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G W N e

Abstract: The storage of CO, has become an important worldwide problem, considering that an
excess of CO; in the Earth’s atmosphere causes dramatic changes in its climate. One possible solution
is to remove the excess of CO; from the atmosphere, capture it in the process of creation, and store it
safely, negating the possibility of its return into the atmosphere. This is the process of Carbon Capture
and Storage (CCS). In the following paper, the authors investigate horizontal saline aquifers and
their ability to store CO,. The authors” application of sensitivity analysis on horizontal migrations
uncovered that CO, permeability and aquifer porosity have a considerable impact on horizontal
migrations. During the migration process, CO; can reach tens of kilometers from its injection point.
By introducing effective CO, density to the conduction velocity term, the authors showcase that
the convection-diffusion equation for compressible fluids can be replaced with the equation for
incompressible fluids. The buoyancy factor in convective velocity is as density dependent as in
conduction velocity. By means of introducing an effective density to the aforementioned term, the
process of transport via variable convective velocity can be substituted for a process which is effective,
constant, and not density dependent.

Keywords: carbon capture and storage; horizontal saline aquifers; diffusion; convection

1. Introduction

Despite being a trace element, carbon dioxide is an important component of the
Earth’s atmosphere [1]. It is a key factor of the planet’s greenhouse effect [1,2]. The issue
with atmospheric CO, is that today’s concentrations are 150% of its value, which is more
than half of that a century ago, and they are still rising. By 2005, the CO, concentration
increased from around 280 ppm of the 19th century to 380 ppm [2], and its concentration
in atmospheric gases is currently around 420 ppm [3]. Today’s CO; concentrations are
the highest they have been in 14 million years [4] and these recorded values are directly
attributed to the acts of human beings. Two main factors arise as probable causes, namely
the reduction in forest areas and the combustion of fossil fuels. In 2015, the emission of CO,
into the atmosphere caused by human action was estimated at around 37 Gt/year [5]. The
atmospheric concentration of CO, is in dynamic balance with the CO; dissolved in seas
and oceans, and increased levels of CO; shift the balance at the junction of hydrosphere,
thereby dissolving CO; into oceans [6] and reducing its pH value by creating carbonic acid.

The created CO, can be removed from the atmosphere naturally via carbon cycles,
mostly during the process of plant photosynthesis. The Industrial Age created greater CO,
production, establishing new and increased values. Natural carbon cycles are not able to
reduce CO;,, and if action is not taken to reduce CO; emissions by human and remove the
excess from the Earth’s atmosphere, future projections do not look promising. Such action
of reducing CO; is present in the Carbon Capture and Storage (CSS) process [2].
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1.1. Carbon Capture

The main idea of CSS is to capture CO, while it is created in an industrial process and
transport it to a site where it will be safely stored [7-9] without its return into the Earth’s
atmosphere [10]. The process of capturing CO, is most effective when carried out on site,
during the creation of CO, in an industrial process [11]. CO, capture technologies can be
grouped into three main categories or routes [12]:

e  Pre-combustion;
o  Oxyfuel combustion; and
e  Post-combustion technologies.

In the pre-combustion route, fossil fuels react with oxygen (O,, usually from the
air) to produce syngas [13], which is a mixture of CO and hydrogen (Hj;). Afterwards,
syngas is usually purified to remove impurities [14], and then is subjected to a reaction
with water vapor, giving CO; and Hy As a result of the precombustion route, CO; and
hydrogen fuel are the products, where CO, can be separated through various processes for
storage or utilization [15,16]. The pre-combustion route can have lower costs compared
to other methods [17], but its implementation in current facilities have limits. Oxyfuel
combustion implies the combustion of fossil fuels with pure oxygen, O,. This method is
the most promising one but requires high-cost pure oxygen. Cryogenic air separation is
one of the most utilized methods [18] but requires a large amount of energy for cryogenic
air separation of O,. The post-combustion route involves the capture and separation of
CO; from combusted gas [19,20]. Gas created in combustion processes needs to be cooled,
removed from dust particles, and purified [21].

Post-combusted technologies are mostly used, since these processes appeared in
the beginning of CCS processes and are more developed [22,23]. Capture technologies
incorporate various techniques for CO, separation, such as absorption, separation with
membranes, and adsorption [24]. These techniques are based on physical, chemical, and
even biological systems.

1.2. Carbon Storage

Carbon storage, or carbon sequestration, is the process of storing CO,, long-term or
permanently, using various methods, such as dissolving it in the ocean or using geological
storage [25]. Geological storage has the highest number of long-term benefits [26], and it
comes in the form of two options: depleted oil-gas reservoirs and saline aquifers. Further-
more, CO; can be injected into oil reservoirs that are still in use as a form of enhanced oil
recovery [27-29].

The advantage of exhausted oil and gas reservoirs lies, first of all, in their ability to
unequivocally store COj; since reservoirs are capable of holding oil and gas for millions of
years, CO; can remain trapped for long periods of time. The only way for CO, to escape
is through the drilling point, which should be sealed properly. The properties of such
reservoirs are known due to hydrocarbon extraction, when the amount of equipment for
measuring and tracking, installed on site, is the highest [30]. Regardless, the disadvantages
of such reservoirs lie in their storage capacities, especially those of gas reservoirs. If the
densities of natural gas, oil, and underground CO, in average reservoir conditions are
150, 800, and 700 kg/m3, respectively, then 1 m® of the gas can be replaced with 0.59 m3 of
CO, and 1m?3 of the oil can be replaced with 2.75 m? of CO, [31]. However, 1 kg of natural
gas produces 2.75 kg of CO,, while 1 kg of oil produces 3.14 kg of CO, [30]. Burning oil,
therefore, produces more CO; than can be stored at the site where oil is drilled.

Storing CO; in deep saline aquifers is arguably the best option now [31-37]. In
contrast to the reservoirs depleted from gas and oil, aquifers have larger storage capacities
and exist in great abundance worldwide. These formations can be in the form of layers of
permeable rocks, such as sediments, surrounded at the top with less permeable caprocks.
The permeable layer is filled with saline water, and when CO, is pumped into saline
aquifers, it replaces the water and tends to diffuse into porous rocks, where it is ultimately
captured [38]. Considering that upward diffusion needs to be prevented, the top layer of
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a saline aquifer caprock [39] must be from a material which has a low permeability, such
as clay [34]. The diffusion of CO, in such a condition is, due to porous material, enabled
horizontally but suppressed upwardly. The process is called structural trapping and it
increases the storage capacities of saline aquifer reservoirs.

1.3. Carbon Escape from Structural Storage

The buoyancy force tends to steer CO; into vertical directions, thereby leaking CO,
through the cracks in caprock formations that lie above the aquifers [38,39]. Makhnenko
and coauthors [35] concluded that caprock microstructures strongly influence the pressure
and permeability of CO; and its ability to escape through caprock. To plan geological
storage projects, the International Energy Agency [40] suggests that for each formation, the
evolution of its properties in interaction with CO, should be studied [41]. The effects of
interaction can be quite opposite. Some cases show the sealing of pores and decreasing
permeability [42,43], while in other cases studies showed an increase in permeability
because of the interaction with CO, [44,45]. Pumped CO; is often not in a supercritical
state, but in a liquid state. This implies that the temperature of pumped COj is far less than
the temperature in the injection point, leading to non-equilibrium state in which CO, can
flows downwards along the injection well [46]. This can expand the spreading of CO; in
lateral directions and increase the chance of its escape if it reaches the caprock endings. For
long-scale injections, the constant pumping of cooler CO, can cause cooling of the caprock,
leading to changes in the physical parameters of the caprock [47-53].

Considering that CO; injection is usually performed in sedimentary basins, oil and
gas extractions may lead to drilling sites and exploration wells in abandon basins, causing
CO;, to escape [54]. The oil exploration process has generated a vast number of explorations
wells, which exist for the purpose of finding oil in sedimentary basins. Hence, dry wells
without seals and precautions are large in number [55]. Depending on the location, well
densities can be at the order of several wells per square kilometer [49]. If CO, can migrate
laterally in a radius of, for example 5 km, there could be hundreds of existing wells.
Moreover, wells with concrete sealing that are centuries old have been degraded, presenting
openings through which CO, can easily escape the aquifer.

It must be ensured that residual trapping occurs during the storage process, i.e.,
the entrapment of CO, between an impermeable layer and saline water or structural
trapping [50]. Physically trapped CO; leads to the second stage of CO; trapping called
capillary trapping in which bulk CO, plume is divided into CO; blobs, disconnected due
to the depression in the caprock [51,52]. The dissolution of CO; in aquifer brine follows the
process called solubility trapping [56-59], followed by long-term CO, mineralization [60,61]
or mineral trapping. Mineralization is crucial for trapping CO, because it ensures long-
term immobilization, thereby reducing the probability of CO, escaping and returning into
the atmosphere [62]. Still, CO, dissolution is a more dominant storage mechanism than
mineralization [63]. Solubility trapping can show significant results one hundred years
from the point of injection [64], whereas mineralization takes far longer [65,66].

Both oil reservoirs and saline aquifers have depth distributions of 700-800 m below the
Earth’s ground level [30,67,68]. Saline aquifers with depths below 800 m have temperatures
of 40-50 °C and pressures of up to 8 MPa [30,67]. In depths that reach below 800 m, CO,
can be in a supercritical state, with a temperature above 31 °C and the critical pressure
of 7.3773 MPa. In such a supercritical state, CO, is not liquid nor gas, but possesses the
properties of both. It’s density is equivalent to that of a liquid, but it exhibits diffusion
and viscosity as if it were a gas, implicating that it dissolves in water like a liquid, but
diffuses through solids like gas. Moreover, the aquifers’ storage capacity depends on their
parameters, and the density of CO, in a supercritical state can range from 150 to 800 kg/m?3
and higher [68].

In the literature, papers devoted to the problem of CO, storage and its migration in
saline aquifers deal with plume formation in the injection period [40,68-70]. Lateral brine
migrations need to be concerned in case of the potential pressure driven by brine leakage
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through localized pathways, such as unsealed drilling holes, faults, and less component
caprocks [71]. The horizontal/lateral diffusion is enabled in such conditions and the trap is
referred to as a structural trap. CO; can leak through structural traps by escaping through
the cracks or pores of caprocks with low permeabilities or through artificial pathways
such as surrounding wells [2]. When it comes to saline aquifers, CO, is injected into
formations that are at the top of saline water reservoirs. When equilibrium is established at
the interface between water and CO,’s supercritical phase of equilibrium, CO, dissolves
into the aquifer. The process is influenced by the aquifer’s parameters, the main ones
being salt concentration, temperature, and pressure, and will differ for every location.
Much effort has been dedicated to modeling real-time conditions in saline aquifers and
determining the values of parameters which influence the dissolubility of CO, and its
migration pathways [72-75]. Recent approaches have entailed injecting CO, foam so as to
reduce the mobility of CO, and trap it at a more successful rate [76].

The diffusion rate of CO, is an important parameter for estimating its dissolubility
and reports from experiments are mainly devoted to its diffusivity in pure water, which
has been determined to range from 1.15 to 8.2 x 10° m?/s for temperature ranges from
10 to 90 °C [56]. Azin [77] recreated such conditions in a laboratory in order to determine
COy’s diffusion coefficient in saline aquifers with pressures at 6-7 MPa, finding that the
diffusion coefficient ranges from 3.5 x 10~ to 6 x 10~? m?/s. Fick’s second law has also
been utilized to model CO; inside geological storages, along with additional terms which
evaluate the mass balance of the gas phase [77].

1.4. Research Goal

We assume that some amount of CO; is injected into a structural trap. Supercritical
CO,, surrounded by denser water, forms a bulb or structural brine in the caprock celling
during the first phase and starts to diffuse laterally in the second phase. Relying on the
injection point and the amount of CO; inserted into the aquifer during the first phase,
the buoyancy force and difference in pressure guides the flow of the fluid which has
gone through two phases. CO, with a lesser density tends to replace water and form an
equilibrium structure at the top of the aquifer, beneath the caprock. This formation then
starts the process of lateral migration. The aim of this article is to examine the ways in
which CO; can escape due to lateral migration pathways inside aquifers, where residual
trapping is not fully possible. Worst-case scenario estimation is performed in the case of
lateral migrations.

In the migration process, CO; can reach abundant wells which are not properly sealed
or not sealed at al. Furthermore, CO; can reach some natural gaps in the caprock structure
or some porosity layers which enable upwards migrations. A further step is the exploration
of the possibility of upward migration and leakage in the worst-case scenario. Additional
research is performed in this manuscript to estimate the worst-case scenario breach of the
CO; from saline aquifers and leaking into the atmosphere.

For the purposes of this research, mathematical methods of CO, transport in lateral and
vertical directions were used based on the transport equations—diffusion and convection.
In this manuscript, the authors also explore the possibility of finding the simplification
of mathematical models without of losing generality and accuracy in the description of
transport processes of CO,.

2. Materials and Methods

To model this flow of CO, and determine the range of lateral migration in saline
aquifers, Nordbotten [78] modeled the sharp interface between CO, and brine (saline
water). No mixture, as a result of diffusing CO,, is of interest since this process of migration
can be neglected compared to fluids like the flow of supercritical CO,. The diffusion process
has its role later.

Vertically averaged pressure which governs the flow inside the aquifer, wherein CO, is
injected with the rate of Q and at the depth of H below the caprock, can be mathematically
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modeled as the pressure gradient [78] —kHV (AVp) = Q- é(r—r’), where k presents
permeability, A is the total mobility, § denotes the Dirac delta, r is the coordinate of fluid
flow, and 1’ is the injection coordinate. The fluid’s mobility is defined as the ratio of the
relative permeability and fluid viscosity u. Total mobility A is defined as the mobility A, of
CO, and Ay, of water A = %AC + HT*h/\w’ where & is the thickness of the CO, phase.

The equation that describes the evolution of the sharp interface [78-80] or the plume
is given in Appendix A—Equation (A1). Nordbotten [78] derived the thickness of & from
the CO; plume as a function of the radial distance and time:

h(r’t):)\cHM< it Aw) v

rH?

wherein ¢ is the porosity of the aquifer and V(t) is the total volume of CO, inserted up
to a time of t. This can be determined from the injection rate V(t) = [ Q(t)dt. For a
constant injection rate, volume is the linear function of time V(t) = Qf. In an arbitrary
injection period, the total amount of volume injected is Vo, and the maximum radial
distance that CO, reaches during the injection period can be determined from Equation (1)

/\thot
@rAwH*

determine radial flow of the CO; are location dependent. The depth of the aquifer, pressure,
temperature, porosity and other parameters influence the radial flow. The pressure gradient
can be taken to be around 10.5 MPa/km, while the temperature gradient can vary from
25 °C/km up to [70] and for depths around 1000 m the viscosity of the CO; and brine is
in range of y, = (0.0611 — 0.0395)mPa - s and py, = (0.195 — 0.644)mPa - s, respectively.
Depending on the temperature of the basins in which the aquifers are found, the density of
the CO, phase and water can significantly vary. In deep formations, the CO, density can
be from 733 kg/m? in cold basins down to 479 kg/m? in warm basins. The water density
can vary from 1202 kg/m3 down to 94 kg/m? [70].

The second stage of CO, migration ensues after the forming of equilibrium, wherein
the shape and radial distance from the injection site are derived from the properties of the
aquifer. Assuming that CO; is permanently captured, its dissolving into water becomes
predominant due to diffusion and mineralization [81]. While these processes are present
from the start of the injection, they are not as present compared to flow processes, which
shape the formation of the brine. The process of permanently capturing CO; is slow-
moving and requires periods of geological time, measured in millions of years [81]. If CO,
reaches the possibility of upward migration during the storage process or the formation of
brine, leakage can occur [82]. Therefore, storing CO, is not contingent only on volumetric
capacities, but on the temporal presence of CO, from the point of injection. Leakage can
be caused by various processes, mainly by diffusion and viscous flow, which are led by
hydrostatic pressure and bouncy force. The 10 m thickness of CO, raises the hydrostatic
pressure to around 0.03 MPa [81]. While the process takes time, CO, can reach shallow,
drinking-water basins via upward motion and, ultimately, surface from the ground, thereby
leaking into the atmosphere. Carbon sequestration is a long-term process and CO, storage
should, hence, be planned long ahead. This article attempts to explore the limitations of
carbon sequestration for long time periods by addressing mathematical models governed
by physical processes for cases where the breach of the CO; occurs.

Aside from migrating horizontally, CO, can migrate upward, thereby finding path-
ways into the atmosphere. The most common pathways are cracks inside caprocks and
abundant wells, especially if they are not properly sealed [82]. The permeability of seals
influence the pressure buildup and brine mobility inside of the storage formation. If the
seals have high permeabilities, they can allow leakage vertically upward [82]. Moreover,
even the probability of CO, escaping through the cement-rock interface in a sealed well is
great [83-85]; due to the degradation of cement over time, the permeability of this junction
can increase in magnitude. The escape rate of CO;, depends on the type of ground material;
for sandstone, porosity can be around 20% and permeability can be at 100 mD, while the

by setting the thickness of the plume to zero rmax(t) = The parameters needed to
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parameters for limestone are 8.5% and 1.5 mD, respectively [86]. Cao, in a paper from
2016 [85], recreated these conditions in a cement-rock interface and found a permeability
increase of 3 times for sandstone and up to 24 times for limestone for experiment periods
lasting up to 100 h. Furthermore, disruptions in the junction can be even more exacerbated
after longer periods of time. Leakage via abundant and improperly sealed wells does not
only entail the return of CO; into the atmosphere [87], but also the contamination of clean
water aqueducts.

To simulate upward migration, the geometry of the problem needs to be defined.
Hence, one must consider the injection point as defined in the coordinate system in Figure 1,
wherein the origin is the point of injection. An improperly sealed well is at a distance CO,
can reach, along the r;,-axis, and is also geometrically defined in Figure 1. The origin of
another coordinate system is placed at a point where CO, leaks through a pathway in
caprock sealing or rather where the well is established. This coordinate system is used to
describe the upwards motion of CO,. The ground surface has a vertical coordinate equal to
the depth of the aquifer, i.e., H.

'S Zl A

saline
aquifer

n

Figure 1. Geometry of CO, leakage in an abandoned well.

The equation that governs the migration of CO; is the convection-diffusion equation
for compressible fluids, which depicts migration through a crack in the caprock and its
junction with cement, sandstone, or limestone:

dp _ 9(vp) 0%
%~ oz Pz @

Herein, p is the CO; density, D is the diffusion coefficient of CO,, ¢ is the porosity, and
v, is the superficial velocity equal to [88] v, = — % (Vp — pgVz). Via inserting this velocity
into Equation (2), the following is obtained:

do _ k op 0’0
Pop = ﬁ(Vp ng)g + D@ 3)
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Equation (3) is the convection-diffusion equation in which density depends on the
depth. To solve Equation (3), the finite difference method is employed in this paper. The
diffusion-convection equation can be transformed in the discrete form as follows:

k Pi+1j = Pij . Degt Pi+1j = 20ij + Pi-1j
A (Vp —2gpi;) ;T 0 A2 At+pi; (4
The backward scheme was used for the first derivate, % = W, 3—2 = % and
. 2 i 72 i i—17 . .
the central scheme was used for the second derivate 375 = %ﬁ”, considering

Az and At as small quantities. Index i denotes the z coordinate, while index j denotes the
time (). For this equation in the discrete form, the parameters of discretizing space and
time must be set, and their values depend on the particular case and calculation. To ensure
convergence to the correct values, the condition for numerical solution stability regarding

diffusion is [89]:
Az = V2DAt (5)

Because of this condition, time domain discretization and space domain discretization
are not independent. By setting any of the two parameters Az or At, the other is not arbitrary
but should follow Equation (5). For example, if the diffusion coefficient is D ~ 10~%m? /s,
time domain step is At ~ 1 min, and the spatial step should be the order of Ax ~ 1 mm.
Choosing values for the time and step domains depend on the numerical values of the
parameters in the equation to be solved, mostly the diffusion coefficient. Besides satisfying
Equation (5), the time and space domain steps should be small enough to ensure the
accuracy of the solution. There are no explicitly defined mathematical criteria for this
procedure and analysis needs to be performed to ensure the stability of the solution. The
domains steps should be arbitrarily small but large enough such that the computation time
is acceptable. Then domain steps can be lowered, until there is no significant distinction
between results. Another way to check the validity of the numerical solutions is to compare
it to the analytical solutions where it is possible.

The initial condition inside the origin is density p(z = 0;t = 0) = pg and along the
z-axis the CO, density equates to zero p(z # 0;t = 0) = 0. Starting from the initial condi-
tions, we can iteratively calculate density in the next step up to an arbitrary point in time.
To determine the values of density at the boundary, the boundary conditions need to be
defined as p(H,t) = po and p(0, f) = p,ir. Leakage on the surface can be determined from

the flux of the boundary with ground j = ng—g ‘Z:H.

The member 2gp in the brackets of Equation (3) can be roughly estimated and com-
pared with the pressure gradient. It was already mentioned earlier in this paper that
pressure gradient is about 10.5 MPa/km, being equal to 10.5 kPa/m. The density of CO,
decreases from around 650 kg/m? to its atmospheric density of 1.87 kg/m?>. If one ap-
plies the arithmetic mean, a value of around p = 320 kg/m? is obtained, which leads to
2gp ~ 6 kPa/m; this member is not small and cannot be neglected. At this point, one can
then utilize the effective value of density to obtain an approximation of the component in
brackets (Equation (3)), which is constant and equal to VP = Vp — 2¢p,¢. Thereupon, the
following equation is obtained:

2
% __kpdp D

o g Pt on ©)
By introducing the constants V = —ﬁV? and K = %, Equation (6) becomes the
standard convection-diffusion equation for incompressible fluids:
I _ 9 P
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If this procedure, which is introduced in this manuscript, can be performed and
effective density can be introduced, then the problem can be simplified to the case on
incompressible fluid. This opportunity is explored in the present paper. The possibility
of a reduction in the problem can lead to simplified models, which can be solved in a
simplified manner. Another convenience is that there is an analytical solution of the
diffusion-convection equation from incompressible fluid:

oz t) = e R+ f(2, 1) ®)

where function f(z, t) is given in Appendix A—Equation (A2).

Further steps are to find the solution of convection-diffusion equation for compressible
fluids, perform sensitivity analysis on the density as factor ant try to find effective density
for which convection-diffusion equation will give the same result as the solution for
compressible fluids.

3. Results and Discussion

Saline aquifers as locations for CO, injections have an advantage in storage capacity
that oil and gas storages do not. However, CO, mobility can lead to supercritical CO,
spreading within large distances, as well as leading to leakage in locations far from the
injection point. During injection, CO; forms a plume which spreads in lateral directions
and the evolution of the plume can vary depending on the aquifer properties. While CO,
is trapped beneath a caprock due to residual trapping, in horizontal caprock formations
the plume will spread laterally, the sharp edge of which can be determined by Equation
(1). The aquifer’s porosity and CO, viscosity will be the predominant influences on the
plume’s evolution, and while other parameters can make a considerable impact, their
values do not vary drastically from aquifer to aquifer. Figure 2 depicts the evolution of the
plume based on the aquifer’s porosity. Permeability is taken to be k = 20 mD, viscosity
is g = 0.0395 mPa - s and yy, = 0.312 mPa - s, thickness of the brine is H = 30 m, and
the injection rate is Q = 1200 m>/day [90]. The injection point lies in the origin of the
coordinate system, and the CO, plume evolution is showcased for up to thirty years since
the injection period. With porosity as a parameter, the full curve to the right illustrates
¢ = 0.1. Each curve to the left depicts the increase in porosity by 2%, whereas the left end
curve illustrates ¢ = 0.18 [91]. This is the expected range of porosity in aquifers.

h [m]

r[m

0 2000 4000 6000 8000 10000 il
Figure 2. Plume and brine profiles 30 years after injection. Full curves depict brine porosity at 10%,
while dashed curves depict an increase in porosity by 2%, following the curves from right to left,
respectively. The left end curve depicts brine porosity at 18%.
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Similar results have been reported by Lindeberg [81], wherein brine had been modeled
twenty-five years after injection. The brine had expanded around 4 km from the source of
the reservoir, with a permeability of 2000 mD. After 300 years, the brine had reached 7 km,
but after a period of 10,000 years, Lindeberg [81] reported distances larger than 10 km, with
a permeability of 250 mD. Therefore, porosity has a large impact on plume evolution. A
porosity variation of 8% influences the radial expansion of the plume by 30%. It is expected
that after 30 years, CO, can also migrate up to 10 km from its injection point.

Another parameter which has a considerable impact on CO, migration is the vis-
cosity of CO;. Figure 3 depicts the plume evolution in accordance with parameters in
Figure 2, wherein the porosity is fixed at ¢ = 0.15, but the CO; viscosity varies in the range
pe =(0.1—04) mPa-s.

h[m]
30k . bbb C?_gock; _— -— : .
25
0.1
20 co, 0.2
15 A e 0.3
a0 0.4
10 :
0 Caprock
5 Ny
a
oy
Il r [m]
0 2000 4000 6000 8000 10000

Figure 3. Brine profiles 30 years after injection, with water viscosity as a parameter (given in [mPa-s]).

Viscosity clearly has an influence over plume evolution; the plume’s shape and mi-
gration range depend more on viscosity than on porosity. A plume can reach distances of
up to 10 km from the injection point, and since CO, sequestration is planned long-term,
a thirty-year period is relatively short for the time needed to fully trap CO;. In order to
ensure that dissolution and mineralization, both of which are lengthy processes, complete
the CO, trapping, CO, should remain trapped for longer periods of time.

Assuming that CO, injection inside the aquifer occurs in accordance with the above-
mentioned parameters and stops after thirty years, the plume will evolve until it reaches
an equilibrium state. Since the injection term is equal to 0 (Q = 0), the governing equations
will need to be modified. We will presently ignore the progress of its evolution into a steady
state and try to assess the maximum radial distance of the CO, migration. Assuming that
CO, forms a relatively thick bulb beneath the bedrock, the evaluation can be simplified;
the thickness will vary with distance but in a steady state the variations will be minimal.
After the injection period, the plume will reach an arbitrary state. In case of horizontal
saline aquifers with structural trapping, the maximum distance from the injection site will
be estimated from the effective thickness of the plume:

Viot
P7thegs

)

"max =

Here, heg is the effective plume thickness which is equal to the mean thickness of the
plume in its equilibrium state, long after the injection period [81]. Radial migration will
eventually be stopped due to the decreasing of hydrostatic vertical pressure and bouncy
force, which depend on the plume thickness. The diffusion and convection of the plume
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into water will minimize spreading and CO, will reach its maximum radial distance from
the source, which will be in dynamic equilibrium with all processes occurring in the plume
and the interface with brine [83].

Figure 4 shows how the maximum radial distance varies depending on the effective
thickness of the CO; bulb. The results show that the plume can reach radial distances up to
tens of kilometers from the injection point. This result differs drastically from the estimated
evolution of plumes during relatively short time period of CO, injection. Thirty years of
an injection period is relatively small compared to much larger periods of time for plume
evaluation.

Rmax [m]

50000

40000

30000

20000

10000

Heff [m]
0.1 0.2 0.3 0.4 0.5

Figure 4. Dependence of maximum radial range extent of the plume on effective plume thick-
ness during its equilibrium state thirty years after injection, with volumetric injection rate at
Q = 1200 m3/day [90].

The durations of CO, migration and reaching the maximum range vary significantly
in relation to CO, permeability and viscosity. The flux can be derived as j = f%ApgS [81],
wherein Ap presents the difference in density between two phases and S is the upward
slope. If the permeability is k = 2000 mD, y. = 0.06 mPa -s, and & = 0.1 m, leading to
Ap = 250 kg/m® and the upward slope is S = 103, the radial transport speed amounts
to around 2.6 m a year, showing that it takes 3.8 millennia to reach the radial distance
of 10 km.

If the plume provides an opening for CO, to migrate upwards, the governing equation
of upward migration is Equation (2), whose solution was found by employing the described
numerical methods expressed with Equation (4). The velocity of the upward flow depends
on the density of CO; and the transport equation might be reduced to the convection-
diffusion equation for incompressible fluids by introducing an effective vertical density.

Let us at this point assume that the vertical migration is driven only by diffusion
without the convection process in semi-infinite media by setting the superficial velocity
equal to zero. Density in that case can be calculated as:

plet) = i (10)
2v/ Dt

In our problem, upward motion is bounded at the end with the surface of the ground,
where CO; enters the atmosphere. The newer, less evolution of diffusion in semi-infinite
media will be the same as in the bounded media, until CO, reaches surface. Afterwards,
the diffusion will not be the same but can enable an estimation of the vertical breach time.
From Figure 5, it can be seen that the vertical breaches for saline aquifer at the depth of
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700 m can occur after about 50 millennia. Figure 5 is based on the Equation (10) for unit
initial density and diffusion coefficient D = 0.2 - 1073 cm?/s.

0 100 200 300 400 500 600 700

Figure 5. Vertical diffusion of CO, with time as a parameter given in 10% years. Density is normalized
down to the unit of initial density.

Estimating the conductive flow of CO; and its effective density enables the application
of the convection-diffusion equation for incompressible fluids. By neglecting diffusion
and evaluating the convective flow of the fluid, which can be performed by applying
D = 0 in the equations above, the solution to the convection equation can be numerically
evaluated by applying Equation (4), wherein D =0 and V = ﬁ (Vp — 28pef), resulting in
the following equation:

Pij+1 = *VLHAZ P4 s + pij (11)

The time domain step is taken to be 0.1 s, while the spatial domain step is set by
Equation (5). The sensitivity of the results on the time step value is performed to check
the stability of the solution. The time step At should be small enough to provide stability
of the solution but taking a small value will have a negative effect as the computation
time can be quite high. The authors lowered the value of the time step domain until
they reached practically unchangeable results. Further lowering of the time step domain
produces relative difference in the results expressed in parts of the percentage. Further in
the results, the numerical solutions are compared with the analytical solutions in order to
verify the validity of the presented results.

The variation of pg illustrates that the value needs to be higher than average, even
the maximum of density py, to equate the solution for an incompressible fluid to the
solution for compressible ones. By estimating that p.¢r = 1.4p9, the effective transport of
the incompressible flow is equivalent to the convective transport of compressible media,
as depicted in Figure 6. The same can be applied to the flow of various fluids with
arbitrary parameters. This is a crucial finding in this work and it enables simplifying
complex problems with no loss in generalization. Compressible fluids can be modeled
as unoppressive with effective density. This can be quite a breakthrough since there are
analytical solutions for the later fluids and their properties and behavior in saline aquifers
can be easily studied.



Sustainability 2023, 15, 8912

12 of 17

1.2

[ J 1 min

p [kg/m’]

r[m]

Figure 6. The dots show convective vertical flows for incompressible fluids with an effective density
of pegr = 1.4p0; the lines show vertical flows for compressible fluids with boundary density pg. Time
is taken as a parameter.

To emphasize the importance of simplification, it is necessary to use exact (Equation (8))
and numerical (Equation (4)) solutions of the convection-diffusion equations. Figure 7 illus-
trates solutions for parameters H = 10m, V = 0.5m/s, K = 0.5m?/s,and py = 1 kg/m°:

p [kg/m3]

\ - 505"
0.8 X .

0.6 ..
10s *

0.4 ! 5s "

0.2

00 e e DR r[m]
0 2 4 6 8 10
Figure 7. Solutions for the convection-diffusion flow. Dots show numerical solutions, while lines
refer to analytical solutions. Time is taken as a parameter. There is clear evidence of validity of
numerical solutions.

The analytical solution is calculated for the first 100 components of the sum in Equa-
tions (8) and (A1) of the Appendix A. The equilibrium is achieved 50 s after convection-
diffusion goes into motion, but the analytical solution shows deviations due to oscillations
in the solution. Adding more components of the sum would refine the solution but would
make computing impractical. While the numerical solution would provide beneficial re-
sults for the given timescale, the long evaluation period, which entails millennia, renders
this computational method useless. Utilizing the small values of the convective flow and
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the diffusion coefficient would be impractical and time-consuming. Parallel computing
could significantly improve the outcome, but the issue lies with the divergence of numerical
solutions when it comes to large scales. The discretization process would also have to be
smaller in scale than the diffusion coefficient and the velocity of the fluid flow require it to
be. Additionally, a scale does not consider the spatial dimensions of the problem. The con-
dition for numerical solution stability regarding diffusion is given by Equation (5), which
gives the constraints on spatial discretization regarding diffusion coefficient. Consequently,
simulating periods of millennia are constrained with spatial dimensions. The discretization
of space needs to be order of meters in maximum for hundred meters of spatial size. On
the other side, the diffusion coefficient constrains time discretization to order of seconds.
To simulate millennia second by second is like measuring the distance to the moon with
micrometers. Modeling vertical migration in the equilibrium state is gaining attention due
to fast and accurate simulation [92].

Taking into consideration prior analyses, the convection flow of the fluid can be
described with an average speed of V = 3.5 x 1073 m/s and permeability of k = 2000 mD,
the value of which, albeit not quite accurate, results in a worst-case scenario, wherein the
convective flow brings CO; to the surface in the span of two months. Depending on the
effective surface area of cracks through which CO; can leak, its return into the atmosphere
could be slow-moving. Nevertheless, horizontal aquifers, in any given scenario, pose
the possibility of CO, returning into the atmosphere before mineralization manages to
permanently entrap CO5.

4. Conclusions

By mathematical modeling horizontal aquifer, the authors evaluated the storing pos-
sibilities of industrial CO,. The analysis performed in this work demonstrates that many
factors pose potential risks to the process of CO, sequestration and its sustainability, with
the mobility of CO; being one of the main ones; it is of interest to have a higher mobility of
CO; since it guarantees larger storage capacities but a higher mobility would increase the
chances of CO; escaping the storage and returning into the atmosphere.

Storage durability depends on the type of aquifer and its characteristics. Knowledge
of the evolution of storage processes in a particular aquifer is not deterministic, rather we
can talk about estimates and the probability of some outcomes in the sequestration process.
It is certain, however, that the porosity of the material forming the aquifer, as well as the
CO;, permeability, have a considerable impact on CO, migration. The porosity of aquifer
brines can vary from 10% to about 20%, and for a given range the evolution of plume and
its radial distance can vary up to 30%. This is an important factor because it determines
mobility and capacity at the same time in inverse proportionality. Saline water viscosity
is the second most important parameter and can vary in range (0.1 — 0.4) mPa/s. For a
given variation of water viscosity, the radial distance of plume can be doubled in range
from 5 to 10 km for 30 years injection period. In such a way, the formed brine after injection
period will continue to evolve and have diffusion and convection migrations until reaching
some equilibrium state. This research showed that, depending on the parameters of the
aquifer, brine can evolve into a stadium for which the maximal radial distance can be up
to several tens of kilometers from the injection point in worst-case scenarios for injection
periods of 30 years. For long injection periods and large injection rates, the radial migration
of CO; can be even larger.

Long injection periods and high injection rates can, however, increase the radial
migration of CO; and leakage becomes probable when CO, finds an upward path inside
the aquifer. The results of this work showed that in the worst-case scenarios, where breaches
occurred at open or poorly sealed abundant wells, leakage of the CO; can occur after a
very short period, which can be measured in months and years. For millennium-lasting
projects, this is quite a small time.

Poor seals can have high permeability, and in the long-term trapping of CO, it will
allow considerable brine leakage out of the formation vertically upwards. The paper has
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demonstrated that upward force, buoyancy force, and the pressure gradient are equal
in magnitude. The issue in modeling CO; lies in transport equations which depend on
small-scale parameters, the solutions of which are only found in large-scale domains. The
problem can be simplified, however, by introducing an effective density for CO,, which
then determines the convective velocity. This transfers the problem from compressible to
incompressible fluids, the solutions of which can be analytically derived.

Author Contributions: Conceptualization, S.F, S.S. and VM.M.; Data curation, V.M.M.; Formal
analysis, V.M.M.; Investigation, S.F. and VM.M.; Methodology, S.E, VM.M., D.P. and S.O.; Software,
V.M.M,; Supervision, S.S.; Validation, S.F,, S.S., VM.M., D.P. and S.0.; Visualization, VM.M.; Writing—
original draft, S.F. and VM.M.; Writing—review and editing, S.S., D.P. and S.O. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Education, Science and Technological Devel-
opment of the Republic of Serbia (No 451-03-47/2023-01,/200122).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank to Nikola Radivojevic, Academy of Professional Studies
Sumadija, Kragujevac, Serbia for constructive suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
The equation that describes the evolution of the plume is [78-80]:

ah_la<ApgkAwAh(H—h) oh  Q H-—h ) (a1)

o " rar\ ¢ AM+H_-hor 2mgrhtH-h

The analytical solution of the diffusion-convection equation for incompressible fluid,
given by Equation (8), consists of function f(z, t), which has the form:

VH tv2
. - 2(_1)nV23—KAnt+W eK/\nHK—l) ( l)" %
— z T 2 (=1)"e — kAt .
f(z,t) = ze-(m+2K) 4 ;l TR ta— e sin(v/Ayz2)
" (A2)

where A, = (%)2
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