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Abstract: The increasing level of anthropogenic CO, in the atmosphere has made it imperative to
investigate an efficient method for carbon sequestration. Geological carbon sequestration presents
a viable path to mitigate greenhouse gas emissions by sequestering the captured CO, deep under-
ground in rock formations to store it permanently. Geochemistry, as the cornerstone of geological
CO;, sequestration (GCS), plays an indispensable role. Therefore, it is not just timely but also urgent
to undertake a comprehensive review of studies conducted in this area, articulate gaps and findings,
and give directions for future research areas. This paper reviews geochemistry in terms of the se-
questration of CO, in geological formations, addressing mechanisms of trapping, challenges, and
ways of mitigating challenges in trapping mechanisms; mineralization and methods of accelerating
mineralization; and the interaction between rock, brine, and CO, for the long-term containment
and storage of CO,. Mixing CO, with brine before or during injection, using microbes, selecting
sedimentary reservoirs with reactive minerals, co-injection of carbonate anhydrase, and enhancing
the surface area of reactive minerals are some of the mechanisms used to enhance mineral trapping in
GCS applications. This review also addresses the potential challenges and opportunities associated
with geological CO; storage. Challenges include caprock integrity, understanding the lasting effects
of storing CO; on geological formations, developing reliable models for monitoring CO,-brine-rock
interactions, CO, impurities, and addressing public concerns about safety and environmental impacts.
Conversely, opportunities in the sequestration of CO, lie in the vast potential for storing CO, in
geological formations like depleted oil and gas reservoirs, saline aquifers, coal seams, and enhanced
oil recovery (EOR) sites. Opportunities include improved geochemical trapping of CO,, optimized
storage capacity, improved sealing integrity, managed wellbore leakage risk, and use of sealant
materials to reduce leakage risk. Furthermore, the potential impact of advancements in geochemi-
cal research, understanding geochemical reactions, addressing the challenges, and leveraging the
opportunities in GCS are crucial for achieving sustainable carbon mitigation and combating global
warming effectively.

Keywords: geochemistry; geological carbon sequestration; CO,—brine-rock interactions; CO, trapping

1. Introduction

According to our world in data, in 2022, over 35 billion tons of CO, were emitted from
fossil fuels and industries throughout the year. Emitted CO, can persist in the atmosphere
for an extended period, thereby perpetuating its influence on global warming long after
its initial release [1]. This emission of anthropogenic CO, has significantly contributed to
global climate change, which impacts the Earth’s ecosystem [2,3]. The Paris Agreement,
reached by 197 countries, aims to restrict the Earth’s average temperature rise to 1.5 °C [4].
The International Energy Agency (EIA) forecasts that 2.3 gigatons of CO, will be stored
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annually by 2060 in order to meet the IPCC (Intergovernmental Panel on Climate Change)-
60 climate target [5]. To meet this outlined climate target, the global carbon capture capacity
of approximately 40 million tons of CO; per year has to be scaled up significantly, and
by 2050, it must be increased to over 5600 million tons per year (MtpaCO,) if countries
intend to restrict global warming to 2 °C [6,7]. One of the main challenges in increasing
this capacity is storing large volumes of CO; [8].

Storing is the final step for the carbon capture and storage (CCS) process, which comes
after capturing and transporting. Capturing is the process of separating CO, emissions or
pure CO; streams from other gases released from industrial facilities or factories before
entering the atmosphere. The CO, then undergoes compression and transportation to a stor-
age location and is injected deep underground into selected geological formations, where it
is intended to be securely stored for long-term isolation from the atmosphere [7,9-11].

The storing process also involves post-injection monitoring to permanently store
CO, and prevent its release back into the atmosphere. There are various ways to store
CO; in different forms and locations. The most common types of CO, storage are ocean
storage, mineralization, chemical conversion, and geological storage. From these carbon
storage types, geological carbon sequestration (GCS) is the only feasible method to store
large volumes of CO; [8]. It is an effective approach for reducing greenhouse gas (GHG)
emissions by reducing anthropogenic CO, emissions and, hence, reducing global warming
regardless of implementing clean and efficient energy solutions [12-14].

Types of geological storage include saline formations, depleted oil and gas fields,
using CO-EOR, deep unmineable coal seams, and in situ and ex situ carbon mineralization
(Albertz, Stewart, and Goteti, 2022 [15-17]). Sequestration in saline aquifers is the most
mature storage technique of all the geological storage types. The primary reason for this is
that saline aquifers have the largest volumetric potential for geological CO, storage [13,15].
Garcia, Kaminska, and Maroto-Valer, in 2010 [18,19], indicated that saline aquifers have a
capacity to store 10,000 gigatons of CO,. Other reasons include them not being suitable
for supplying potable water because they are highly mineralized, and they have suitable
porosity and permeability [20].

Storage of CO; in geological formations heavily depends on the two intricately linked
aspects, geomechanics and geochemistry, to ensure the safe, prolonged subsurface storing
of the gas. These two processes are always coupled in geological storage. Geomechanical
aspects focus on the physical and mechanical behavior of the subsurface formations where
the CO, is injected and stored, while the geochemical or geochemistry aspects pertain
to the chemical reactions of the injected CO;, the host rock, and the formation fluids.
Table 1 depicts the difference between the geochemical and geomechanical aspects in
geological processes.

Table 1. Geochemical and geomechanical aspects in geological analysis.

Geomechanical Aspects Geochemistry/Geochemical Aspects
e  Rock strength and integrity ° Dissolution of minerals/supercritical CO;
e  Induced seismicity e  Precipitation of minerals

e  Petrophysical properties (porosity and e  Mineralization

permeability or rock injectivity) ° Geochemical reactions

° Stress changes ° Plume migration

In geological storage, the injected CO, will have different fates when it comes into
contact with the host rock and the formation fluids. A portion of the injected CO; fills the
pore space within the storage site, which is called structural or stratigraphic trapping; some
dissolves in water, which is known as solubility trapping; some is trapped as residual CO,
by capillary forces; and some of it may form carbonate minerals through precipitation or
mineral trapping [21]. These four principal trapping mechanisms have distinctive contri-
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butions to immobilizing CO, for effective geological carbon sequestration. The trapping
can happen immediately after CO; injection or over hundreds of years based on factors
like CO, dissolution in the formation fluid and the dissolution of rock and precipitation of
rock minerals [22]. Furthermore, the CO,-brine interaction in GCS applications can either
significantly enhance or compromise the caprock seal integrity over time, which, in turn, is
the main factor affecting the leakage of CO; [23].

Thus, since injecting CO; into the subsurface region alters the chemical equilibrium of
the system, causing the dissolution/precipitation of minerals and subsequently changing
the rocks’” petrophysical properties, a comprehensive understanding of the geochemistry of
the system is essential to guarantee sufficient, secure, and efficient storage of CO, [24].

There are still research demands and scientific gaps in this aspect, especially in terms
of a comprehensive understanding of the interaction between CO,, brine, and rock, the
effects of temperature, pressure, and salinity on CO, wettability in GCS conditions, and the
mechanisms by which CO; is mineralized in different formations [25-29]. Conversely, GCS
depends highly on petrophysical parameters, including interfacial tension between the
rock and fluid, the wettability of the rock-CO,-brine system, irreducible fluid saturation,
and the pore porosity and permeability [30-32].

Thus, a comprehensive review of studies carried out so far in geochemistry is crucial
to articulate the gaps and findings and give directions for future research. This paper aims
to assess the geochemistry of GCS, investigating the geological response of rock formations
and brine to CO; injection. A critical evaluation of the different mechanisms for trapping,
including structural aspects, capillary/residual trapping, solubility trapping, and mineral
trapping, is conducted to assess their efficiency and applicability in sequestering CO,
within geological formations. This study delves into mineralization processes, wherein the
rock matrix reacts with CO, to form stable carbonate minerals, in addition to methods for
enhancing trapping mechanisms. This paper also assesses challenges and opportunities
in the geological sequestration of CO, and suggests future research areas to enhance the
containment and storage of carbon dioxide.

A detailed understanding of the phase behavior of carbon dioxide in the context of
GCS is crucial in understanding the geochemistry. This is because its phases influence
its transportation within geological formations during the GCS process, as CO, can exist
in multiple phases, including as a supercritical fluid, liquid, and gas, each with distinct
properties and interactions with the rock matrix and brine solutions.

2. CO; Phases for Geological Storage

For geological storage, the gaseous state in which CO; exists in ambient conditions is
not convenient for the following reasons: At ambient temperature, the condensation and
precipitation of CO, from the atmosphere are impossible, unlike water vapor [33]. The
volume can be reduced significantly by compressing it, which makes it easier to transport
and store. As the depth increases, the volume of CO, will decrease in geological formations.
As shown in Figure 1, the volume of CO, reduces from 100 units at the surface to 0.27 at a
depth of 2000 m as it changes from a gas to a supercritical fluid. This is due to the rise in
temperature and pressure as the subsurface depth increases, which leads to an increase in
its density with depth [34].
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Figure 1. Reduction in volume of CO; with increasing depth [35].

In most sequestration situations (i.e., at a temperature of from —67 °F to 88 °F and at a
pressure greater than 7.4 MPa), CO; is injected in a liquid form; however, when it is exposed
to the formation’s temperature and pressure, it becomes a supercritical fluid [36]. Supercrit-
ical COy is a state that exhibits the properties of both a liquid and a gas. CO, reaches its
critical point when subjected to a pressure of 7.4 MPa (1070 psi) and a temperature of 88 °F.

Supercritical carbon dioxide (ScCO;) exhibits the following properties:

e  Liquid-like density: It maintains a density like a liquid, which allows for dissolving it
in a wider variety of formations than gaseous CO,, and allows it to occupy less space.

e  Gas-like viscosity: This phase exhibits a lower viscosity than its liquid phase (it is
15 times lower compared to pure water) [37] but a higher viscosity than its gas phase.
This helps to improve its mass transfer properties and flow characteristics or enable
its flow.

o  Diffusivity: It exhibits higher diffusivity than liquid, which enhances the mixing and
penetration of the formation. This means that CO, molecules in a supercritical state
will spread out faster in the storage medium compared to those in a liquid state.

ScCO, optimizes its capacity for storage and reduces the issue of it escaping, since its
density is higher than a gas but lower than a liquid [38,39].

The density of supercritical CO; (at a temperature of 88 °F and pressure of 7.4 Mpa) is
0.7 g/cm?, which is significantly higher than its gas phase (two-thirds of the density of pure
water), which enables it to occupy less pore space. This means that at a depth greater than
800 m, the density of CO, enables it to fill the pores efficiently and decrease the difference
in buoyancy. Thus, geological storage sites should have a depth of this value to maintain
the supercritical state of CO, [40-42].

The pressure and temperature of geological structures suitable for CO; sequestration
are more significant than the critical point of carbon dioxide. Figure 2 presents a phase
diagram of carbon dioxide, showing its critical temperature and pressure in aquifers, which
are 304.2 K (87.98 °F) and 7.38 MPa, respectively. This indicates that CO,, in this particular
case, is at its supercritical state in storage [43,44].
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Figure 2. Pressure-temperature phase diagram for CO, [modified from [45]].

3. CO; Trapping Mechanisms for GCS

In GCS, CO;, is injected deep underground, where it can be trapped in geological
formations by various mechanisms to restrict its upward migration and leakage. The
trapping mechanics can be classified as physical and chemical trapping mechanisms. In
physical trapping mechanisms, carbon dioxide remains in its physical state following its
injection. However, in chemical trapping mechanisms, the physical and chemical nature of
CO; are changed as it reacts geochemically with the rock and formation fluid [46].

There are two physical trapping mechanisms: (1) static (stratigraphic or structural)
trapping and (2) residual/capillary trapping. CO, forms a continuous fluid phase in static
trapping, while in capillary trapping, it is in the form of an isolated CO, pocket or is
non-connected. Similarly, there are two chemical trapping mechanisms: (1) solubility,
or dissolution trapping, where CO, is dissolved brine, and (2) mineral trapping, where
carbonate minerals are formed as a result of the chemical interaction between rock, CO,,
and brine [47-50]. In general, CO, trapping mechanisms can be classified into four main
types: structural, residual, solubility, and mineral trappings, and these mechanisms are
summarized in Table 2 alongside their descriptions, advantages, and challenges.

These four main trapping mechanisms have different storage capacities based on
the storage period or time scale. Figure 3 presents the contributions of each trapping
mechanism, starting from the time the injection stops. As shown in the figure, structural
trapping initially has the largest share of CO; storage, and as time goes on, the contribution
and storage security of the other mechanisms increases.

The trapping period can be represented as follows: tsiructuralgstratigraphic < teapillary <<

tdissolution < tmineralization-
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Table 2. CO, trapping mechanisms during the geological storage of CO, [38,49,51-53].

Trapping
Mechanisms

Description

Advantages

Challenges

Structural (stratigraphic)
(in pore space)

o  This is the first trapping encountered during
geological sequestration, where CO; is
trapped physically.

e Supercritical CO; in its mobile phase is stored
in geological structures with a caprock.

e  Trapping occurs due to the high capillary
entrance pressure of COj.

e  Gives a primary barrier against the
upward movement of CO; so as to
ensure its instant containment.

e  Stores significant amounts of CO, in a
short duration.

o  CO; can leak if there is a compromised
caprock or failure in the seal.

e  There can be movement of CO, to
other traps.

o  The integrity of the seal is affected during
overpressure.

e  The integrity needs to be monitored
regularly.

e Only applied to selected rock properties.

Residual/capillary trapping
(in flushed zone)

e Assupercritical CO; passes through a pore in
the storage formation, reservoir fluids are
displaced.

e CO,; movement occurs upward because of
density differences and laterally because of
viscous forces.

e Residual trapping occurs only when the CO,
plume is mobile, as the CO, replaces
brine [54].

e Improving storage efficiency while
minimizing the mobility of CO;.

e Reduces possible CO, leakage root
points and guarantees homogeneous
CO; dispersal.

e  For formations with low permeability, it is a
slow trapping mechanism.

o  Continuous injection cycles of CO, could
cause challenges over time.

e  Effectiveness of trapping can be affected by
the presence of brine or oil.

Solubility trapping (in host brine)

e  Results from the dissolution of CO; in the
formation water or brine.

e  The dissolution results in the formation of
CO,-saturated brine.

o The buoyancy force is eliminated once the CO,

separate phase is over because of dissociation.

. Compared to the reservoir fluid, the brine
density increases as the CO, dissolves, which
causes CO,-saturated brine to sink to the
bottom of the formation.

e  Weak carbonic acid is formed as a result of
CO, dissolution.

e  The dissolution of CO, improves storage

security.

e The mobility of CO, within the reservoir
is reduced.

e  Precipitation reactions are generated,
which trap CO;.

o  The capacity is limited since it depends on
the solubility of CO,.

o  There are significant changes in the density
of water.

. The water may be acidified, which can
affects the rock and fluid properties.

e Because of its complexity, it is difficult to
predict the interaction of the minerals in the
reservoir with the CO,.
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Table 2. Cont.

Trapping .
Mechanisms Description Advantages Challenges

Occurs as CO; changes to calcite.

Calcite is formed when CO, and solid e  Enables permanent and secure CO, .

. . Slow reaction.
minerals react. sequestration. The permeability affects the mineralization
Mineral trapping takes place after or during e CO, immobility is guaranteed if it is P ye . )
. . 1 A : . . AR Affected by the existence of minerals and the

Mineral trapping solubility trapping, which makes it a slow converted into a solid mineral.

trapping mechanism.

Stores CO, permanently

Permeability and porosity of rock changes
notably during this type of trapping [40,55].

e (CO; does not occur in a separate phase,
which avoids its upward movement by
forming precipitates [56,57].

reactivity in the storage reservoir.
The trapping process may affect the CO,
solubility and reservoir integrity.
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The CO, trapping potential differs significantly among diverse geological formations,
and the suitability of formations for carbon storage varies accordingly. For instance,
structural or hydrodynamic, dissolution, and mineral trappings are applied for sandstone
and carbonate formations [58-60], whereas mineral and dissolution trapping are employed
for basaltic formations [61-63]. On the other hand, diffusion and adsorption trapping are
applied in coal seams, organic-rich shales, and clay interlayers [64].

In general, due to their storage capacity, saline aquifers are the most promising and

widely applicable formations for GCS [46,65]. The following section explains mineralization
in saline aquifers for GCS.

100 ¢

Trapping contribution /%

1 10 100 1000 10,000

Time since injection stopped / years

Figure 3. Security of CO; trapping mechanisms over time [66].

3.1. Enhancing CO; Trapping in Saline Aquifers

Saline formations are ideal for CO, sequestration because they have the following
properties: high permeability, which enables CO; injection at high rates with no substantial
increment in pressure; thick formations; and salinity, which fulfills groundwater protection
regulations (greater than 10,000 ppm of TDS (total dissolved solids)) [13,67].

The three forces, buoyancy, viscous, and capillary forces, govern CO, trapping in
aquifers (Kong et al., 2013 [51]).

Viscous forces are the primary forces during the injection phase of CO; and are
responsible for the lateral and vertical movement of CO,. The movement of CO, is caused
by the pressure difference resulting from the injection of CO5;. In the post-injection phase,
buoyancy and capillary forces trap the CO, [51].

3.1.1. Solubility Trapping

Solubility trapping refers to the dissolution of the injected CO; in the target formation,
which means that solubility trapping is mainly affected by the dissolution of CO; in the
formation fluid or brine [68].

For deep saline aquifers, the injected carbon dioxide moves upward to the interface
between the caprock and reservoir, where it contacts the formation water, which causes
mass transfer because of the dissolution of the CO; [69]. Dissolving CO; in brine is
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governed by diffusion at the interface between the formation water and the free gas phase.
But, because the molecular diffusion coefficient is small, this process is very slow, and
it could take thousands of years for the CO; to dissolve fully in the brine (formation
water) [51]. The solubility of CO; is affected by the formation pressure, temperature,
salinity, surface wettability, and injection rate [70]. An increase in pressure increases
the solubility of the CO; in the brine, since it increases the density of CO,. When the
salinity decreases, the rate of CO, dissolution in the brine increases. This is because a low
salinity results in fewer cations, and cations form hydrates, which act as a barrier for CO,
dissolution. This is why solubility trapping is expected to be less effective in very salty
formation fluids, typically associated with evaporite rocks. However, aquifers that have
carbonate rocks promote the dissolution of CO, [8].

A reduction in temperature, a higher injection rate, and water-wet conditions enhance
CO, dissolution [71,72]. The accurate modeling of CO, dissolution is crucial at the reservoir
scale, rather than just at the pore level, in order to capture the complex dynamics of CO,
storage. Additionally, it is essential to account for reservoir heterogeneity in these models,
as it significantly impacts the solubility of CO, and makes the dissolution process highly
dynamic [73].

There will be a considerable reduction in porosity due to the accretion of carbonates
in the rock matrix and the induced alterations to the rock minerals resulting from the
CO, dissolution. A slight decline in porosity could result in a considerable reduction in
permeability, which, in turn, could reduce the injectivity of the CO, [57].

3.1.2. Enhancing Solubility Trapping

The main issue in solubility trapping during ordinary CO, injection is related to
the buoyancy of CO;. The density and viscosity of the injected CO; are lower than the
formation water in standard CO, injection, which results in the upward migration of the
CO;. If the caprock integrity is compromised, this migration of CO;, may result in long-
term leakage risks, which are the main concern in the implementation of GCS projects [74].
Injecting a CO,—brine mixture can mitigate the buoyant migration of CO,. Solubility
trapping can be enhanced by increasing the area of contact between the brine and CO,
(through less viscous CO; fingering), flowing in heterogeneous reservoirs, or removing the
denser CO;-saturated brine below the CO, cap [75]. The contact area can be increased by
mixing the CO, with brine before injection, which will prevent its migration, thus helping
to maintain the storage site integrity [74,76].

On the other hand, solubility trapping can be used to unveil the potential of unconfined
aquifers for GCS. A study by Addassi et al., 2022 [77], explained that solubility trapping can
be applied to utilize abundant unconfined reservoirs for GCS. According to the study, the
process involves injecting water-dissolved CO,, which leads to instant solubility trapping.
This mechanism mitigates CO; leakage in unconfined reservoirs, because once dissolved,
the CO, will not migrate to the surface as it is not buoyant. The study by Addassi et al. used
TOUGHREACT computer code to carry out the geochemical modeling by assuming an
injection of 100,000 metric tons of water-dissolved CO, annually for 100 years into a porous
rock at a depth of from 800 to 2000 m below the surface without a caprock, representing
an unconfined sedimentary aquifer. In such cases, structural and residual trappings will
be negligible, which means the early stages will be dominated by solubility trapping, and
the later stages will be dominated by mineral trapping, as shown in Figure 4, where the
green color indicates solubility trapping, and the blue color indicates mineral trapping [66]
Injecting the dissolved CO; will resolve the CO, buoyancy challenge in GCS. In such a case,
the storage reservoir is not necessarily deep, unlike with ScCO,, and the caprock integrity
is not an issue. This solubility trapping can alleviate public acceptance and storage security
issues by mitigating leakage issues [76].
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Figure 4. Solubility and mineral trapping in basalt formation [66].

3.1.3. Mineral Trapping

Like solubility trapping, mineral trapping is also one of the most promising long-
term solutions for the geological storage of CO,. However, although it is the safest and
most reliable trapping mechanism, it is a slow process that can take thousands of years to
occur. Deep saline aquifers have acidic formations with pH values of from 2 to 6, which
is not convenient for the formation of carbonate minerals [78]. The pH level needs to be
increased (higher than 9.0) for carbonate minerals to be formed, which can take thousands
of years [21]. The main issue in enhancing the mineral storage capacity in mineral trapping
is accelerating the precipitation during CO, sequestration [73]. There are several factors on
which mineral trapping depends. These include the solubility of CO,, the pore size, the
mineralogy of the rock, the reactive surface area, the heterogeneity, impurities (H,S, N>,
507, Noy, Oy, A1, Ny, and Hy) in the injected CO; stream, wettability, and interfacial tension
(IFT). Mineral trapping is highly dependent on the brine water pH and ionic loading [21,79].
These factors can directly or indirectly affect the acceleration of mineral trapping. Hence, it
is essential to investigate methods to accelerate CO, mineral trapping.

3.1.4. Methods to Accelerate CO, Mineral Trapping
e Increasing CO; solubility

Increasing the rate of mass transfer between the brine and CO, can increase its solubil-
ity. This can be achieved by mixing the CO; and brine before, during, or after its injection
into the aquifer [50]. It is reported from the CarbFix project that carbon mineralization
occurred within two years after dissolving the CO, in groundwater before or during the
injection, which is an indication that injecting CO,-dissolved brine can help to accelerate
carbon mineralization [76,80].

e  Co-injection of carbonate anhydrase (CA)

CA accelerates carbonate mineralization by decreasing the pH in the reservoir while
catalyzing the reaction of CO, with H,O to form HCO3 and H*. This results in a higher
rate of CO, mineralization [81,82]. The most common biocatalysts for such applications are
CA enzymes and CA (bio-generated) bacteria [83,84].

e  Microbes

The reservoir where the CO; is to be stored can have microbes in it, and these microbes
can affect the growth of carbonate minerals, specifically in oversaturated fluids [85]. Some
of those microbial molecules enhance calcite growth, which can, in turn, be manipulated to
mitigate CO, leakage [86,87].
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Microbes can enhance mineral trapping by inducing the precipitation of carbonate
minerals, decreasing the pH, or increasing the solubility. The potential growth of these
microbes with long-term exposure to CO; can enhance CO; solubility and mineral trapping.
However, further research should be conducted to study the effect of the interaction of
these bacteria with CO,-brine-rock systems [88]. These microbes include urea-producing
bacteria, halophilic carbonate-forming bacteria, and indigenous microbes isolated from
deep saline aquifers [88,89].

e  Enhancing the surface area of reactive minerals

This is achieved through hydraulic fracturing during CO; injection, which increases
the surface area in the injector wells. An experimental study by C.P. Zhang et al. revealed
that CO,-based fracking (CBF) can be used to enhance hydraulic fracturing. The experiment
was conducted on a siltstone sample to investigate the difference in the fracturing efficiency
of CBF with WBF (water-based fracturing) in unconventional gas reservoirs, and the results
showed that CBF is a compelling choice for WBF in creating interconnected fractures [90].
This, in turn, increases the silicate dissolution rate, causing the mineralization of carbon in
the storage formation [91].

e  Selecting sedimentary reservoirs with reactive minerals

Hosting rocks rich in divalent cations exhibit accelerated mineral trapping. According
to the study in [79], it is preferable to select geological formations with divalent metal ions
or cations (Ca®*, Fe?*, and Mg?*) for CO, storage in mineral trapping situations.

3.1.5. Residual/Capillary Trapping

In capillary trapping, when the CO; is injected into the saline formation, the gas
saturation increases, and the gas pressure displaces the brine water. When the injection
stops, the density difference between the gas and brine causes the gas to continue migrating
upward and the brine to descend [46]. This leads to the brine (waiting phase) entering
the pores, pushing the CO,, and resulting in a significant volume of CO; being trapped in
small clusters of pores. This leads to the permanent immobilization of the CO,, which is
called residual trapping [92].

As shown in Figure 5, the buoyancy difference between the brine and the gas makes
the CO, gas move vertically to the top of the aquifer. The arrows show the path of the
injected CO; to the left and right of the injection well. The buoyancy or density difference
between the CO, and brine results in a high flow rate to the right side towards the top.
The gas displaces the brine on this side since the gas saturation is increasing, and hence,
there is the continuous motion of CO,. However, on the left side, the CO; injected is totally
trapped or immobilized, and this region becomes less permeable.

Studies conducted on the capacity of residual trapping have confirmed that such a
mechanism could result in the trapping of high volumes of CO, by substantially inhibiting
the movement of CO, [93,94]. Residual trapping has been demonstrated to be effective in
cleaning sandstones and carbonates [95]. It is more effective compared to other short-term
trapping mechanisms [96,97].

However, it is important to consider factors influencing the residual sequestration.
Factors affecting residual trapping can be grouped into physicochemical, petrophysical,
and operational factors. Physicochemical factors include the wettability and the interfacial
tension between the CO, and brine, and these are affected by impurities in the injected
gas, the pore structure of the saline aquifers, the pore pressure, and the temperature [73].
Petrophysical factors include the porosity and permeability, while operational factors
include drainage and imbibition rates [98]. The immobilization of CO; is also affected by
the ratio of viscous forces to gravity forces, heterogeneity, and the injection rate [99].
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Figure 5. Schematic of the trail of residual CO, that is left behind due to snap-off as the plume
migrates upward during the post-injection period [79].

The role of wettability in regulating the distribution of CO, saturation is very crucial.
The study in [95] found that in oil-wet or intermediate-wet oil reservoirs, capillary trapping
is less efficient compared to in deep saline aquifers, which exhibit water-wet characteristics
in the presence of CO;. The study demonstrated this by comparing residual CO; saturations
in oil-wet sandstone with the equivalent water-wet sandstone, and it was found that the
residual trapping efficiency in the oil-wet system was significantly lower. This is because
the difference in the pore-scale capillary forces in such reservoirs reduces the capillary
trapping capacity. On the other hand, a CO,-wet state has a higher trapping coefficient
compared with water-wet conditions [98]. The trapping coefficient, C, can be determined
by using Equation (1) given below.

1 1
C SS9 1)
where Sgi and Sg; are the initial and residual CO; saturation, respectively.

Therefore, water-wet systems are preferable due to their better residual trapping
capacity. Concerning rock types, many studies have suggested that sandstone formations
have better residual trapping potential than carbonate formations [98].

In addition, solubility trapping and residual trapping are interdependent; hence, it is
essential to consider the impact of solubility trapping while exploring residual trapping
mechanisms [73,100].

3.1.6. Structural Trapping

In structural sequestration, large amounts of CO, are stored in a short period of time.
This is commonly observed in reservoirs that have contained oil and gas for millions
of years, where the volume of the pore space is the main factor affecting the storage
capacity [101].
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Structural trapping is the primary mechanism for inhibiting the migration of CO,
from the injection point to other subsurface sites, which is undesirable for storage. Carbon
dioxide is stored in a supercritical state and as a buoyant fluid beneath the caprock or next
to a barrier that is impermeable. The difference in the densities of the brine and CO, makes
the injected CO, flow upward under the action of buoyancy and then become blocked by
the caprock. According to recent studies, if CO, is injected at a sufficient distance from the
aquifer or reservoir boundaries, the necessity for structural trapping can be reduced [102].

The capacity of the structural trapping mechanism in saline aquifers should be assessed
based on the CO; injection rate, the caprock properties, and on the basis of the actual
geological conditions of the saline aquifer [73]. This is because in saline aquifers, the
structural trapping capacity of CO; storage is dependent on the sealing capacity of the
caprock, the capillary force of the caprock, the reservoir properties, the CO,-brine interfacial
tension, and the CO, injection rate [103].

During structural sequestration, the effect of the CO, injection rate can impact the
pore pressure, which causes caprock damage and CO, leakage if not within the caprock’s
capacity. Thus, further research needs to be conducted to evaluate the reservoir’s capacity
based on the saline aquifer’s actual geological conditions, caprock properties, and CO,
injection rate [73].

In general, even though stratigraphic/structural trapping mechanisms are the main
mechanisms for storing injected CO,, they are less secure storage methods because there is
a greater chance of CO, leakage. The risk of leakage will be minimized once the mineral-
ization is started, since the CO, will not escape the reservoir [104].

4. CO, Mineralization in GCS

Mineralization, also known as mineral carbonation, involves injecting CO, into rock
formations containing minerals that react with CO, to form solid carbonates, effectively
locking away the CO; and preventing its release into the atmosphere. During mineraliza-
tion, CO; is converted into solid carbonate minerals by chemically reacting it with divalent
ions such as Ca?*, Mg2+, and FeZ* [66].

Carbonates are very stable thermodynamically and can be stored permanently [105].

According to [105], the mineralization of carbon is the process of converting hydroxide
and silicate minerals into carbonate minerals, where CO, can be stably sunk. This can
involve ex situ (feedstock carbonation from its original location) or in situ (injection of CO,
into the existing rock) mineralization processes [105].

Mineralization can be integrated with industrial processes to utilize captured CO,
to produce valuable materials, such as construction aggregates or industrial minerals,
thereby offsetting the costs of carbon capture and storage [106]. Mineral carbonation can be
achieved by an in situ method, which is carried out by injecting the CO, into the geological
formation, or by an ex situ method, where the carbonation is carried out above the ground
in an industrial plant using previously mined or local rock [106,107]. In situ carbonation
is a favorable option due to the availability of resources and its enhanced security. Also,
this method does not require extensive mining. However, the main challenges are the
geological characteristics and potential uncertainties regarding the caprock [106,108].

Novel and emerging techniques, including injecting dissolved CO, or CO, being
injected as a nano-emulsion, can potentially enhance the mineral trapping mechanism
by preventing ScCO, dry-out and reducing the necessity for deep reservoirs or secured
seals [16].

In mineral trapping, gaseous CO; is converted into solid carbonate minerals, such
as magnesite or calcite, through natural mineralization processes. Once the CO, comes
into contact with the brine, it forms carbonic acid (H,CO3) or acidifies the formation fluid.
H)CO3 is a weak acid that is ready to dissociate immediately, and the equation for the
acidification of the brine is expressed as follows:

There are generally three steps in carbon mineralization, which are explained below.



Energies 2024, 17, 5000

14 of 35

1.  Gaseous CO; is dissolved in an aqueous solution to form bicarbonate and carbonate
ions. This step is further explained in the following equations.

The dissolution of the injected CO, in the formation water is shown in the following
equations:
COz(g) = CO2 (aq) (2)

COZ (aq) + HzO(l) = H2C03(aq) (3)

The dissociation of the CO; in the formation water makes the brine corrosive to any
material in contact with it due to the formation of carbonic acid (the pH decreases to a
value of about 3-5) [37,109].

H,CO3(aq) = H(aq) + HCO; ™ (aq) 4)

HCO3 ™ (aq) = CO3%~ (aq) + H*(aq) (5)

As the pH is lowered, the dissolution of divalent-cation-bearing minerals is promoted.
These minerals include pyroxene (XYSi;Og, where X and Y are either one or both divalent
cations), olivine (Mg,Fe),5i04), brucite (Mg(OH),), forsterite (dolomite + silica), kaolin
(Al,03.25i10,.2H,0), and also plagioclase, illite, and smectite [89].

2. Cations such as Ca?*, Mg2+, and Fe?* are released into the solution due to mineral
dissolution.
3. Stable carbonates are formed due to ionic reactions at higher pH.

The pH increases back due to the dilution of CO32~ (aq) in the formation water. Then,
the carbonate ion and divalent cations form carbonate minerals (precipitation), which are
represented by the following equations:

CO, 3 (aq) + Ca?* = CaCOs(s) (6)
CO, 72 (aq) + Mg?" = MgCO5(s) 7)
CO, 3 (aq) + Fe?** = FeCO;(s) 8)

It is also possible for the acidified brine to react with minerals such as silicate and
carbonate in the rock to neutralize the brine. The equations are Equations (9) and (10).

H* (aq) + CaAlzsizog + HzO — Caz*(aq) + A1281205(OH)4 (9)

The dissociation of silicate mineral (anorthite) or silicate rock weathering to form
kaolinite is expressed as follows:

H* + CaCO; — Ca2+(aq) +HCO;™ (aq) (10)

Then, the reaction with carbonate minerals (calcium carbonate) occurs, forming bicar-
bonate, which happens in underground reservoirs.

The overall weathering can be obtained by combining the reactions in the above
equations and can be expressed as follows:

COZ + CaA1281208 + 2H20 = AleizO5(OH)4 + CaC03 (11)

In this particular case, in Equation (11), one mole of the injected ScCO, is converted
to calcite precipitate and sequestered in the geological storage, and the anorthite mineral
is converted to calcite and kaolinite. For the precipitation to happen, there should be a
sufficient dissociation of silicate minerals, as represented in Equation (9) above. The study
in [110] reveals that calcite, being highly soluble in acidic environments, dissociates at
a faster rate than dolomite and anorthite, while dolomite and anorthite dissociate more
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quickly than other minerals [110]. In addition, calcite is abundant compared to other
minerals, and its dissociation alters the flow path and hydrodynamic properties [111].

Wet CO, is known for its corrosive potential, which affects the reservoir and its
surroundings [112,113]. As the CO; injection pressure increases, the corrosion rate also
increases [114].

When ScCO; dissolves in brine, its solubility increases nonlinearly with pressure and
temperature, although it decreases with the salt content. The presence of impurities with
injected CO», such as H,S or SO;, adds complexity to predicting the solubility of CO; in
brine, requiring nonideal equations of state for accurate predictions [22].

Environmental factors like temperature, pressure, salinity, and impurity gases can
significantly influence geochemical reactions at GCS sites. For instance, higher temperatures
and pressures generally increase reaction rates, while impurity gases like H,S can affect the
brine pH and oxidation-reduction potential. Reservoir site-specific conditions, such as the
composition of the reservoir rocks and the presence of reactive minerals, can also influence
the extent and nature of the geochemical reactions during CO, injection in GCS operations.

The study by Jiemin Lu et al. [22] was conducted to study the effects of a reservoir site,
and the following findings were obtained about this aspect. At the Weyburn CO,-EOR site
in Saskatchewan, Canada, the Frio pilot test site in Texas, and the Nagaoka pilot test in
Japan, the aqueous concentrations of certain minerals like Ca, Mg, Fe, Mn, and HCO3 ™ in
the brine increased after CO, injection. This increase was attributed to the dissolution of
silicate and carbonate minerals because of the reduction in the pH. The reduction in the
pH was caused by the injection and dissolution of the CO, in the brine. On the other hand,
at the Cranfield CO,-EOR and sequestration site in Mississippi, lower rates of mineral
reactions in the reservoir were observed, and the brine composition was almost unchanged
during the CO; injection. This was because the reservoir rocks were composed of less
reactive minerals like quartz, chlorite, kaolinite, and illite, with fewer reactive minerals like
carbonates and feldspars present compared to other sites.

Moreover, microbial communities at geological storage sites can also impact geochem-
ical reactions by mediating surface reactions, affecting redox reactions, and influencing the
mobilization of organic compounds in aquifers [22].

A study by Raza et al. (2016) indicated that the presence of brine in the pore space dur-
ing injection enhances the severity of geochemical reactions, thus reducing the magnitudes
of the elastic parameters, including the shear modulus [115].

Likewise, the solubility of CO; in brine is affected by the temperature and pressure.
A higher reservoir pressure increases the solubility, while higher temperatures lead to a
lower solubility. This is because a higher pressure physically pushes more CO;, molecules
into the brine, which enhances the brine’s ability to hold the CO, in solution. However, a
higher temperature increases the movement of CO, molecules, making them more likely to
escape the brine and become a gas.

On the other hand, a lower CO; injection rate can store more CO; [116].

Previous studies have shown that when CO, or CO5-rich fluids are in contact with
shale, mineral dissolution/precipitation will occur, which alters the pore structure [117,118].
Since shale formations are water-bearing formations, the presence of water may cause the
CO; to cause more significant alterations to the shale pores. The alteration of the shale
pores in the presence of both CO, and water is more important than their alteration in the
presence of CO, alone.

In both cases (CO, and water and CO, alone), the shale porosity increases, and the
increase in the porosity is greater when there is water and CO,. This shows the effect of
water in enhancing the reaction between CO; and rock [117,119].

Further research is still needed to assess the integrity of the pore alteration of shale
after medium lengths of time or with seals under varying conditions involving different
rock types and fluid compositions (including freshwater or brine) within the challenging
environment of a storage site. Research should also address the robustness of the storage
medium or seals when exposed to diverse rock types and fluid compositions (such as
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freshwater or brine) within the harsh environment of a storage site. Furthermore, further
studies are necessary to understand how geochemical reactions may pose challenges during
and after injection into a storage reservoir.

5. CO,-Brine-Rock Interactions

COy, brine, and rock interactions are an essential component of GCS, and studying
them can help to understand the long-term behavior of storage reservoirs. Since the
injected CO, chemically reacts with the fluid and rock, the properties of the rock and the
hydrocarbons will change. The type and salinity of the brine, the reactive surface area of the
pores, and the contact time are some of the factors that alter the physical properties of the
rock significantly during CO,-brine-rock interactions. The study in [120] was conducted
to identify which of these factors is dominant and the degree of influence of each factor.
According to this study, the brine salinity is the dominating factor, followed by the time
of exposure and the reactive pore surface area. In addition, many studies have found
that geochemical interactions between COy, rock, and brine can affect the wettability of
formations, help to immobilize the CO, via mineralization. and cause mineral dissociation
and precipitation, which alter the petrophysical properties of the reservoir rock and the
mechanical properties of the formations, including shale formations [121-124].

COy, brine, and rock interactions can significantly improve the wettability and alter
the porosity and permeability. These two physical properties of rock directly correlate with
the reaction time and carbonate content. On the other hand, the calcite content and soaking
time increase the hardness of carbonate-rich rocks, while an increase in the soaking time
decreases the tensile strength [125].

The effective porosity and permeability increase with the dissociation of the rock and
decrease with the deposition of minerals and asphaltene minerals. This means that there
will be a change in the oil recovery. According to the study by [126], in sandstone reservoirs,
the percentage of asphaltene sedimentation, the mineral solution, and the oil recovery are
higher in vertical configurations than in horizontal configurations. Also, minerals dissociate
more with vertical injection than with horizontal injection.

Limestone can enhance the CO, storage potential because of the dissociation of the
rock matrix compared to sandstone. However, because of its high permeability, sandstone
reservoirs generate the strongest CO, foam compared to carbonate reservoirs, while CO,
foam is an effective method for reducing CO, mobility in GCS applications by mitigating
the flow stability [127]. On the other hand, limestone can generate more stable foam
compared to sandstone [128].

In addition, if CO,-rich brine is in contact with shale under in situ geological condi-
tions, the formation mineralogy and pore structure of the shale change. As a coupled result,
precipitation and mineral dissolution occur, increasing the pore volume, specific surface
area, and pore size [129].

On the other hand, shale water wettability decreases when CO; is in contact with
water and shale. This is because the carbonate and clay mineral contents of the shale
decrease, while the quartz content increases significantly [130]. Thus, regulating the water
wettability properly is required to meet CO; storage requirements. According to the study
by [131], a prolonged ScCO, soaking time results in a reduction in the water wettability
of shale. This reduction in the wettability may result in an increase in the breakthrough
pressure of the CO,, which may generate a CO; leakage during geological storage.

Before starting a geological carbon sequestration project, it is important to clearly
understand how the CO,-brine-shale interactions alter the pore structure [117]. A summary
of the literature regarding the geochemical aspects of CO, storage is summarized in Table 3
below. The table summarizes the objectives and the key findings of each study.
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Table 3. Summary of the literature on CO,-water—rock interactions in GCS.

Author Obijectives Key Findings
o  The effect of pH is higher during mineral trapping compared to the
To review parameters influencing mineral composition of the brine, system pressure, and temperature.
[132] . . . . . .
trapping of CO, sequestration in brine. Carbonate mineral is more likely to form at pH > 9.
The effect of the system temperature is greater than the pressure.
e  There is a reduction in the pH of the system due to CO, dissolution,
[133] To investigate the effect of CO, solubility but it is limited by the temperature rise and salinity.
on the rates of geochemical reactions. e  As the temperature and pressure increase, the reaction rate
also increases.
e  The formation brine is acidified by the injection of CO, in storage
[134] To investigate the effect of injecting CO, formations, which induces chemical reactions with minerals.
- on the properties of the rock. e  The mechanical and hydraulic properties of the rock are altered due
to the reaction.
To comprehensively analyze the pore e  The specific surface area, pore volume, and fractal dimension of the
structure of Yanchang shale by looking at shale decrease after the interaction of CO,, brine, and rock because
[117] the changes in the shale pore structure of siderite precipitate formation.
and mineral composition before and after e Self-sealing is induced by the interaction of CO;, brine, and rock,
the interaction. which enhances the integrity of the caprock in GCS.
To explore the effects of e  When shale is exposed to subcritical-/ScCO, and water, there is a
[119] sub-/supercritical CO,—-water mixture on reduction in the contents of carbonate and clay in the shale.
shale’s microstructural and mechanical o  The effect of ScCO; is higher than SubCO; in terms of the alteration
properties. in the pore structure and the mechanical properties.
e  The dissolution process significantly reduces the amount of calcite
To ensure the maximum capture amount present in the sandstone, which leads to improved CO;
and long-term safety of CO, storage by storage capacity.
[135] numerically simulating artificial CO, e  The storage capacity of the sandstone and sealing capacity of the
injection for 30 years in a depleted oil mudstone is enhanced by injecting CO,.
reservoir (a case study). e  To ensure safe and long-term GCS, depleted petroleum sandstone
reservoirs with overlying mudstone caprocks are suitable.
To evaluate t’he changes 1n.the variation Injecting ScCO, into the pore space with brine enhances the severity
in sandstone’s geomechanical properties . . . . )
[115] of the geochemical reactions, reducing the magnitudes of elastic
when exposed to ScCO, for a . .
. parameters, including the shear modus.
shorter duration.
To measure the critical geoche'npcal e  There is a limited impact of the aging process on the sample
reaction parameters between injected orosity and permeabilit
[24] CO,—H,S, reservoir rocks, and brine and P Y and pe 4 .
s . e  The results indicate observable changes in the rock samples for all
their impact on the fluid and .
. H,S concentrations.
rock properties.
To determine the kinetic rates of mineral
[136] dissolution, specifically for CO; injection o The introduction of H,S up to a 500 ppm level had a minimal
in the presence of H,S into impact on the porosity and permeability of the core samples.
carbonate formations.
[137] To examine the essential factors for using Shale excels at CO, absorption.
shale formations in CO, gas storage. Shale’s pore structure is affected by the injection of CO»,.
To study the caprock’s effect on the ° Caprocks rich in clay affect the movement of CO,, mainly via
[138] migration of CO, in carbonate clay. bigger pores.
) To assess the changes in the permeability e  The CO, permeability reduces after a breakthrough; however, there
of CO; after a breakthrough. might be an increment later.
To examine the fef.fec.ts of organic acids on e  Organic acids in geological CO; storage formations alter the rock
the rock wettability in CO, storage - . .
. wettability, but the change can be counteracted by using nanofluids.
[139] in sandstone.

To assess the effect of nanofluids in
enhancing CO, storage.

The geo-storage efficiency and safety of CO; can be improved by
pre-injecting nanofluids.
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Table 3. Cont.

Author Obijectives Key Findings

To assess how organic acids influence the

CO, geo-storage efficiency in carbonate The storage security of CO, is altered by organic materials in
[79] and sandstone. storage sites. However, the utilization of nanoparticles can

To study the capacities of nanoparticles to counteract these effects.

enhance the storage capacity.

To investigate the interaction between Considerable chemical reactions occur in coal seams as a result of

caprock, CO;, and brine in Qinshui Basin CO; geo-storage. This results in the dissolution and precipitation
[140] coalbed. Also, to validate the results from of minerals. . . . o

a geochemical simulation with Newly formed minerals like dolomite and siderite enable the

experimental results for enhancing permanent trapping of CO, and enhance the storage security by

geological CO, geo-storage predictions. decreasing the porosity, which limits CO, leakage.

T The well injectivity of carbonate formations is affected by the

[141] To assess how CO; m]ecja'on impacts injected CO, since the precipitation reaction notably reduces the

carbonate rock permeability. o

permeability in heterogeneous rocks.

To measure the effect of CO, injection on After injecting CO; into core samples, the change in the porosity is a

[142] the reduction in the well injectivity in function of the carbonate content, which means that samples with

terms of the decrease in the
core permeability.

the highest carbonate content will have a higher rate of the increase
in porosity compared with samples with a lower carbonate content.

6. Challenges in the Geological Storage of CO;

For effective geological storage of CO,, the selection of the storage reservoir site is
crucial, and it is based on three main factors:

e  Capacity: This is the pore volume available in the reservoir to store large amounts
of C02

e Injectivity: This is the ability of the storage formation to accept and pass CO,. A
formation with a high permeability and requiring lower wellhead pressures is the
best option.

e  Containment: This helps to ensure that the CO; injected is not leaked into the ground-
water or does not escape to the surface since the CO; density is lower than the that
of the formation brine. For this purpose, caprocks and sealing faults play an impor-
tant role.

For geological sequestration, the ideal characteristics for the storage reservoir and
caprock are being highly leak-proof, a large capacity for storage, efficient sealing, a fault-
free stratum, and stability during and after injection [143]. It is standard to sequestrate CO,
for at least 1000 years, with a leakage of less than 0.1% per year [117,118].

Although carbon capture and sequestration (CCS), or geological carbon storage (GCS)
is the main viable option for reducing the enormous amounts of CO; in the atmosphere
in order to mitigate the environmental effects of CO,, there are risks, especially related to
geological (geophysical and geochemical) processes if they are not properly understood and
managed [76,144,145]. This is because the build-up of high pore pressures caused by the
injected CO; can result in a change in the stress field, activating preexisting fractures, chem-
ical alterations, and caprock—CO; pore fluid interactions. These risks could include caprock
failures, well integrity losses, CO, leakage, ground and formation water contamination
by dissolved CO,, unwanted fault reactivation, induced seismicity, reservoir deformation,
the precipitation of undesirable minerals, issues related to scaling-up geological storage
projects, and public consensus on CCS projects. The major challenges associated with
geological carbon storage are explained in the following sections.

6.1. Caprock Failure

Caprock is a critical barrier that traps the injected CO, within the storage reservoir,
preventing its upward migration into the atmosphere or into shallower formations. The
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caprock should have an efficient sealing ability in order to prevent CO, migration. The
sealing ability of the caprock is influenced by factors including the porosity, permeability,
mineral composition, pore structure, and mechanical properties of the caprock. To maintain
the containment of CO; over a long period, the caprock for a selected storage site should
exhibit low permeability, low porosity, and a high capillary entry pressure. This ensures that
the CO, will remain trapped by the capillary forces within the pores [146]. In addition, the
rapid dissolution of carbonates during GCS should be considered, since they can corrode
the caprock, cause leakage, and, hence, jeopardize the CO, containment [27].

Thus, enhancing the caprock sealing efficiency is a key focus in carbon capture and stor-
age projects to ensure the long-term containment and safety of the injected CO, [147,148].
The tensile failure of the caprock and fault reactivation are the main mechanisms that can
lead to CO, leakage, thus compromising the storage integrity [149].

6.1.1. Tensile Fractures

Caprock tensile failure is caused when the pore pressure is more than a specific
threshold during CO; injection. The CO; injection rate is a function of the injectivity of the
target reservoir. The injectivity index is defined by Equation (12).

=94 (12)
Pr ~ Pobn
where I is the injectivity index, q is the flow rate, p, is the average reservoir pressure, and
Py, is the BHP, or the bottom-hole pressure.

The reservoir pressure has the largest impact on the injectivity. The injectivity can
also be affected by factors like salt plugging, hydrate formation, and thermal fracturing.
A tensile fracture may be induced if the downhole pressure exceeds the fracture pressure
due to the injection rate. Well-stimulation methods like acidizing and hydraulic fracturing
could solve this issue, since they increase the permeability near the wellbore [150]. If there
is significant pore pressure buildup, the response may extend to the top of the target storage
reservoir and potentially to the seabed or the surface. For impermeable caprock, the highest
pore pressure buildup is expected at the caprock-reservoir interface, which leads to the
possibility of shear failure at the interface.

6.1.2. Fault Reactivation

If the failure at the interface propagates to the caprock, the rock’s stability can be
significantly damaged. If a fault exists, there is the potential for reactivation during the
injection of the CO,. The caprock’s stability can be affected by the fault within it (if there is
one) or by the failure propagating from the fault.

Once the rock is not stable, there is the possibility of injecting CO, by buoyancy to the
caprock-reservoir interface (the most exposed part of the shear failure) since the CO; is
less dense than the formation water [148].

On the other hand, if the pore pressure buildup due to the injected CO; is severe,
it will induce the reactivation of preexisting faults. Once reactivated, faults can act as a
pathway for CO, and initiate micro-seismicity or even earthquakes [151].

6.2. Well Integrity Loss

In GCS, it is crucial to study whether the CO,-induced geochemical reaction damages
the well’s integrity. Well integrity refers to the containment of fluid and pressure within the
well or the capacity of the wellbore to be stable and leakage-free throughout its lifecycle.
The most common CO; leakage channel is through the wellbore, which is why the wellbore
is regarded as the main flow path in leakage risk assessment [152,153].

The primary factors that may cause leaks from various geological sites include the
pressure, temperature, and geochemical reactions; however, a poor cement job is most
likely the primary cause for CO, leaks during injection and storage from nearby the
wellbore [154].
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The concern about leakage is that CO;-saturated fluid is incompatible with Portland
cement and steel, which are used to prevent fluid migration to the surface. This is because
the pH of Portland cement is greater than 12.5, while that of the CO,-bearing fluid is less
than 6 [155]. On the other hand, carbonic acid will cause corrosion to the low-carbon steel
used for the casing [156,157].

One of the other main concerns of injecting CO; is that it could result in the corrosion
and deterioration of the injection tubing, casing, and packing materials. Since there could
be a leakage of the injected CO; via damaged cement or gaps between the casing and
cement, a loss of well integrity is also a primary concern in CCS. CO, leakage may also
contaminate fresh water [158]. Thus, monitoring the well integrity throughout the CCS
process is important. According to the study by Su et al., the mechanisms of the well
integrity loss or failure modes of CO, leakage from the wellbore can be categorized into
three main groups, as shown in Figure 6 [159].

— Buckling failure

= Shear failure

Burst/Collapse
— Failure due to Mechanical and/or Thermal loading =~ failure
Casing failure — Fatigue failure
Mechanisms | | | Failure due to
of Failure | | |Chemical Corrosion
Cement failure — Wear failure

Connection failure

— Seal failure

Failure due to |
constructional deficit

Casing-Cement-
formation failure

|

_— Well barriers

Figure 6. Main mechanisms for loss of wellbore integrity [modified from [159]].

Casing corrosion is due to the formation of carbonic acid as the injected CO; reacts
with the brine in the reservoir. The chemical reaction is shown below.

COz(aq) + HzO(l) — H2C03(aq) (13)

As a result of corrosion, iron carbonate (FeCQOs) is formed, and the reaction is shown
in Equations (14)—(17) below.

Fe — Fe?* + 2e (14)

Fe?* + CO32~ — FeCO3 (15)

Fe + 2HCO;~ — Fe (HCO3), (16)

Fe (HCO3), — FeCO;3 + CO, + H,O (17)

Wellbore integrity is also an issue for repurposing aging or abandoned hydrocarbon
fields for GCS.
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6.3. Induced Seismicity

Many complex hydro-chemo-mechanical (HCM) interactions, such as mineral dissolu-
tion, water acidification, and alterations in effective stress, can occur in storage reservoirs
during or after injection, potentially compromising the formation integrity over the short
term or long term.

Experimental findings suggest that geochemical activity and CO, dissolution are
notably greater in limestone, potentially increasing the porosity by approximately 16%.
According to the research findings by Raza et al., 2019 [159], the reservoir strength decreases
during injection in sandstone and carbonate rock types when exposed to CO;. Significant
differences in the geomechanical properties of sandstone were also observed after injection.

Deep underground saltwater reservoirs, often made of sandstone or carbonate rocks,
are particularly suitable for storing CO, because the beneficial chemical reactions effectively
trap the gas. However, these interactions create integrity problems in the GCS sites because
they frequently result in changes to in situ stress and geomechanical changes. The infusion
of CO; can dissolve it in the formation water and create carbonic acid, which considerably
lowers the solution’s pH [20,160]. As a result, quicker chemical processes cause the pore
spaces to expand and reservoir rocks to lose strength [161].

Due to the build-up of pressure that occurs during and after CO, injection, geomechan-
ical problems may also worsen. These problems could result in irreversible geomechanical
changes, including fault reactivations, vertical uplift, and crack formation in the reservoir
and caprock [160].

6.4. On Sorption and Swelling

Regarding the sorption and swelling of CO; in clays, several recent studies have
demonstrated that the various clays and CO, interact, and clay minerals adsorb significant
amounts of CO, [162].

While no visible seismic events had been reported from existing CO, storage projects
until 2022, the potential for future commercial activities from large power plants raises the
need for thorough geomechanical assessments. Geomechanical modeling plays a crucial
role in guiding site selection, evaluating the risk of injection-induced seismic events and
fault reactivation, and assessing uncertainties related to in situ stress fields and geomechan-
ical properties. The risk of induced seismicity is expected to increase with the injection
volume, highlighting the importance of best-practice guidelines for conducting site investi-
gations, including historical seismicity documentation and risk mitigation strategies [163].

6.5. Leakage

The leakage of gas from subsurface storage sites is the main risk factor in underground
sequestration of CO, or CCS projects in general. Although GCS is promising, this could
be a barrier to its widespread application. Underground leakage must be maintained at
1% or less every thousand years, or continuous re-sequestration is required to have a GCS
equivalent with low-emission projects [164]. Thus, understanding the effect of leakage on
the geochemistry of the aquifer and the unsaturated (vadose) zone is essential in mitigating
CO;,-induced geochemical challenges [164-166].

The intrusion of CO; into potable aquifers or unsaturated zones may lead to favorable
or unfavorable outcomes. From a desirable outcome perspective, significant evidence
has indicated that CO; intrusion can lead to the immobilization of some contaminants by
altering their chemical form and improving their integration into stable mineral phases or
by improving the precipitation of appropriate sorbents. On the contrary, there is strong
evidence suggesting that CO; intrusion could be deleterious due to the mobilization of
certain contaminants when contaminant-bearing minerals dissociate [92,165]. Indeed, there
is still a significant knowledge gap in studying the effect of geochemical factors, including
the inflex rate of CO,, reduction—oxidation (redox) situations, the compositions of the gas
stream, mineralogy in CO,-induced reactions, and microbial activities [165].
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In general, CO; leakage issues can be divided into geological and engineering leakage
problems. As shown in Table 4, geological CO, leakage issues involve natural pathways
like fractures and faults in geological formations, while engineering CO, leakage issues
arise from failures in containment structures such as wellbores and injection processes.

Table 4. Main categories of CO, leakage problems.

Geological CO; Leakage Issues Engineering CO, Leakage Issues
Leakages, natural fractures, and faults Leakage due to wellbore integrity failure
Leakages across caprocks Leakage through injection-induced fractures

Leakage through unconfined lateral migration = Leakage due to storage site overfill

Leakage due to volcanic and tectonic activities = Leakage due to post-storage disturbance

6.6. Detecting Leakage

The primary factors that could lead to leakage during injection and storage are geo-
chemical reactions, pressure, and temperature. In regions near the wellbore, poor cement
jobs could also be a reason for CO, leakage [154]. The existence of abandoned wells, aquifer
over-pressurization, fractures, and faults could result in CO; leakage [51,76].

On top of the solubility and buoyancy of CO,, which have been discussed in previous
sections, CO; leakage during storage operations can be prevented by considering the
following factors [13,167,168]:

e  Geological Characteristics: These include the permeability and integrity of the caprock,
which has a critical role in containing the injected CO, within the reservoir.

e In-situ Stress Variations: Variations in the magnitudes of stresses across different
formations can impact the geomechanical response to CO; injection and influence the
potential for induced fractures and CO; leakage.

e  Mechanical Heterogeneity: Incorporating a three-dimensional distribution of the me-
chanical properties in the geochemical modeling can lead to a stochastic distribution of
fractured zones and affect the CO, distribution near the injection well, thus influencing
the potential for CO; leakage [168].

Leakage detection can be effectively achieved by monitoring how the pH changes as
the low-pH region enlarges with the continuous injection of CO;. Observing these pH
variations makes it possible to track the migration of CO,, providing an early warning for
potential CO, leakage [169]. Once the leakage is detected during monitoring, controlling
the migration of CO; is the next step.

According to the study by [170], there are two groups of technologies proposed to
restrain the unwanted migration of CO, through different leakage channels. These are
high-viscosity fluid-based and low-viscosity fluid-based barrier formation. High-viscosity
fluid-based barriers include cement, gels, geopolymers, and nanoparticles. These are ap-
plied to block engineering-based leakage pathways. Since they are stable under CO, storage
conditions and able to tolerate acidic (low-pH), high-dissolved-salt, and high-temperature
conditions, geopolymers are proposed to replace cement. Low-viscosity fluid-based barri-
ers, on the other hand, are proposed to be suitable for remediating leakage through natural
pathways. These include biomineralization, hydraulic barriers, and chemically reactive
barriers [170].

Another study by Manseau et al. [171] categorized the mitigation and remediation tech-
nologies for mediating undesirable CO, migration from geological storage units as follows:

e Interventions: re-establishing the integrity of active or abandoned wells through
intervention. This includes replacing the packer, repairing the wellhead, tubing,
squeeze cementing, well killing, casing patching, swaging, and well plugging and
abandonment, managing abandoned wells, and preventing CO, blowouts.

e  Fluid management mechanisms: This is carried out to counter the cause of leakage
and/or to remove the leaking fluids. This could include hydraulic barriers, pressure
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relief in the storage formation, residual trapping and CO, plume dissolution, and CO,
back-production.

e Emerging/breakthrough technologies: These provide mitigation opportunities to
control the undesired migration of CO,. These include conventional Portland and
geopolymer cement, foams and gels, nanoparticles, and biofilms.

e Remediation techniques are used to mediate the impacts potentially induced by such
a migration.

6.7. COy Impurities

A major concern in evaluating the safety of CCS projects involves assessing the
influence of impurities present in the CO, stream [43]. A CO, stream will have impurities
or co-contaminants depending on the efficiency of separation and purification technologies.
These impurities could be H,S, SO,, NOy, or mercury [172].

Also, CO, streams from natural gas processing or other industrial sources frequently
contain HyS [173,174]. CO, purity for subsurface storage relates to the well integrity,
injectivity, and long-term storage integrity [24].

In a depleted reservoir where the hydrocarbon column has been replaced by water,
injecting CO, into the water-bearing reservoir can induce acidic conditions and potentially
lead to reactions with the formation, resulting in formation damage, especially if the
reservoir is of a carbonate formation. Impurities like H,S and SO, are known to have a
higher chemical reactivity. Hence, when these impurities dissolve in the water, they form
stronger acids and can cause more severe damage to the storage site.

Impurities can lower the density of the supercritical CO, stream, leading to reduced
CO; dissolution in the water and consequently reducing the overall storage capacity of
the reservoir [172]. Impurities can also change the reservoir permeability, porosity, and
mineralogy, which could affect the integrity and efficiency of storage [175,176].

Understanding CO,—water-rock reactions during CO; storage has been the subject
of numerous studies, but less is known about mixed CO, and H;S sequestration under
typical oil and gas reservoir conditions [24].

Allowing contaminants in the gas stream is a desirable option since it lowers the captur-
ing cost, which is the most expensive phase in CCS. Precipitation reduces the rock porosity
and permeability, affecting the injectivity and, ultimately, storage capacity [176,177].

7. Opportunities and Prospects of Geological CO, Storage
7.1. Wellbore Leakage Risk Management in Geological CO, Storage

Risks due to the leakage of CO; in the wellbore can be managed by first identifying
the leakage and then evaluating, monitoring, and handling it [159].

e  Leakage risk identification: This step involves identifying the possible failure mecha-
nisms of the wellbore that could lead to CO, leakage risks. Methodologies such as the
Features (physical components), Events (incidents), and Processes (FEP) method, fault
tree analysis (which involves constructing a fault tree that represents various failure
modes), and quantitative risk evaluation models are commonly used to outline risks
associated with wellbore integrity.

e  Leakage risk evaluation: The next step is to evaluate the magnitude of the CO, leakage
risks after identifying the potential risks. This can be achieved through quantitative
risk evaluation models that assess the likelihood and impact of wellbore failures
leading to CO, leakage.

e Leakage risk monitoring: This involves various techniques to detect and assess the
presence of CO, leakages in CGUS. Some common types of leakage monitoring meth-
ods include the following:

O Atmospheric monitoring: This involves measuring the CO; concentration in
the atmosphere surrounding the storage site to detect any leaks that may
occur. Techniques such as radiocarbon (in CO,) measurement and integrated
sampling are used to identify increased levels of fossil-derived CO,, indicating
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potential leakage. The atmospheric monitoring method has the capacity to
detect 1000 tons of CO; leaks per year that can be 200-300 m away from the
site in the daytime and greater than 600 m away during the night [178].

O Surface deformation monitoring: This is carried out to detect potential leakages
by measuring the changes in the surface topography. It involves measuring
the soil gas flux, conducting soil gas surveys, and using remote sensing tech-
nologies to detect CO, emissions at the ground surface. These methods help in
investigating gas movement, mapping fault zones, and monitoring the escaping
CO; along particular pathways.

@) Time-lapse monitoring: Time-lapse monitoring involves comparing data col-
lected at different time intervals to track changes in the CO, distribution and
migration within the storage reservoir. Techniques such as InSAR (Interfero-
metric Synthetic Aperture Radar) and 4D seismic surveys are used to monitor
the evolution of the CO, dynamics and assess the integrity of storage sites.

O Subsurface monitoring: This involves tracking the behavior of CO, within the
storage site and assessing its integrity. It includes pressure sensors, cross-hole
seismic monitoring, 4D seismic surveys, and advanced measurement tech-
niques like CBL (Cement Bond Logs) and USIT (Ultra-Sonic Imaging Test)
to assess the wellbore integrity and detect potential CO, leakage within the
subsurface reservoir. To prevent the possible leakage of CO; into the USDW
(underground source of drinking water), the chemical composition of the
groundwater should be continuously monitored during the pre-injection, in-
jection, and post-injection phases, and measurements should be taken. These
measurements include measuring the pH, salinity, temperature, electrical con-
ductivity, dissolved oxygen, and oxidation-reduction potential.

o Leakage handling: When CO, leakage is detected or when there is a potential risk,
it is mandatory to take appropriate actions to address the situation effectively. This
may involve implementing corrective actions to mitigate leakage, such as repairing
the wellbore cement or applying a sealing agent, cement slurry injection, packer
maintenance, wellbore integrity assessments, and establishing operational protocols.

Injecting CO; in a supercritical state is one method of mitigating well integrity issues.
According to a study by U. Bilardo (2007), supercritical CO; protects wells because it is dry
and non-corrosive [179].

However, it is important to note that supercritical CO; can be more expensive and
cause problems with temperature fluctuations, which can cause the rocks near the wellbore
to fracture both thermally and hydraulically [180].

7.2. Using Sealant Materials as a Leakage Remediation Technology

The leakage of CO; is a prominent challenge in geological CO, storage. Leakages may
occur during or after the sequestration process through caprocks, wellbores, and reservoir
fractures/faults of geological CO, storage, leading to environmental issues. Different types
of sealants have been introduced and used to mitigate these issues. Sealants of different
kinds have been developed and applied to minimize these hazards. Seven categories of
sealants are currently used to alleviate the unwanted upward movement or leakage of CO,
plume. These include gels, foams, Portland cement, geopolymer cement, biofilms, resins,
and nanoparticles, which are applied to prevent leakages from different areas. Portland
and geopolymer cement are used to treat the wellbore and regions near the wellbore by
direct plugging, whereas resins are used for loss circulation, and cement additives are
used for treating the wellbore and near-wellbore areas. Other sealant materials include
the following: gels, which are used to treat leakages through tiny fractures and permeable
media and are also used for casing repairs; biofilm barriers, which seal wellbore leakages
in the formation; nanoparticles, which are used to treat the wellbore and reservoirs; and
foams, which are used to treat leakages through porous media [42].
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CO;, is also used to treat sealings through porous media since it has a self-sealing
nature at low temperatures.

According to the finding by Zhu et al., 2021 [41], future efforts and research are
required to improve the long-term stability of polymer gels under high-temperature- and
high-pressure-CO, conditions. These studies are needed to carry out the development
of foams strengthened by gels for CO, leakage control in porous media, to investigate
the selection and development of suitable bacteria for biotechnology applications in CO,
leakage control, to emphasize environmental friendliness and stability in high-pressure
supercritical CO; environments, and to advance and utilize the potential of nanotechnology
to enhance the sealant performance [42].

7.3. Improving Seal Integrity to Prevent CO, Leakage

Another crucial strategy to prevent CO; leakage challenges in GCS is improving the
seal integrity. Wellbore sealant selection is key to the long-term sequestration of CO,,
especially in injection wells. It is important to have a proper design of the cement system,
not only in the short term but also for future conditions, in order to maintain the seal
integrity or well integrity. Innovative cementing methods, including protective layers and
optimizing the cement location and length, can significantly enhance the sealing capacity
during CO; injection. Also, since legacy wells, especially with shallow surface casings,
can act as passages for CO; to escape through, it is important to consider these during site
selection [181]. According to the study by [182], in the case of abandoned wells, removing
the casing steel from the wells is recommended before the final cement plugging and
injecting a CO,-resistant polymer to improve the seal integrity. The sealing integrity can
also be enhanced by using chemical methods or by using CO,-sensitive chemicals, which
can be coupled with other methods, like cementing, to enhance the sealing of leakage
pathways. According to the study by [183], CO, will initiate a reaction in CO,-sensitive
chemicals when CO;-sensitive chemicals encounter a CO, leakage, which leads to the
forming of a gel or solid structure inside the leakage paths.

On the other hand, although geochemical reactions with CO; is a challenge, shale
caprocks demonstrate effective sealing capability during CO, storage. This means that
shales can effectively prevent CO, leakage by maintaining their structural integrity over
time [184].

7.4. Enhanced Oil Recovery (EOR)

Storing CO, through enhanced oil recovery (EOR) is another important method, since
the petroleum industry has demonstrated its economic value for about 50 years [42].

CO; injected into oil reservoirs is miscible with oil and acts like a solvent. It reduces
the oil’s viscosity by causing the oil to swell and makes it easier to flow or extract. This
benefits the environment by storing CO, and creates economic incentives for oil companies.
EOR enables additional recovery, ranging from 7% to 23% [185]. A total of 50 to 67% of the
injected CO; is returned to the surface together with the produced oil and gas and is then
be separated and reinjected into the reservoir. The remaining portion of the injected CO is
retained in the reservoir by different mechanisms [186].

CO; becomes a valuable product when used for EOR, potentially generating revenue
from its sale. Employing CO, for EOR can also enable oil and gas companies to prolong the
production life of their fields, maximizing resource extraction while contributing to CO,
storage, which is called carbon capture utilization and storage (CCUS) [38]. This approach
provides a win—win situation for the environment and the oil industry. During CO,-EOR,
the CO, extracted from the well is separated and reinjected back to the reservoir, which
then recurs in a cyclic manner.

7.5. Geochemical Monitoring for GCS

The geological sequestration of CO, highly depends on robust monitoring techniques
to ensure its safe and permanent storage for an extended period. A variety of technologies
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have been developed for the effective monitoring of CO, leakages. A study by Chen 2018
mentioned four monitoring techniques, which include pressure monitoring, measuring
of the near-surface soil CO; flux, shallow groundwater chemistry monitoring, and micro-
seismic and cross-well seismic surveys [187].

According to the study mentioned above, effective monitoring involves determining
the optimum location to place the monitoring well and determining the types of data to be
measured. These data could include the electrical conductivity, CO, saturation, pressure,
and temperature. The study also indicated the role of machine learning in reducing
the computational cost of data assimilation in the monitoring design for geological CO,
sequestration as follows:

e  Optimize monitoring approaches by efficiently processing large amounts of data and
identifying patterns that can inform decision-making processes.

e  Streamlining data processing tasks, such as filtering and assimilating monitoring data,
leading to faster and more accurate decision-making in monitoring design.

Another study by Massarweh and Abushaikha in 2024 identified basic approaches for
the monitoring and assessment of CO; trapping at different stages of CCS projects. These
include seismic and borehole geophysical methods, atmospheric monitoring methods, and
laboratory-scale experiments [46].

These methods can be categorized based on the different stages as follows:

e  Baseline (pre-injection) monitoring, which includes the following:

O Borehole Geophysical Monitoring Techniques: These techniques are used for
assessing geological CO, trapping in subterranean reservoirs.
@) Seismic Studies: These are conducted before CO, injection to collect site-specific

data for predicting geological and geochemical trends.
e Injection monitoring, which includes:

O Seismic Monitoring: This is carried out during actual CO; injection to monitor
the changes in the reservoir. Seismic monitoring includes four-dimensional (4D)
monitoring, four-dimensional-three-component (4D-3C) seismic technology,
cross-well seismic tomography, time-lapse well logging, and passive seismic
monitoring.

O Borehole Geophysical Monitoring: This is carried out during injection to assess
trapping mechanisms.

e  Post-injection monitoring, which includes:

@) Atmospheric Monitoring Methods: These are valuable for monitoring CO,

released from subsurface sources to the atmosphere after injection.

O Lab-scale Experiments: These are used to examine the post-injection character-

istics of CO, trapping.

Integrating experimental analysis with modeling and simulation is essential for ob-
taining a detailed understanding of the geochemistry in GCS. Experimental analysis allows
researchers to investigate various aspects of CO, behavior within geological formations in
a controlled laboratory setting. Experimental modeling includes core flooding experiments
to determine rock permeability, studying CO,-brine interactions, and studying mineral
trapping and geomechanical testing to evaluate the mechanical response of rock formations
to the increased pressure associated with CO, injection, including rock-induced seismicity
and fracture development. There are limitations in experimental analysis, which include the
complex nature of rock-brine-CO; interactions and the difficulty of replicating real-world
conditions in the lab. Modeling and simulation in geochemistry can fill the gap in lab
experiments and help to understand the long-term geochemical behavior of CO, storage
sites [188].

Simplifying the geochemistry model should be carried out based on lab mineralogy
data; if not, oversimplification of the model will lead to the misinterpretation of some
active geochemistry processes in the model, resulting in erroneous results in the simulation.
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In addition, a minimum of three to five minerals should be considered in geochemical
models, as a very small amount or zero dissociation of minerals will occur if there is only
one mineral in the model [49].

8. Conclusions

Storing CO, in geological formations, including depleted oil and gas reservoirs, saline
aquifers, unmineable coal seams, basalt formations, and hydrate storage, offers a significant
opportunity to combat climate change.

Geochemistry plays a substantial role in implementing effective geological CO, storage.
It encompasses chemical interactions (between CO,, the formation fluid, and the reservoir
rock), mineral dissociation and precipitation, trapping mechanisms, and the effect of
alterations to the mineral surface properties on fluid flow, each of which needs to be studied
for the safe and effective implementation of GCS.

Various trapping mechanisms function cyclically to ensure the enduring containment
of CO;. Immediate containment relies on physical trapping mechanisms like static and local
residual trapping. Conversely, chemical trapping, encompassing solubility trapping and
mineral trapping, entails the interaction of the CO, with the formation fluid and minerals to
ensure permanent sequestration. CO, can be permanently trapped in the subsurface region
over time, and the trapping mechanisms reduce the mobility of the CO, and its potential
to impact underground sources of drinking water (USDW) or to return to the atmosphere.
Solubility, where CO, dissolves in the storage fluid, and mineral trapping, where CO,
interacts with rock minerals to form a stable carbonate rock, are the most promising long-
term solutions in GCS. Investigating the effects of parameters like wettability, heterogeneity,
formation pressure, salinity, temperature, rock mineralogy, injection rate, impurities in the
COy, the acceleration of mineral trapping, and increasing the dissolution rate of the CO,
could enhance the effectiveness of GCS.

To ensure successful sequestration, the long-term stability of stored the CO, while min-
imizing environmental risks is crucial, as is developing effective monitoring and verification
techniques designed to track geochemical changes during the GCS process.

In general, performing geomechanical analysis during the GCS process is paramount
to assessing the interaction of the injected CO, with the rock and existing fluid, minimizing
risks, ensuring effective monitoring, and ensuring safe and optimized storage.

9. Recommendations for Future Work

e  The limited availability of published studies on the geochemical effects of CO, under
in situ reservoir conditions, including the optimization of CO, trapping, necessitates
further research to gain a more comprehensive understanding of the geochemical
processes that occur during CO, storage in reservoir rocks.

e  Since storage requires pure CO, streams, future advancements need to be made to make
GCS techniques more affordable to compete with other carbon-free energy options.

e Even though many studies have been conducted to comprehend the interactions
between the rock water and CO, during CO, storage, there is a knowledge gap
regarding mixed CO, and H,S sequestration under typical oil and gas reservoir
conditions. Thus, studies need to be conducted to explore the effects of CO, impurities
on GCS. It is also essential to carry out a sensitivity analysis to evaluate the effects of
longer CO,-H,S aging periods on rock samples and reliability across a broader range
of HS concentrations. In addition, the collective effects of the rock properties, such
as the porosity and permeability, on the trapping efficiency should be studied, and a
clear correlation should be established.

e  Athorough geomechanical analysis still needs to be conducted with excessive courtesy
as it would help to assure the absence of leakage when CO, approaches the seal
because of buoyancy. This would help in examining whether the leakage (which could
be due to the pressure of the CO;) is high enough to overcome the entry pressure of
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the seal and cause caprock fractures. Geomechanical analysis also helps in studying
the caprock thermal stresses.

e  Solubility and mineral trapping are the most promising long-term solutions for geolog-
ical CO; storage. Hence, accelerating mineral trapping and increasing the solubility
of the CO; in the reservoir fluid are significant for enhancing effective GCS through
such trapping mechanisms. Thus, further studies should be conducted on accelerating
mineral trapping and increasing solubility.

e  Microbes could potentially impact effective GCS by enhancing solubility and mineral
trapping. Therefore, conducting in-depth research to understand and apply microbes
to enhance mineral trapping is essential.

e  As leakages are the main challenge in the geological storage of CO5, it is essential
to further study all the mechanisms and potential pathways for leakage, including
faults, fractures, failure of injection or other wells in the storage sites, and abandoned
wells, as well as to assess the potential for caprock breaches, CO, migration, and
groundwater contamination and its mechanisms.
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