle.
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Fig. E.6. Areal footprint 100 years post-injection for 10 mD reservoir with 2° dip angle.
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