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Abstract: Geological carbon sequestration is a proven method of safely storing carbon dioxide in
formations, thereby reducing atmospheric carbon imprint and mitigating global warming. The
relative permeability to carbon dioxide versus brine/water in geological formations determines flow
characteristics of one fluid in the presence of another. The objective of this research is to evaluate
the relative permeability to carbon dioxide in both the gas phase and the supercritical state in the
presence of water in a Vedder sandstone core sample. The sandstone sample used is medium- to
fine-grain arkosic artenite containing primarily quartz, potassium feldspar, plagioclase, and biotite.
The effect of the viscosity ratio between the non-wetting phase and the wetting phase, on the relative
permeability to the non-wetting phase, is studied. Computational fluid dynamics (CFD) is used
for this study. Results show that with the same amount of irreducible water fraction, the endpoint
relative permeability to the non-wetting phase is approximately one order of magnitude lower for
supercritical carbon dioxide than for gaseous carbon dioxide. The endpoint relative permeability does
not change significantly with the change in inlet pressure for gaseous carbon dioxide. Additionally,
the endpoint relative permeability to the non-wetting phase increases with an increase in the viscosity
ratio. Results suggest that CFD can be effectively used to study relative permeability, precluding
expensive experiments.

Keywords: relative permeability; carbon sequestration; computational fluid dynamics

1. Introduction

The development of industries and the increase in human activities worldwide has
caused the amount of worldwide greenhouse gas emissions to surge through the past
few decades. Worldwide greenhouse gas emissions have increased from 32.65 billion tons
in 1990 to 48.94 billion tons in 2018 [1]. Carbon dioxide (CO2) is a greenhouse gas that
contributes to global warming. At the global scale, carbon dioxide contributes to 76% of the
greenhouse gases emitted to the atmosphere [2]. Carbon dioxide traps heat that is produced
both naturally and through anthropogenic activities. Human activities such as fossil fuel
combustion, limestone usage for making concrete, and land use change significantly add
atmospheric carbon imprint.

Carbon sequestration is a well-known method of securing carbon dioxide such that
it is prevented from entering Earth’s atmosphere. Carbon sequestration can be generally
classified into two categories: (a) biological carbon sequestration and (b) geological carbon
sequestration. Biological carbon sequestration is the process of storing carbon dioxide in
oceans and various forms of vegetation such as forests and grasslands. Several oceanic
sequestration processes are effective towards reducing atmospheric carbon imprint. One
such mechanism is Phytoplankton photosynthesis. However, excess carbon dioxide is
also known to reduce ocean’s pH, rendering ocean water more acidic. On the other hand,
terrestrial sequestration is a type of biological carbon sequestration which is associated
with capturing and storing carbon dioxide in soil and vegetation closer to Earth’s surface.

Processes 2023, 11, 780. https://doi.org/10.3390/pr11030780 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr11030780
https://doi.org/10.3390/pr11030780
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-5851-6611
https://doi.org/10.3390/pr11030780
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11030780?type=check_update&version=1


Processes 2023, 11, 780 2 of 14

Terrestrial sequestration involves storing carbon dioxide in both live and dead organic
matter, which may also be associated with several advantages such as enhancement in
crop yield, improvement of the quality of water and soil, and restoration of ecosystems.
Similarly, geological carbon sequestration is the method of capturing and storing atmo-
spheric carbon dioxide in underground formations such as various rocks, saline aquifers,
and depleted hydrocarbon reservoirs. A significant challenge associated with geological
carbon sequestration is the sealing capacity of low-permeable caprocks around the poten-
tial storage reservoirs identified for sequestration. It is suggested that the technology to
safely store carbon dioxide should be considered only if it can be stored for a minimum of
1000 years with a leakage rate as low as 0.1% for a year. Caprocks have been known to fail
through mechanisms such as pore space leakage by exceeding the capillary breakthrough
pressure, well leakage due to degradation or inappropriate abandoning of wells, or caprock
diffusive losses. While caprock diffusive losses are usually low, leakage due to faults can be
critical [3–12]. The carbon dioxide injection system used in geological carbon sequestration
consists of three main components such as the tubing pipe, the casing pipe, and the well
annulus. Carbon dioxide flows from the tubing pipe to the well-bottom with perforations
and is eventually injected into the formations. The process has been proven promising,
as it can help reduce the carbon imprint in the atmosphere, which, in turn, can mitigate
global warming. Carbon dioxide is injected into the small pores of rocks that are generally
occupied by saline groundwater. The simultaneous presence of at least two fluids in the
porous rocks makes the process very complex. This also suggests that the ability of one
fluid to flow in the presence of the other is reduced [13].

One of the key parameters associated with the injection of carbon dioxide into ge-
ological formations is the relative permeability to carbon dioxide in relation to water or
brine, which determines the flow characteristics within the formations [14,15]. The relative
permeability is a non-dimensional parameter that is defined as the ratio of the effective
permeability to a phase in the multiphase flow to the absolute permeability to the wetting
phase in the single-phase flow. The relative permeability is given by Equation (1):

kri =
ki
k

, (1)

where kri is the relative permeability to phase i, ki is the effective permeability to phase i,
and k is the absolute permeability to the wetting phase in the single-phase flow. The effective
permeability to the phase can be calculated using Darcy’s law, as given by Equation (2):

qi = −
ki
µi
∇Pi, (2)

where qi is the volumetric flow rate of the fluid phase i, µi is the dynamic viscosity of the
fluid phase, and ∇Pi is the pressure drop associated with the phase. Relative permeability
curves provide useful information about the multiphase flow processes in different natural
settings as well as engineering applications such as the production of hydrocarbons from
subsurface reservoirs, groundwater remediation, and carbon sequestration.

The relative permeability to the non-wetting phase such as carbon dioxide is also
influenced by the irreducible concentration of the wetting phase such as water or brine. The
irreducible concentration of water is defined as the fraction of pore space occupied by water
that cannot further be reduced through carbon dioxide injection. Traditionally, relative
permeability curves have been obtained experimentally. One of the earliest reports that
investigated the relationship between liquid saturation in porous media and its permeability
to the liquid or gas phase showed experimental results using water and carbon dioxide
in a consolidated sandstone [16]. Several subsequent published manuscripts confirmed
the following observations: (a) With increasing saturation of the non-wetting phase, the
relative permeability to the wetting phase (krw ) tends to decrease; (b) With increasing
saturation of the non-wetting phase, the relative permeability to the non-wetting phase
(krnw ) tends to increase [17–20]. Traditionally, relative permeability curves have been



Processes 2023, 11, 780 3 of 14

measured through core flooding experiments in the laboratory. However, these experiments
are time-consuming and expensive. Hence, numerical simulations can provide valuable
information and, thereby, reduce costs associated with expensive experimentation.

Currently, limited published data are available on relative permeability measurements
from drainage experiments. Additionally, a lot of the published literature associated with
such measurements discusses relative permeability associated with gases other than carbon
dioxide [16,21–23]. In addition, most CFD literature modeling carbon dioxide versus brine
drainage experiments study supercritical carbon dioxide [24–28]. Carbon dioxide exists
in the supercritical state when the temperature and pressure are above critical values
(Tc = 31.1 ◦C, and Pc = 7.38 MPa). In the supercritical state, carbon dioxide behaves similar
to a gas, but its density is comparable to that of a liquid. Additionally, there are large
discrepancies in the available experimental data on the endpoint relative permeability to
the non-wetting phase (krnw ). For instance, while some articles reported endpoint relative
permeability to the non-wetting phase being as high as close to unity [16,21,29–31], some
of the recently published articles showed that the endpoint relative permeability was 0.7 or
less [23,32–34]. General observations by separate research groups from the 1970s through
the 1990s suggested that with an irreducible wetting phase fraction of approximately 20%,
the relative permeability to the non-wetting phase was almost unity [29–31]. On the other
hand, while Oak et al. reported the endpoint relative permeability to the non-wetting phase
as approximately 0.7 [23], Krevor et al. reported a relative permeability which was as low
as approximately 0.4 [32]. In many of these articles, results were reported at significantly
different conditions that would not warrant direct comparisons. For example, various
researchers used different fluids at different temperatures and pressures. While Pini and
Benson [13] reported data with gaseous nitrogen displacing water, and with supercritical
carbon dioxide displacing brine in sandstone core samples, Botset [16] reported results with
carbon dioxide in the gas phase displacing water. Likewise, Brooks and Corey [21] reported
results with air as the non-wetting phase and a hydrocarbon liquid as the wetting phase.
Oak et al. [23] conducted their research with nitrogen replacing brine in the sandstone core
sample. Krevor et al. [32] showed their results with supercritical carbon dioxide displacing
water. In addition, the sandstone cores used in these experiments were associated with
varying degrees of porosities and permeabilities and had different sizes.

The goal of this research is (i) to use CFD to study the endpoint relative permeability
to the non-wetting phase across varying inlet pressures with carbon dioxide in both the
gas phase and the supercritical state displacing water in the Vedder sandstone core sample;
(ii) to evaluate the effect of viscosity ratio on endpoint relative permeability to the non-
wetting phase; and (iii) to assess the applicability of CFD to study relative permeability
to the non-wetting phase in a typical drainage experiment involving a sandstone core
sample. If applicable, then CFD can be used with confidence to reduce costs associated
with expensive experimentation.

2. Materials and Methods

To simulate the drainage experiment associated with the injection of carbon dioxide
in a sandstone core, the authors measure porosity in a similar sandstone core such that it
may be used as an input for numerical simulations. For the purposes of measurement only,
one Vedder sandstone core sample was taken from Round Mountain No. 1 Well in Round
Mountain Oilfield located on the east side of the San Joaquin Basin of California. The
Vedder Sandstone Formation is an Oligocene oil-bearing sandstone deposited in a shallow
marine environment approximately 23–33.9 million years ago. It is also the most prolific
formation in the Round Mountain Oil Field [35]. Porosity is measured using image analysis
of the microCT scan. The grayscale of the scan represents X-ray attenuation, resulting in the
pore space being displayed as very low grayscale. The scan data volumes were thresholded
and the pore space was segmented. Following this step, the porosity was calculated. The
following section details the experimental apparatus and the general method used for the
measurement of porosity.
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2.1. Micro-CT Scan and Image Processing Methods

Prior to scanning, the representative core sample of Vedder sandstone was cut and
polished into an 8 mm × 8 mm × 5 mm cuboid at California State University, Bakers-
field, Sample Preparation Laboratory. The polished sample was scanned with a Phoenix
Nanotom M nanofocus X-ray CT system. The detector used was dxr-5001, the timing was
1250.361 ms, the X-ray voltage was 100 kV, the current was 90 µA, and the filter was 0.1 mm
Cu. The voxel size of the raw scan was 3.3 µm. The resulting image stack was processed
with PerGeos Software. As shown in Figure 1, the raw scan was subsampled to 6003 voxels.
To reduce noise and enhance the contrast, a non-local means filter was applied to the raw
scan [36]. Next, pores were manually segmented from the rock volume. Porosity was obtained
as the voxel number of pores divided by the total number of voxels in the rock volume.
As shown in Figure 2, an idealized pore network model was extracted from the connected
porosity [37]. Finally, the measured porosity is used in numerical analysis to simulate a typical
drainage experiment in a cylindrical sandstone core sample of given dimensions.

Figure 1. Micro-CT scan of Vedder sandstone sample.

Figure 2. Idealized pore network model extracted from the micro-CT scan.

2.2. Numerical Method

Computational fluid dynamics (CFD) simulations are performed using the commercial
code, ANSYS Fluent 18.2 [38]. Transient multiphase flow simulations are performed. Initially,
the core sample is filled with water. Carbon dioxide is injected through the inlet at a given
inlet pressure. The permeability and the resistance loss coefficient used in the simulations are
1 × 10−12 m2 and 1 × 10−12 m−1, respectively, as these values are representative of typical
drainage experiments [39]. The laminar flow model is used. The relative permeability of
carbon dioxide is calculated every second. The volume of fluid (VOF) multiphase flow model
is used. This model is typically used when two or more immiscible fluids are modeled. In
addition, the model is useful towards tracking any liquid–gas interface in steady or transient
CFD simulations [38]. To solve the transient problem, the mass and momentum conserva-
tion equations are solved as shown by Equations (3) and (4), respectively. The interface
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between the phases is tracked using the solution of the mass conservation equation as shown
by Equation (3):

∂

∂t
(
αqρq

)
+∇.

(
αqρq

→
vq

)
= 0, (3)

where αq is the volume fraction of the qth phase, ρq is the density of the qth phase, and
→
vq

is the velocity of the qth phase.
A single momentum equation is solved throughout the flow domain and the resulting

velocity field is shared by the phases.

∂

∂t

(
ρ
→
v
)
+∇.

(
ρ
→
v
→
v
)
= −∇p +∇.

[
µ

(
∇→v +∇→v

T
)]

+ ρ
→
g +

→
F , (4)

where p is the pressure associated with the flow,
→
g is the acceleration due to gravity, and

→
F

is the body force.
Similarly, the energy equation is also shared among the phases as shown by Equation (5):

∂

∂t
(ρE) +∇.

(→
v (ρE + p)

)
= ∇.

(
ke f f∇T

)
+ Sh, (5)

where E is energy, T is temperature, and ke f f is the effective thermal conductivity. The
source term Sh contains contributions from radiation or any other volumetric heat sources [17].
The porous media within the sandstone core is modeled using two terms: (a) viscous re-
sistance and (b) inertial resistance. The source term including these terms is defined
by Equation (6):

Si = −
(

∑3
j=1 Dijµvj + ∑3

j=1 Cij
1
2

ρ
∣∣vj

∣∣vj

)
, (6)

where Si is the source term for the ith momentum equation, and D and C are the prescribed
matrices associated with the viscous losses and inertial losses, respectively. As the criteria
for convergence, the residuals for all equations are set as 10−5.

Meshing

The geometry is meshed using the ANSYS meshing tool. Hexahedral mesh elements
are used. Figure 3 shows the meshed geometry. Mesh independence is obtained with a
maximum mesh size of 0.05 cm, and 1.24 million mesh elements. To check mesh indepen-
dence, the water volume fraction after 1 s is obtained as a function of the number of mesh
elements. Figure 4 shows the mesh independence test results.

Figure 3. Mesh geometry.
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Figure 4. Mesh independence test results.

3. Results and Discussion

Transient CFD simulations are performed to simulate carbon dioxide injection into
the sandstone core sample to displace water. The numerical method is validated against
experimental results reported by Cole and Rasouli [39].

3.1. Validation

The sandstone core sample geometry used by previous researchers was cylindrical,
38 mm in diameter and 79 mm in length. The porosity of the sandstone core was 0.2.
The irreducible water fraction within the geometry was 45.57% [39]. For the simulations,
the sandstone core is filled with water initially, when carbon dioxide in the gas phase is
injected into the core through the inlet. The boundary conditions are set to replicate the
experimental conditions in the laboratory [39]. At the inlet, a uniformly distributed gauge
pressure of 1 MPa is introduced. The outlet is left at atmospheric pressure. Figure 5 shows
the pressure drop across the sandstone core after 1 s from start. Carbon dioxide is injected
in the positive direction of the Z axis.

Figure 5. Pressure profile across the core after 1 s—validation simulation.

The percentage pore volume of water displaced is calculated as a function of time.
Figure 6 shows a comparison between the previously reported experimental data and the
numerical results obtained. The results show a close agreement between the simulation
results and the previously reported experimental results. The percentage pore volume of
produced water approaches 0.5 after approximately 40 s from the start.
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Figure 6. CFD versus experimental results—validation simulation.

3.2. Carbon Dioxide in Gas Phase Versus Water

The validated CFD model is used to simulate relative permeability to each phase as a
function of gas saturation. The authors use the same simulation geometry, which is 38 mm
in diameter and 79 mm in length. A porosity of 0.188 measured on the Vedder sandstone
is used as an input. With carbon dioxide in the gas phase, three different simulations
are performed at inlet pressures of 2.6 MPa, 5.2 MPa, and 7.2 MPa. The outlet is left at
atmospheric pressure. The temperature is kept constant at 50 ◦C. The dynamic viscosity
of carbon dioxide in the gas phase at these three pressures are the same. At time t = 0, the
sandstone core is filled with water and carbon dioxide is injected through the inlet. Table 1
shows the material properties of the fluids used in simulations [40,41].

Table 1. Material properties of fluids used in simulations.

Fluid Density (kg/m3) Viscosity (Pa-s) Viscosity Ratio

carbon dioxide (gas) 1.7878 1.37 × 10−5 73.21
carbon dioxide

(supercritical at 10.1 MPa) 469 3.239 × 10−5 30.97

carbon dioxide
(supercritical at 20.2 MPa) 750 6.5 × 10−5 15.44

water 998.2 0.001003 ——-

Figure 7 shows the pressure drop across the sandstone core sample after 1 s from start
with an inlet absolute pressure of 2.6 MPa. The pressure drops uniformly to atmospheric
pressure at the outlet. The pressure profile is representative of the drainage experiments
involving carbon dioxide in the gas phase.

Figure 7. Pressure profile across the core—gaseous carbon dioxide inlet pressure 2.6 MPa.
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Figure 8 shows the density profile across the sandstone core 1 s after injection of carbon
dioxide in the gas phase. The density profile is also suggestive of the propagation of carbon
dioxide as it displaces water in the sandstone core sample.

Figure 8. Density profile across the core—gaseous carbon dioxide inlet pressure 2.6 MPa.

Figure 9 shows the volume fraction of carbon dioxide as it displaces water within the
sandstone core after 1 s, 5 s, and 20 s, from the start at an inlet pressure of 2.6 MPa. The
average volume fraction of carbon dioxide within the sandstone core increases from 0.8%
after 1 s to approximately 43.6% after 20 s.

Figure 9. CO2 volume fraction after 1 s, 5 s, and 20 s at inlet pressure of 2.6 MPa.

Using Equations (1) and (2), the relative permeability curves are generated for both
carbon dioxide and water, which are the non-wetting phase and the wetting phase respec-
tively. Figures 10–12 show the relative permeability curves at inlet pressures of 2.6 MPa,
5.2 MPa, and 7.2 MPa, respectively. The results show very similar results at the three differ-
ent inlet pressures. The results also agree with the general characteristics obtained through
experiments by previous researchers where the relative permeability to the wetting phase
drops from unity to zero while the relative permeability to the non-wetting phase gradually
increases from zero. The authors observe that the low endpoint relative permeability to the
non-wetting phase is consistent with results reported by previous researchers [13,22,32].
The next set of simulations are performed to model drainage experiments with supercritical
carbon dioxide displacing water in the same sandstone core sample. Table 1 shows the
material properties of supercritical carbon dioxide as well.

3.3. Carbon Dioxide in Supercritical Phase Versus Water

Additional CFD simulations are performed with supercritical carbon dioxide and
water at pressures of 10.1 MPa and 20.2 MPa. The temperature is kept constant at 50 ◦C.
The density and the dynamic viscosity of supercritical carbon dioxide are obtained from
published literature [27,28]. Figure 13 shows the pressure drop across the sandstone core
sample after 1 s from start with an inlet absolute pressure of 10.1 MPa. Pressure through
the sandstone core drops to atmospheric pressure at the outlet.
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Figure 10. Relative permeability curves at inlet pressure of 2.6 MPa.

Figure 11. Relative permeability curves at inlet pressure of 5.2 MPa.

Figure 12. Relative permeability curves at inlet pressure of 7.2 MPa.

Figure 13. Pressure profile across the core—supercritical carbon dioxide inlet pressure 10.1 MPa.

Figure 14 shows the mixture density profile with supercritical carbon dioxide displac-
ing water through the sandstone core 1 s after injection at an inlet pressure of 10.1 MPa.
Supercritical carbon dioxide displaces more water than gaseous carbon dioxide.
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Figure 14. Density profile across the core—supercritical carbon dioxide inlet pressure 10.1 MPa.

Figures 15 and 16 show the flow characteristics within the sandstone core after 10 s
from start at pressures of 10.1 MPa and 20.2 MPa, respectively. The density of supercritical
carbon dioxide increases significantly from 10.1 MPa to 20.2 MPa and, therefore, more
water is displaced by the latter after 10 s.

Figure 15. Carbon dioxide volume fraction after 10 s at inlet pressure of 10.1 MPa.

Figure 16. Carbon dioxide volume fraction after 10 s at inlet pressure of 20.2 MPa.

Figures 17 and 18 show the relative permeability curves of supercritical carbon dioxide
and water at 10.1 MPa and 20.2 MPa.
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Figure 17. Relative permeability curves at inlet pressure of 10.1 MPa.

Figure 18. Relative permeability curves at inlet pressure of 20.2 MPa.

Figure 19 shows a comparison of the relative permeability to the non-wetting phase
versus the wetting phase saturation at the five different inlet pressures. The result shows
no significant difference between the curves at inlet pressures of 2.6 MPa and 5.2 MPa.
However, at the inlet pressure of 7.2 MPa, the relative permeability curve of the non-wetting
phase appears somewhat shifted from the other two curves. In addition, the endpoint
relative permeability to carbon dioxide in the gas phase does not change significantly with
changes in inlet pressure. However, the endpoint relative permeability to carbon dioxide
in its supercritical state is approximately one order of magnitude lower under the same
conditions. The relative permeability to the non-wetting phase is the lowest at an inlet
pressure of 20.2 MPa.

Figure 19. Relative permeability of non-wetting phase versus wetting phase saturation.

Table 1 also shows the viscosity ratio associated with carbon dioxide in both the
gas phase and the supercritical state. Viscosity ratio is defined as the ratio of dynamic
viscosity of the wetting phase to the dynamic viscosity of the non-wetting phase. While
the dynamic viscosity of the wetting phase is the viscosity of water, the viscosity of carbon
dioxide varies between its gas phase and supercritical state. In this article, viscosity ratio is
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the lowest for supercritical carbon dioxide at the pressure of 20.2 MPa. Figure 20 shows
that the endpoint relative permeability to the wetting phase increases with an increasing
viscosity ratio. The endpoint relative permeability to carbon dioxide in the gas phase does
not change significantly when the inlet pressure is varied from 2.6 MPa through 7.2 MPa.
However, the endpoint relative permeability to carbon dioxide in the supercritical state
varies significantly from 10.1 MPa to 20.2 MPa. With no significant change in endpoint
relative permeability to carbon dioxide in the gas phase at varying inlet pressures, Figure 20
shows only one data point for gaseous carbon dioxide with a viscosity ratio of 73.21. This
data point is representative of the endpoint relative permeability to gaseous carbon dioxide,
as the non-wetting phase, displacing water in a typical drainage experiment under the given
conditions. The endpoint relative permeability to supercritical carbon dioxide increases
with an increase in viscosity ratio. Additionally, the endpoint relative permeability to
gaseous carbon dioxide having the highest viscosity ratio is approximately an order of
magnitude larger than that of carbon dioxide in its supercritical state.

Figure 20. Relative permeability as a function of viscosity ratio.

Finally, as an arkosic arenite, the Vedder sandstone represents a typical clastic reservoir
rock with medium porosity and permeability. The detrital minerals of the Vedder sandstone
include quartz, potassium feldspar, plagioclase, biotite, muscovite, etc. This is also typical
of any common sandstone reservoir. Therefore, the results from this research are applicable
to other sandstone reservoirs, with special emphasis on shallow marine or submarine
fan deposits.

4. Conclusions

In this research, numerical modeling is used to study relative permeability in sand-
stone rocks similar to Vedder sandstone. The model may be used for clastic reservoir
rocks with medium porosity. Relative permeability of fluids in multiphase flows is an
important area of research, which is somewhat less explored. Additionally, there is less
published literature reporting CFD data on relative permeability. In addition, most CFD
articles studied supercritical carbon dioxide as the non-wetting phase. To the best of our
knowledge, this is the only article that reports CFD data on relative permeability of gaseous
and supercritical carbon dioxide together as a function of the wetting phase saturation.
Contrary to some earlier published research, the results show that the endpoint relative
permeability to gaseous carbon dioxide is consistently much lower than unity. In addition,
the endpoint relative permeability to supercritical carbon dioxide is approximately an
order of magnitude lower than carbon dioxide in the gas phase. The endpoint relative
permeability does not change significantly as a function of inlet pressure for carbon dioxide
in the gas phase. Finally, the results show the influence of the viscosity ratio on the end-
point relative permeability to the non-wetting phase. The endpoint relative permeability
to the non-wetting phase increases with an increase in the viscosity ratio. The results
show that the CFD model can be used to predict relative permeability to fluids, which is
essential towards understanding the multiphase flow characteristics during carbon capture
and sequestration.
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