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Carbon Capture and Storage (CCS) is recognized as a potent strategy for managing
the accumulation of human-generatedCO2 in the atmosphere, helping to alleviate
climate change’s effects. The CO2 gas is captured from the point source through
methods such as pre-treating fossil fuels, oxy-fuel combustion, or post-
combustion capture; thereafter; it is transported to a storage location and
injected into geological formations. This article provides an overview of carbon
dioxide capture and sequestration, focusing on its key principles, technologies,
associated risks, and challenges. Direct Air Capture (DAC) and Scalable Modelling,
Artificial intelligence (Al), Rapid Theoretical calculations SMART technologies are
detailed as emerging and promising approaches to CO2 capture. Numerous pilot
and commercial projects commissioned to manage carbon dioxide emissions are
presented. Additionally, the paper explores approaches combining geological,
geophysical, geochemical, and environmental monitoring techniques to ensure
the secure and sustainable storage of CO2 underground. These are essential to
address uncertainties,minimize risks, and build public confidence inCCS as a viable
climate mitigation strategy. The successful deployment of these technologies on a
global scale will require continued innovation, particularly in the areas of
monitoring, risk management, and public engagement. Emerging technologies
such as AI and SMART systems could play a crucial role in enhancing the efficiency
and safety of CCS operations. However, the integration of these advancements
with existing infrastructure and regulatory frameworks remains a challenge.
Ultimately, a multi-disciplinary approach, combining technological, economic,
and regulatory perspectives, will be vital to realizing the full potential of CCS in
combating climate change.
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• Overview of the available and emerging technologies for carbon capture including the
computational approach

• Carbon dioxide sequestration in various geological landforms and Carbon Cycling in
Terrestrial Ecosystems
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1 Introduction

Increasing levels of atmospheric greenhouse gases are affecting
the environment and quality of life, leading to increased global
temperatures. The reported carbon dioxide (CO2) concentration
increase in 2016 was 3.3 parts per million (ppm) (Olivier et al.,
2017). As of December 2023, Mauna Loa Observatory, Hawaii,
reported that atmospheric CO2 was at 421.86 ppm and was
expected to increase to 422.85 ppm by January 2024 (EarthSky,
2024). In accordance with the Paris Agreement of 2015, countries
committed to reducing carbon dioxide emission to a level that keeps the
atmosphere temperature increment under 2° relative to the pre-
industrial amount so as to arrest adverse consequences of climate
change. Most of the existing commercial and laboratory CO2 capture
methods are expensive, with nearly 80% of the total cost emanating
from the capturing stage (Blomen et al., 2009). Recent investigations are
focused on reducing operating costs, reducing the energy penalty, and
developing a technology adaptable to any industrial system (Leung et al.,
2014; Su and Yang, 2022; Zhang T. et al., 2022). Different methods have
been utilized to capture and sequester CO2 emissions from industrial
processes. However, there is currently no universally adopted
sustainable solution on a large scale. Essential aspects of the Carbon
Capture and Storage (CCS)methods are composedmainly of the falling
steps, capture, transportation, injection, the safety of the operations to
prevent leakages of CO2 after injection andmonitoring of the geological
landforms (Ramos et al., 2023). Ongoing research endeavours are
investigating alternative or enhanced technologies for the capture of
CO2. The most known method of CO2 storage is pumping the gas into
geological landforms resulting in the formation of solidminerals such as
carbonate or permanent seals for CO2 (Martin et al., 2010; Kelemen
et al., 2019). This approach has been thoroughly studied and proven
through a number of pilot programs and global commercial operations
(Aminu et al., 2017).

In the 75th session of the United Nations General Assembly in
2021, China brought forward an initiative to bring about carbon
neutrality by 2060. To achieve this, they devised a Digital Elevation
Model (DEM) that enables automatic site selection for hydro-pumping
energy storage based on geographic information system (GIS)
hydrological assessment to eliminate and select potential sites for
hydro energy storage (Song et al., 2024). This technique can be
modified for the selection of CO2 storage sites eliminating the time
consuming and costly field survey based method which is commonly
applied. Hence, the use of digital systems and computational techniques
is critical in the selection of CO2 gas sequestration sites. However,
careful consideration is necessary when pumping CO2 into the soil/
underground as it dissolves in aquifer waters forming carbonic acid
(H2CO3), resulting in an acidic solution which is unsafe for
consumption. Numerous factors affect the chemical reactions taking
place in the interaction of acidic water and underground rocks. The
main factor being the partial pressures of CO2 and the mixing of
different solutions, a phenomenon known as the Bogli effect (Waele,
2017). It is imperative for the injected CO2 in deep geological landforms
that it does not leak as it will affect the environment and the economics
of the process and put human beings in the proximity of the sites at risk
(Milad et al., 2024). Therefore, it is imperative to have sub-surface
control to monitor CO2 seeps; hence, the surface topography and
geology have to be characterized to have an effective monitoring
strategy (Lichtschlag et al., 2021). The main parameters affecting

CO2 sequestration in geological landforms are salt caverns, deep
geothermal reservoirs, shale formations, basalt formations,
unmineable coal seams and deep saline aquifers) are the
temperature, CO2 flux, and landform type. It has been noted that
leakage of CO2 from the geological storage site is highly influenced by
the topography of the landform and the flow properties of the out-
cropping rocks. In landforms with low permeability, there are several
dry seeps that exhibit substantial fluxes (Masaoka et al., 2016). Different
seep types have been observed such as diffuse seeps, bubbling water
seeps, and CO2 vents (Roberts et al., 2015).

Several comprehensive reviews have been conducted on CO2

capture and storage technologies. For instance, Kelemen et al. (2019)
discussed the challenges associated with CO2 storage in various
minerals and geological formations, focusing on the mineralization
process, kinetic limitations, costs, and storage potential. Similarly, Ajayi
et al. (2019) examined CO2 storage technologies, the physical processes,
modelling techniques, capacity estimation, monitoring and verification
methods, and the risks and challenges of field- and pilot-scale projects.
In another review, Ali et al. (2022) extensively analyzed CO2 emissions
and geological storage systems. They highlighted recent advancements
in direct quantitative experimental procedures within anoxic rock/CO2/
brine systems, the impact of organic contaminants on experimental
methodologies, and the role of organics and nanomaterials in rock/
CO2/brine and rock/oil/brine systems. Massarweh and Abushaikha
(2024) recently focused on the mechanisms involved in geological CO2

trapping. They also discussed the techniques used to assess CO2

sequestration potential before injection and the methods employed
for monitoring sequestration progress post-injection. While these
studies have significantly advanced our understanding of CO2

capture, storage, and monitoring technologies, a critical gap persists.
There is a noticeable lack of comprehensive integration and large-scale
optimization of these technologies, particularly regarding economic
feasibility and regulatory challenges across different geological settings.
Existing research and pilot projects have primarily concentrated on
specific CO2 capture and storage aspects, such as mineral carbonation
and enhanced rock weathering. However, there is a deficiency in unified
frameworks that effectively combine computational models with
practical applications, especially for monitoring CO2 leakage and
addressing the risks associated with CO2 seepage in diverse
geological environments.

This paper seeks to address this gap by thoroughly reviewing
current CO2 capture and storage technologies, emphasizing
integrating computational models with field data to optimize site
selection, storage efficiency, and leakage monitoring. Additionally,
the paper will explore the economic, regulatory, and public
perception challenges that impede the widespread adoption of
these technologies, proposing potential solutions to bridge these
gaps and enhance the sustainability and safety of carbon capture and
storage initiatives. A more holistic approach integrating
technological, economic, and regulatory perspectives is needed to
advance the carbon capture and storage field.

2 Carbon dioxide capture technologies

Massive research has been carried out on the removal of carbon
dioxide from coal power plants, exploring methods such as pre-
treating fossil fuels, oxyfuel combustion, and post-combustion
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capture, as illustrated in Figure 1 (Sabil and Partoon, 2018; Adu
et al., 2019; Dikhanbaev et al., 2024). Oxyfuel combustion entails the
substitution of air with oxygen, thereby decreasing thermal nitrogen
oxides (NOX) (Kuznetsov et al., 2023). In pre-combustion, the fossil
fuel undergoes treatment before combustion, typically in a gasifier
with reduced oxygen, resulting in syngas containing CO and H2.
Post-combustion processes employ adsorption and absorption for
CO2 removal from the combustion gases after combustion.
Adsorption employs solid absorbents like calcium oxides,
activated carbon, hydrotalcite, lithium zirconate, molecular sieves,
and zeolites to bind CO2 to their surfaces (Wall, 2007). Nandi and
Uyama (2014) conducted a comprehensive literature review on
materials exhibiting high adsorption capacities for carbon dioxide
under varying conditions, temperatures, and pressures. The
materials were classified into five categories: porous carbon,
porous organic frameworks, zeolite, metal-organic, and
mesoporous silica. The study revealed that the gas adsorption
characteristics are notably influenced by surface area, pore
volume, and the presence of moieties containing O-, S-, and N-.
The adsorption of the gases is facilitated by the interaction between
framework and CO2 molecules involving H-bonding, dipole-
quadrupole interactions, and the presence of a microporous
structure. Most industries employ the absorption method for
capturing CO2 (Atkins and De Paula, 2010; Leung et al., 2014;
Petrovic et al., 2022). Various chemicals, including methyl
diethanolamine (MDEA), diethanolamine (DEA),
monoethanolamine (MEA), potassium carbonate, dimethyl
ether of polyethylene glycol (DEPG), cetyltrimethyl ammonium
bromide (CTAB), 1-butyl-3-methylimidazolium tetrafluoroborate,
dialkyl imidazolium cations, propylene carbonate, and sodium
hydroxide have been investigated to enhance the absorption
volume of CO2 (Cowdhury et al., 2013; Bui et al., 2018b; Einloft
and Bernard, 2020). However, these technologies tend to be
energy-intensive. Consequently, extensive global research,
innovation, and development efforts are underway to create
more efficient and cost-effective post-combustion systems (Bertz
et al., 2005). With the relaxation in electricity prices, there is the
possibility for benefits of the diffusion of CCS technology.
Therefore, adopting renewable energy technologies will assist in
lowering the price of electricity price, hence cutting down on the
potentially high prices for the expansion of the CCS technology
(Lackner, 2009; Tan et al., 2023).

The CO2 capture methods such as mixed matrix membrane, gas
hydrate separation methods, chemical-looping combustion,
enzyme-based separation, and integrated gasification combined
cycle (IGCC), are promising in CO2 capture from combustion
gases; these are described in Table 1 (Mondal et al., 2012; Li
et al., 2013; Khalik, and Behzad, 2018; Al-Mamoori et al., 2018;
Wang and Song., 2020; Zhang et al., 2020; Ndlovu et al., 2024a;
Leonzio, and Shah, 2024).

A new technology is emerging in the market where carbon
dioxide is extracted from the atmosphere using direct air capture
technology (DAC). This commercial technology has been applied by
companies such as Clime Works and Carbon Engineering (Lackner,
2003; Haszeldinez, 2009). Contrary to the capture of carbon dioxide
from generation point sources that handle large amounts of CO2 in
high concentrations, the capture of CO2 from the atmosphere is
cumbersome due to lower CO2 concentrations. Membrane
technology is considered a promising approach in direct air
capture (DAC) technologies due to its minimal environmental
impact and reduced operational and energy costs in comparison
to current sorbent-based systems (Ozkan, 2021; Zhu et al., 2022;
Ignatusha et al., 2024).

The current design of DAC utilizes fans to suck in air containing
CO2, which flows past a contactor or a filter with a solid or liquid
sorbent material that selectively binds CO2 molecules. The CO2

molecules can be adsorbed on the solid sorbent (amine-
functionalised porous material) or absorbed in a liquid sorbent
(aqueous solutions of amines or alkali salts). When the sorbent is
saturated with CO2, it is regenerated to release the captured CO2,

usually by heat, pressure, or chemical reactions (Ammendola et al.,
2017; Siegelman et al., 2021; Fatima et al., 2021; Sodiq et al., 2023).
The advantage of the DAC technology is the ease of mobility as it is
independent of the emission source. Hence, the machine can be
located in proximity to the storage or utilization site (Ozkan et al.,
2022; Abdullatif et al., 2023). The environmental impact of the DAC
can be detrimental if the energy source is fossil-based. Moreover, due
to the complexity of the technology and the requirement for
extensive infrastructure, DAC system installation, operation, and
maintenance can be costly. This could impede deployment and
broad adoption (Zhao et al., 2023).

2.1 Computational approach to
carbon capture

Computational tools and machine learning (ML) have been
widely used in carbon capture and storage (CCS) for sequestration
purposes, but their application specifically to carbon capture has
been less extensive. ML has been used most for post-combustion
CO2 capture (PCC) predictions and optimizations. Recently,
Hosseinpour et al. (2023) carried out a literature review on the
application of ML methods for PCC adsorption-based techniques
and provided a roadmap for future direction in applying these
technologies. Rahimi et al. (2021) employed ML to predict the
thermodynamic properties of the absorption process, the most
cost-effective process scheme, and the design of the process
configuration. Wu et al. (2020) developed an intelligent
predictive controller (IPC) for a large-scale solvent-based PCC
with artificial neural network and particle swarm optimization

FIGURE 1
Summary of carbon management methods.
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TABLE 1 Summary of emerging carbon dioxide capture technologies.

Technology Description Critique of the technique References

Hydrate-based separation The carbon dioxide molecule in flue gas
selectively forms gas hydrate when exposed to
water under low temperatures and high
pressure thus it is removed from the main gas
stream. The mechanism relies on the variance
in the CO2 phase equilibrium with other
combustion gases, wherein CO2 can more
readily form hydrates compared to gases like
NOX, N2 and SOX.

- Method is desirable due to low energy
consumption as compared to other methods

- Pressure reduction and improvement in the
gas hydrate formation rate can further
enhance the efficiency of CO2 capture

- Additives such as tetra-n-butylammonium
fluoride (TBAF), sodium dodecyl sulfate
(SDS), nanoparticles, neohexene,
tetrahydrofuran (THF), and quaternary
ammonium/phosphonium can increase
hydrate storage and formation rate

Gielen (2003), Englezos et al. (2008), Linga
et al. (2009), Zanjani et al. (2012), Zhang
et al. (2013), Leung et al. (2014), Said et al.
(2016), Zheng et al. (2017), Ndlovu et al.
(2022), Ndlovu et al. (2023), Nkosi and
Tumba (2023), Babu et al. (2024), Ndlovu
et al. (2024b)

Chemical looping
combustion (CLC)

It employs an oxide of a metal, which carries
oxygen in solid form
Takes place in a fluidized bed combustor, a
reaction between the oxide of a metal with a
solid, liquid/gaseous fuel results in a solid
metal with water vapour and carbon dioxide

- A pilot-scale CLC system has been utilized in
CO2 capture from combustion gas

- Two metal oxides (Fe2O3 and Mn3O4) were
utilized as oxygen carriers with their effects on
combustion efficiency and carbon capture
performance critically assessed

Czakiert et al. (2022), Fan and Li (2019),
Zhang et al. (2019), Linderholm et al. (2013),
Herzog and Golomb (2004)

Integrated gasification
combined cycle (IGCC)

It is suitable for coal and oil fired stations to
address environmental concerns, leading to
reduced emissions of SOX, mercury (Hg),
particulates, and CO2

The main outputs from these facilities are H2

and CO2, generated through a shift reaction in
proportions of 60% and 40%, respectively

- IGCC with CCS has the potential to decrease
CO2 emissions by up to 90% in comparison to
a traditional coal-fired power plant without
CCS.

- The technology is currently in the initial
phases of commercial implementation due to
elevated capital and operating expenses as
well as technical challenges

IEA (2020), Cousins et al. (2015), Castellani
et al. (2014), Donskoy (2023), Seiiedhoseiny
et al. (2024)

Enzyme-based separation Uses enzymes to selectively capture CO2 from
flue gas or other sources, and then release the
CO2 for storage or utilization
One approach to enzyme-based carbon capture
involves using enzymes to bind selectively to
CO2 in a solution, and then using a separation
technique such as membrane filtration to
separate the CO2 from the gas stream

- It has the capacity to achieve high efficiency
while requiring low energy usage

- It offers potential advantages over traditional
solvent-based processes, including higher
selectivity, and reduced environmental
impact

Ge et al. (2002), Long et al. (2017),
Bierbaumer et al. (2023); Cowan et al. (2003),
Sahoo et al. (2018), Kulshrestha et al. (2024)

Mixed matrix membranes
(MMMs)

MMMs consist of a polymer matrix combined
with organic or inorganic fillers, including
MOFs, zeolites, or carbon nanotubes
The inclusion of these additives improves the
membrane’s gas separation characteristics by
establishing extra pathways for gas transport,
expanding surface area, and altering surface
chemistry

- Porous Organic Frameworks represent a
significant category of materials recognized
for their low skeletal density, elevated
chemical stability, and adjustable pore size
distribution

- The use of zeolites and mesoporous materials
is energy efficient on a large scale when
compared to a mine-based solution, which
requires continuous regeneration leading to
high-energy consumption

Ahmadi et al. (2018); Hu et al. (2022),
Dechnik et al. (2017), Buckingham et al.
(2022), Barooah et al. (2024), Shervani et al.
(2024)

Cryogenic separation
technique

Involves the fractional condensation and
distillation of gas mixtures at low
temperatures for gas separation

- It is ideal for application to oxy-combustion
and pre-combustion processes, where the
CO2 concentration in the flue gas is high

- This method offers the advantage of
recovering pure CO2 in liquid form,
facilitating easy transport

Olajire (2010), Gupta et al. (2003), Babar
et al. (2019); Yousef et al. (2018), Maniarasu
et al. (2023), Baskaran et al. (2024)

Bioenergy with Carbon
Capture and Storage
(BECCS)

BECCS captures carbon dioxide from biomass
energy production, storing emissions while
also generating electricity, making it a carbon-
negative process. This low-carbon energy
source has substantial potential to aid in
decarbonizing the economy

- The sustainability and scalability of biomass
feedstocks presented by BECCS present
obstacles that could jeopardize natural
habitats or food production

- Its economic viability in the near future may
be limited by the sizeable energy inputs and
infrastructure investments needed for carbon
capture and storage

Fridahl and Lehtveer (2018), Bui et al.
(2018a); Consoli (2019), Fajardy et al. (2021),
Silveira et al. (2023)

Carbon Capture Using
Nanotechnology

This approach utilizes nanomaterials like carbon
nanotubes to capture and store CO2 at
significantly reduced pressures compared to
conventional methods. It requires fewer
resources, less energy, and generates minimal
waste. While still in its experimental phase,
carbon capture using nanotechnology shows
considerable potential due to its scalability and
efficiency

- It is economical as it can capture CO2 at lower
pressures and uses less energy and resources
than conventional techniques

- Enhancing the production of nanomaterials
and guaranteeing the stability of CO2 captured
over an extended period pose a significant
challenge

- More research and development is required
before it can be deemed feasible for widespread
deployment, to confirm its efficacy and safety

Kumar et al. (2020), Ayalew (2021), Cheung
(2021), Ramar and Balraj (2022), Youns et al.
(2023)

(Continued on following page)
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programs. The IPC was configured to manipulate the operation
conditions, thus improving the CO2 captured during the process. Li
et al. (2015) modeled post-combustion CO2 capture using bootstrap
aggregated neural networks, which could predict CO2 capture
capacity and rate based on the model input variables such as
pressure and temperature of the flue gas, the inlet flow rate of
CO2, the concentration of the inlet flue gas, lean solvent flow rate
and concentration. In similar, Li et al. (2018) examined the post-
combustion capture of CO2 with deep learning modeling machine-
learning tool with an unsupervised pre-training phase [with deep
belief network (DBN)] and a supervised back-propagation phase.
The DBN model predicted CO2 production and capture levels using
model operation variables presented by Li et al. (2015).

Molecular simulations and process modeling to identify the best
adsorbent for carbon capture applications have been carried out
through multiscale material screening strategies. Challenges such as
the interfacial interaction of molecules were reported (Farmahini
et al., 2018). Machine learning models [Matern Gaussian Process
Regression (GPR), fine tree, rational quadratic GPR, squared
exponential GPR models] were used to predict the outcomes of
the PCC unit. The models resulted in a 98% accuracy in predicting
the model outcomes, with optimum conditions determined through
the utilization of a Sequential Quadratic Programming algorithm
(SQP) and Genetic Algorithm (GA) (Shalaby et al., 2021). The
utilization of monoethanolamine (MEA) for post-combustion
capture of CO2 in the flue gas from an absorption column was
analysed using a Support Vector Machine (SVM) and Artificial
Neural Network (ANN). The derivative-based sensitivity analysis
showed that absorbent-based input variables such as lean solvent
flow rate and temperature were the most significant input variables
on CO2 capture (Ashraf and Dua, 2023). Jablonka et al. (2023)
utilized ML models to predict the emission of a power plant
operating with 2-amino-2-methyl-1-propanol and piperazine
(CESAR1). It was observed that there were adverse effects on the
solvent as the amine emissions from a solvent-based carbon capture
plant are complex. A new interdisciplinary method called Scalable
Modelling, Artificial Intelligence, Rapid Theoretical (SMART) has
been introduced. This approach integrates data-driven modeling
with expertise in environmental science, chemical materials, data

science, computer science, and engineering principles. This enables
SMART to have advanced capabilities in optimizing and simulating
carbon capture operations (Lei et al., 2023). This approach integrates
data-centric modeling, high-throughput calculations, and expertise
from multiple disciplines, in contrast to previous reviews that only
focused on materials or computational techniques (Golze et al.,
2022; Nassef, 2023). This holistic approach provides an in-depth
understanding of the carbon capture landscape. Therefore, the
SMART technology approach is set to aid industries’ energy
transition and decarbonisation.

3 Carbon dioxide storage in
geological landforms

The advancement of CCS technologies allows for meeting
electricity demand with a minimal carbon footprint. Numerous
initiatives and projects have been launched, with a significant
number located in the United States. The geological storage of
captured carbon dioxide in deep aquifers or depleted oil and gas
reservoirs as a method for sequestering CO2 is a well-established
technology (Bui et al., 2018b; Budinis, et al., 2018; Kelley et al., 2018;
Shell Canada, 2019; Gentzis, 2000; Arlota and Costa., 2021; Harati,
et al., 2023). From the syngas before combustion or from the flue gas
after combustion, which can then be stored or used to enhance oil
recovery (Kumar and Kumar, 2018). The IGCC process that has
been described earlier captures CO2 emissions by separating them.
Moreover, the injection and storage of CO2 in porous and permeable
underground landform formations in the North Sea at SleipnerWest
gas field have been proven secure, safe, and socially satisfactory, as
confirmed by public acceptance (DW Documentary, 2021;
Holloway, 2005).

Geological features like aquifers, coal seams, depleted oil, basalt
formations, gas reservoirs, salt caverns, and organic shales exhibit
significant potential for CO2 storage. This potential is realized
through diverse trapping mechanisms such as hydrodynamic
processes, dissolution, mineralization, and primary chemical
adsorption (Al Hameli et al., 2002; Wu et al., 2023; Shi et al.,
2005; Godec et al., 2014; Liu et al., 2019; Bachu and Adams., 2014;

TABLE 1 (Continued) Summary of emerging carbon dioxide capture technologies.

Technology Description Critique of the technique References

Electrochemical capture of
carbon dioxide

It converts CO2 into useful products or stores
it in a stable state using electrochemical
reactions. Typically, in this method, CO2 is
dissolved in an electrolyte solution, which is
exposed to an electric current using an
electrolytic cell. Depending on the catalysts
and conditions used, the electric current
drives reduction reactions that turn CO2 into
useful products such as ethanol, methane
carbon monoxide, or formic acid

- In comparison to conventional carbon
capture techniques, the electrochemical
capture process has a lower carbon footprint
and is more environmentally sustainable
when it is powered by renewable energy
sources like solar or wind power

- Challenges include upgrading the technology
for industrial use, lowering the energy
requirements of the electrolysis process, and
increasing the selectivity and efficiency of
CO2 conversion reactions

Rheinhardt et al. (2017), Renfrew et al.
(2020), Sullivan et al. (2021), Sharifian et al.
(2021), Oloye and O’Mullane (2021)

Carbonic amylase-catalysed
solvent absorption

It is a chemical absorption technique with a
zinc containing metalloenzyme of elevated
catalytic activity and reversible CO2 hydration
capacity. This ensure that the gas-liquid
equilibration absorption capacity is kept at
very high level

- It has low energy requirements, with reduced
risk of secondary pollution and it is
environmentally sustainable. Also, has high
efficiency but low stability and recycle
efficiency

Yong et al. (2015), Sharma et al. (2020), Zaidi
et al. (2022), Shao et al. (2024)
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Michael et al., 2017; Iglauer, 2017; Vishal and Singh, 2016; Metz
et al., 2005). Organic shells (corals and molluscs) have a low capacity
for CO2 sequestration but sequestrate CO2 through the formation of
carbonate sediments by the organic shell which accumulates on the
ocean floor leading to the formation of carbonate sediments
(Filgueira et al., 2019). The reservoirs that have been utilized for
CO2 storage are made from sandstone or carbonates (e.g., limestone

or dolomite), iron, or other minerals that promote CO2 binding to its
structure, and CO2 can be injected to recover unrecovered oil or
recovery of CH4 from coal beds (Haq et al., 2023). The fluid in the
pores of saline aquifers contains various compositions of ionic
solutions with elements such as magnesium, calcium, potassium,
iron, chlorine, sulphate, and other minerals. The presence of these
elements and ions provides a vast number of reactions that can

FIGURE 2
The various storage options available for CO2 storage (Zheng et al., 2020).

FIGURE 3
Carbon dioxide trapping mechanisms in geological locations; a) mineral trapping b) residual trapping c) solubility trapping with residual trapping d)
physical trapping (Riaz and Cinar, 2014; Nomeli, 2014; Ajayi et al., 2019).
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enhance mineral trapping with diverse reaction kinetics (Riaz, and
Cinar, 2014; De Silva et al., 2015). Moreover, it has been observed
that basaltic geological formations exhibit reactivity with H2O-rich
supercritical carbon dioxide and the formation of H2O with
dissolved CO2. This reactivity leads to the generation of
carbonate minerals, ensuring long-term and secure permanent
sequestration (McGrail et al., 2009). Carbon mineralization is the
most common reaction when CO2 is injected into the geological
landform. This is a process of a long-lasting solution for carbon
dioxide storage in the solid form as it has minimal environmental
health and environmental implications. Moreover, as carbonated
solids with base metal form in underground rock, there are minimal
risks of leakages (Isahak et al., 2015; Zhang and DePaolo, 2017;
Kelemen et al., 2019).

3.1 Geological trappings

Schematic illustrations of various methods and technologies
utilised in carbon sequestration are shown in Figure 2. The CO2

gas remains trapped inside a reservoir by four main mechanisms:
mineral trapping, residual trapping, structural trapping, and
solubility trapping. Mineral trapping occurs when mineral ions
(Mg2+, Ca2+, Fe2+) in the reservoir react with dissolved CO2 to
form a solid carbonate. In residual trapping, CO2 gas is confined
within the spaces in the rock grains, while structural trapping is the
physical trapping of the gas within rocks (Ali et al., 2022). The CO2

trapping mechanisms are shown in Figure 3. Mineral trapping takes
longer than the other forms of CO2 trapping and takes place over a
long period, resulting in increased CO2 storage security with time
from the injection. Dissolution trapping is another mechanism for
enhancing the storage security of supercritical CO2 in saline
geological formations. This occurs when the supercritical CO2

dissolves in the formation brine, producing a denser solution

than the formation brine, resulting in gravity-enhanced
convective mixing, enhancing CO2 dissolution and trapping. In
heterogeneous geological formations, density-driven flow does not
cause significant mixing, especially in layered systems, whereas in
homogenous formations, density-driven flow enhances both the
storage and the contact between the dissolved CO2 and the host rock
(Agartan et al., 2015).

Huang et al. (2019) carried out a study on hydrocarbon (oil or
gas molecule) release from shale formations through the injection of
supercritical CO2 into shale formations at high pressures, with CO2

being adsorbed on the nanopores. As shown in Figure 4, as
supercritical CO2 is injected into shale, a rich organic rock
composed mainly of nanoporous organic matter, it creates
fractures (black trees) in the shale formations (brown). The
supercritical CO2 then flows in the channels formed in the rocks,
displacing the gas and the oil (shown in orange and blue). Then, it
finally adsorbs and diffuses into the shale matrix and pores (grey and
black), the driving force being its affinity for the shale. When the
injection period is over, CO2 is trapped underground, resulting in
the reduction of greenhouse gases in the atmosphere. Cole et al.,
2010 reported that nanoporous environments with shale or clay-rich
mudstones have seal rocks and cap seals that seal CO2 underground
and prevent leakage. The nature of the confined geometrics, such as
hydrophobicity and hydrophilicity, the chemical structure of the
fluids, and their physical properties affect the reaction of the fluid
with the environment. The study of adsorption in nanoporous
materials such as muscovite and silica aerogel using the
Adsorbed Phase Model (APM) showed fluid depletion for
conditions above the critical density. The CO2 can be
sequestrated in significant amounts at very low pressures, and the
density of physisorbed CO2 could be three times higher than that of
the bulk fluid. With molecular dynamics, simulation studies provide
insights into the supercritical CO2 adsorbed in the muscovite layers
of sequestration reservoirs. The space between the cleavedmuscovite

FIGURE 4
Pictorial depiction of multiscale interaction of supercritical CO2 (green) with nano porous shale (Huang et al., 2019).
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surfaces with a separation of 5 Å provides a pathway that cannot
permanently store CO2 but allows free gas diffusion. Moreover, for
permanent storage, the molecular muscovite must be in a single
layer in the crystalline structure or in thicker layers in the
carbonate form.

The injection of supercritical CO2 has numerous advantages in
geothermal explorations when compared to heat transmission fluids
such as water. In its supercritical state, CO2 has high heat capacity
and low viscosity, which can increase its injectivity. Moreover, CO2

has higher expansiveness and compressibility than water, increasing
the buoyancy force in the wellbore (Pruess, 2008; Cui et al., 2016).
Through experimental studies, it was observed that supercritical
CO2 in sandstone leads to the dissolution of ankerite and clay
minerals and the precipitation of plagioclase, increasing Ca2+ and
Mg2+ in the formation of water. In carbonate reservoirs, CO2 causes
dolomite dissolution and precipitation of ankerite and calcite. In
addition, 3D reactive transport simulation models were created to
assess how geochemical reactions affect heat-mining rates during
geothermal exploitation with supercritical CO2 and evaluate CO2

storage potential. Simulation results showed that geochemical
reactions influence the flow behaviour and heat mining rates
differently depending on reservoir type and mineral composition.
In sandstone, mineral precipitation reduces porosity and heat-
mining rates, while in carbonate reservoirs, the dissolution of
dolomite and clay minerals can enhance the heat-mining rate
despite the precipitation of calcite and silicate minerals (Cui
et al., 2017).

The affinity of CO2 to replace methane molecules within
hydrates has presented a promising avenue for addressing the
issue of CO2 emissions into the atmosphere. This can be

achieved by extracting fuel stored in natural hydrates while
storing CO2 (Seo et al., 2013). Gas hydrates are non-
stoichiometric compounds produced through the physical
interaction of guest molecules (CH4, H2, and CO2) and water
molecules under high-pressure and low-temperature conditions
(Sloan, 2003). Solidified natural gas in the form of gas hydrate
has the capacity to store large volumes of gas in solid form (180 m3

per 1 m3 of hydrate) (Khokhar et al., 1998). The high storage
capacity of the solid gas hydrates is based on their lattice
structure which has the capacity to store large amounts of gas in
a relatively small compact volume. The stored potential energy in
natural gas hydrates represents a closed-cycle energy form where the
CH4 molecule is released and burned to produce CO2, which is then
captured and used as a substitute for the CH4 in natural gas hydrates,
providing a solution to address the issue of CO2 emissions. Injection
of CO2 into the CH4 gas hydrates is a promising technique being
researched which can simultaneously store CO2 while releasing CH4

gas (Hildenbrand et al., 2002; Ota et al., 2005; Zhou et al., 2015;
Zhang et al., 2017; Ouyang et al., 2020; Ndlovu, 2022; Fan et al.,
2022). The storage of CO2 in the sea bed and deep water has proven
to be an ideal place for CO2 hydrate formation as it is also a solid
CO2 storage option; there is slower dissolution due to the
surrounding waters, and the hydrate cements the porous
sediments. The challenges faced by this option include a lack of
knowledge of the hydrodynamics and permeability and the kinetics/
thermodynamics of CO2 hydrate formation in natural seabeds. In
addition, there is missing data on the long-term stability of the CO2

gas hydrates and the lack of effective toll for the geographical
assessments of ideal geolocation for CO2 pumping to form gas
hydrates (Castellani, 2023; Nordbotten et al., 2024 conducted a

FIGURE 5
Schematic representation of mineral carbonation for industrial and mineral waste (Lin et al., 2024).
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double-blinded forecasting lab-scale experimental study to assess the
uncertainty of geological carbon storage. The study forecasted the
physical properties of an active field, and the opinions of seasoned
researchers were used to guide the research direction.

3.2 CO2 storage through mineral
carbonation

The fundamental concept of mineral carbonation is that all the
atmosphere, vegetation, and ocean emanate from the rock, and it
ultimately ends up in the rock where it began, which is portrayed in
the carbon cycle, where the movement of carbon is detailed. Hence,
the mineral storage of carbon is the most permanent solution for
carbon storage (Snaebjörnsdóttir et al., 2018). Basalt and ultramafic
rocks are the most effective rocks for natural mineral carbonation as
they are highly reactive and abundant. Basaltic rocks account for
70% of the earth’s surface, most on the ocean floor. The weathering
of the basaltic rock is responsible for the natural reduction of CO2

from the atmosphere through silicate weathering on the continents
and volcanic islands exhibiting excellent potential for mineral
carbonation (Dessert et al., 2003). Rogers et al. (2006) reported
on extensive carbonate mineralisation of petroleum substances
migration, which contains CO2-bearing fluids altering basalt
rocks as they flow, initiating carbon mineralisation.

Mineral carbonation occurs through the interaction of a mafic or
ultramafic rock with water containing dissolved CO2. This solution
is acidic with a pH of about 3–5 and promotes the dissolution of
cations in silicate minerals to form stable carbonate minerals (Saldi
et al., 2009). Other factors affecting carbon mineralization are
permeability or porosity of the host rock formation, which allows
the migrating fluid to percolate the body of the rock and be able to
precipitate the carbonates available. Temperature is another factor
that affects the mineralization process; for example, dissolved Mg
precipitate as dolomite (CaMg(CO3)2 and carbonate magnesite
(MgCO3) at temperatures exceeding 80°C (Saldi et al., 2009).
This reaction is kinetically inhibited at lower temperatures by
stable hydrous Mg-carbonate minerals such as hydromagnesite,
nesquhinite, and dypinite (Turvey et al., 2018).

The utilization of natural minerals or waste from mineral
processes and industrial furnaces through mineral carbonation
has been shown to be the key to attaining sustainability in
reducing the carbon footprint and waste management in
industrial processes. The wastes that can be managed through
this process are coal fly, red mud, blast furnace slags, steel slags,
and waste gypsum, which can be managed by indirect and direct
aqueous carbonation routes. The schematic representation of the
carbonation processes is shown in Figure 5. This figure presents the
sources of mineral waste carbonation and the source of CO2 gas.

Carbonation of industrial solid waste (mainly from mining,
sludge from wastewater treatment and construction industry)
occurs through both direct and indirect routes. Due to the high
composition of MgO and CaO in industrial solid waste, the
carbonation process is effective, making the method ideal for
CO2 storage. When CO2 reacts directly with industrial solid
waste, the process is known as direct carbonation and may occur
through gas-solid carbonation or direct aqueous carbonation. In
indirect carbonation, the process occurs through two stages, which

are the utilization of an acidic solution to extract Mg and Ca from
minerals and then the reaction of Ca and Mg solution CO2 in an
alkaline solution to precipitate a carbonate (Bobicki et al., 2012).

Steel slag has been studied in depth in comparison to other waste
materials for the CO2 carbonation process, with a steel slag capacity
of 536 g/kg (mass of CO2 sequestrated to a mass of steel), while blast
furnace had a capacity of 361 g/kg (Lin et al., 2024). Natural minerals
required for the carbonation process are serpentine
(Mg3Si2O5(OH)4), wollastonite (CaSiO3), and olive (Mg2SiO4).
The peridotite rock is mined and prepared by crushing for the
sole purpose of CO2 capture and storage. This method has been
reported to be able to store about 0.2 GtCO2/yr. However, due to the
cost associated with the mining process, this method might be
expensive and unsustainable in the long run compared to
industrial waste (Monkman et al., 2018; Sun et al., 2021; Pan
et al., 2020). In a separate investigation, Molahid et al. (2023)
utilized a mineral waste sample containing Fe-oxide (haematite
and magnetite) and Ca-Mg-silicates (anorthite, wollastonite,
diopside). The compound Fe2O3 was between 39.52%–62.94%,
while CaO was in the range of 7.19%–15.24%, and 0.10%–9.58%
was MgO. The Ca and Fe carbonation efficiency was found to be
2.38%–6.31% and 4.04%–6.45%, respectively. This resulted in
63.99–156.04 g CaCO3/kg and 60.94–155.44 g FeCO3/kg, which
are permanently stored in the mine waste. Overall, about
12.27–44.92 g of CO2 per kg of a mining sample can be sequestrated.

Cement and concrete are another promising area for CO2

sequestration through mineral carbonation. The cement industry
is known to be one of the highest CO2-releasing processes from kilns
through the decarbonation of limestone and fuel combustion
(Habert et al., 2020). The use of supplementary cementitious
materials from industrial processes as a cement substitute has
been proposed to mitigate CO2 emissions; however, these have
not achieved the desired outcomes (Juenger et al., 2019).
Through natural carbonation, Portland cement contains calcium
hydroxide, which can make it possible for concrete to continuously
absorb CO2 from its surroundings, thereby maintaining a high
pH and preventing the corrosion of steel reinforcements.
However, natural carbonation is slow and can lead to the
carbonation front reaching and corroding the steel reinforcement.
A more attractive route is accelerated carbonation of concrete; CO2

is injected into fresh concrete in a process known as carbonation
mixing. A nanocrystalline amorphous CaCO3 enhances the reaction
and compressive strength; though the amount of CO2 stored
through this method is limited, it does reduce the amount of
CO2 released (Winnefeld et al., 2022; Zajac et al., 2022).
Carbonation curing in concrete applies to the gain strength and
pore structure densification. Carbonation curing of concrete can be
applied to fresh and hardened concrete, which leads to less cement,
which decreases its production (Thonemann et al., 2022).

3.3 Enhanced rock weathering (ERW)

Enhanced Rock Weathering (ERW) involves applying finely
ground silicate minerals and rocks, such as basalt and glauconite,
to soil surfaces. This speeds up the natural weathering process,
which typically unfolds over millions of years, while also enhancing
the soil’s capacity to capture CO2 (Schuiling and Krijgsman, 2006).
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This method is increasingly gaining ground as both a carbon dioxide
removal technique, soil fertility enhancement, and a reduction
technique in ocean acidification, making it favourable as a
geoengineering tool that addresses climate change (Swift, 2001).
The key difference between enhanced rock weathering and mineral
carbonation is that the former is dependent on the natural
weathering process, which is enhanced by mineral application,
while the latter relies on the direct chemical reaction between
minerals and CO2. Moreover, ERW improves soil fertility and
sequestrates CO2; on the other hand, mineral carbonation
primarily focuses on CO2 storage (Paulo et al., 2021). An
integrated modeling approach was utilized to make the techno-
economic assessment for the year 2050, focussing on carbon dioxide
removal (CDR), cost and deduced that China, United States, and
Brazil have the potential to achieve CDR of 0.5–2 gigatonnes per
year with an estimated cost of US$80–180 per tonne of CO2

(Beerling et al., 2020).
The majority of enhanced rock weathering (ERW) studies are

primarily theoretical, as they involve long-term projections. A
simulation study projected that ERW on croplands can achieve a
2 Gt CO2 yr−1, doubling the probability of meeting the 1.5°C
temperature increase set at Paris by 2,100. The high breed of
ERW and CCS has the potential to reverse the effects of
atmospheric CO2 in a range of 23%–67%. Moreover, ERW will
increase coral reefs by 16%–39% by 2,100 (Vakilifard et al., 2021). In
another simulation study, it was shown that ERW working with a
CO2 fixation rate of 10 tons of basalt dust per hectare on the global
cropland, over 200 gigatons of CO2 could be sequestrated over a
period of 75 years (Baek et al., 2023).

3.4 Computational studies on carbon
sequestration

The research on CO2 sequestration using computational
techniques is more extensive and detailed than carbon capture
studies (Lackner, 2003; Gerstenberger et al., 2009; Neal et al.,
2014; Nomeli, 2014; Hung et al., 2019). In computational studies
on carbon sequestration, techniques for absorbing and storing CO2

are analysed and optimized using sophisticated models and
simulations. The key focus area for these studies includes;
modeling and simulating the injection and storage in geological
landforms such as coal seams, deep saline aquifers, and depleted gas
and oil fields (Celia et al., 2015), as well as behaviour prediction of
how CO2 interacts with the rocks and surrounding fluids in the
storage sites overtime (Iglauer, 2017). Moreover, it focuses on
examining the effectiveness and capability of various materials
and sequestration methods for absorbing and retaining CO2 (Cao
et al., 2020).

Davoodi et al. (2023) carried out a literature review on the
utilization of ML in CO2 sequestration, the most common
logarithms such as extreme learning machine (ELM), artificial
neural network (ANN), long short-term memory (LSTM),
random forest (RF), support vector machine (SVM) and extreme
gradient boosting (XGB). Kalam et al. (2021) reviewed the modeling,
experimental, and field studies on storing CO2 underground. It was
reported that adsorption, chemical reactions, wettability, and
hysteresis influenced CO2 sequestration in geological. A model

developed by Zhou et al. (2008) estimated the capacity of the
CO2 storage capacity in closed and open reservoir systems. In
addition, Zhang et al. (2011) developed a model to estimate the
amount of CO2 gas that can be stored in oil reservoirs. Bemani et al.
(2020) developed hybrid models to analyse the physical properties of
CO2, which are crucial in ensuring the security and safety of carbon
storage. Wu and Li (2020) modelled CO2-capture processes and
forecasted reservoir capacity using different distributions of
influencing variables. You et al. (2021) carried out a study on
forecasting the performance of enhancing oil recovery using CO2,

while Wu et al. (2021) examined the mechanical stability of caprock
and reservoirs. Yao et al. (2023) predicted the physical properties of
CO2-rich captured gases, reservoir pressure, leakage, and
deformation of the CO2 stored in geological landforms.

The study of sedimentary basin for securely storing injected CO2

gas through the geochemical reaction has been carried out through
models which focus on the transport and reaction kinetics of the
CO2. It was observed that parameters of significant effects were the
reactive surface of the mineral, the in-situ pH of the water with
dissolved CO2, and the apparent activation energies utilized to
model reaction rates to the temperature of the storage reservoirs
(Black et al., 2015). A mathematical tool was utilized to examine the
Joule-Thompson (JT) effects on CO2 geo-sequestration, assuming a
constant gas injection rate. It was observed that if the reservoir
pressure is less than 0.2 MPa, the JT effect is experienced, which
further decreases the temperature of the reservoir, leading to the
formation of gas hydrates with the moisture or residual water. The
presence of CH4 gas in the landforms counteracts the cooling effects,
though high-pressure and low-temperature combinations are likely
to result in gas hydrate formation (Böser and Belfroid, 2013; Loeve
et al., 2014; Twerda et al., 2018; Mathias et al., 2010). Using a
numerical simulation, Birkholzer et al. (2009) investigated the
impact of large-scale CO2 storage with an injection rate of
1.52 million tons annually in an open saline aquifer. The CO2

plume migration is relatively small, at about 2 km, and is
concentrated on the top of the saline aquifer due to the
buoyancy effect, according to their results, which show that there
is significant pressure buildup in the formation of more than 100 km
away from the injection zone. It has been definitively determined
through various models that depleted gas reservoirs are preferable to
depleted oil reservoirs because they offer a greater storage capacity
per pore volume and higher gas compressibility (Barrufet et al., 2010;
Stein et al., 2010; Bachu, 2007 reported that coal beds of depth
between 300 and 900 m were ideal for CO2 sequestration. In recent
years, the use of computational models, numerical analysis, and
artificial intelligence approaches has become pivotal in selecting
ideal sites for CO2 sequestrations, Table 2 details the recent studies
published on CO2 storage and sequestration studies using
theoretical approaches.

3.5 CO2 capture and storage pilot studies

The carbon capture and sequestration techniques presented in
this article have been applied globally on different scales to control
carbon dioxide emissions. Due to the high initial cost and energy-
intensive nature of the operations, most of the CCS initiatives have
been abandoned and discontinued (Huaman and Jun 2014).
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TABLE 2 Current research on computational analysis of CCS studies.

Reference Nature of study Computational tool used Study findings

Awag et al. (2024) Utilization of two-single well tracer test to
evaluate residual saturation during carbon
capture and storage

Numerical model for single-well tracer test to
quantify residual gas saturation

Changing the CO2 saturated water volume
injected after CO2 made the CO2 front to travel
to different distances from the well. Moreover,
the model shows that the optimal injection of
CO2-saturated water to prevent the dissolution
of the residually trapped CO2. In addition, the
established residually trapped zone was not easy
to achieve

Cui et al. (2024) Investigation of CO2 adsorption behaviour in
organic nana pores of differing surface
roughness

Langmuir-Freundlich adsorption model
Grand canonical Monte Carlo (GCMC)

An increase in the surface roughness led to an
increase in CO2 adsorbed with an increase of
surface roughness of 12% resulting in a
0.003 mmol/m2 increase in adsorption capacity.
Moreover, the monolayer maximum adsorption
capacity and absorbed layer density increased
proportionately to the increasing surface
roughness. Study is key in optimising the
sequestration of CO2

Cavalcante et al. (2024) Simulation of tw0-phase flow in 3D fractured
reservoirs using an embedded fracture discrete
model for various applications which include
CO2 storage

Embedded discrete fracture model (EDFM),
projection based Embedded Discrete Fracture
Unstructured tetrahedral meshes model (pEDFM-
U), Two-point Flux Approximation (TPFA)

Simulation of heterogeneous and anisotropic geo-
models was achieved by approximating interface
fluxes using the Multipoint Flux Approximation
method with a Diamond stencil (MPFA-D). The
resultant model can be used to handle fully
permeability tensors on arbitrary tetrahedral
meshes. The developed method was shown to be
highly accurate to capture effects of both high and
low permeability fractures for tetrahedral meshes,
and arbitrary homogenous and anisotropic
permeability tensors for the matrix

Corrente et al. (2024) Study of the specifics of adsorption-induced
deformation in the displacement of CH4 by CO2

from carbon nanopores for carbon sequestration
and secondary gas recovery

Grand canonical Monte Carlo and density
functional theory calculations with perturbed-
chain statistical associating fluid theory
(SAFT-DFT)

It was reported that a nonmonotonic behaviour of
adsorption deformation with increasing pressure
and varyingmixture composition. The SAFT-DFT
method was observed to produce result, which are
close to the ones from atomistic GCMC
simulations. Moreover, the SAFT-DFT approach
has a potential of utilization in the study of
adsorption selectivity and deformation for various
mixtures inclusive of CO2 and hydrocarbons

Han et al. (2024) Develop a long-term storage model with
accurate density and evaluate the performance
of the CO2 storage potential

Electrolyte perturbed-channel statistical
associating fluid theory (ePC-SAFT) equation of
state applied to phase equilibrium of the systems

Results were validated against experimental data,
demonstrating that the model can effectively
describe the phase behaviour of these two phases.
Simulation results indicated that the stable
CO2 storage potential was underestimated by
7.6%. Factors affecting the efficiency of CO2

storage were ranked based on the differing
monitoring periods. The study was crucial in the
selection of optimal storage reservoirs

Kim et al. (2024) Development of a Machine learning based time-
lapse 1D inversion method with efficient
training data generation in carbon capture

Machine learning (ML) –based time-lapse 1D
inversion method

ML was trained with a substantial amount of
data utilizing a proposed method and was
validated on 2D target data applying three
different CO2 injection plume shapes from a
modified Marmousi2 velocity model. The CO2

plume was satisfactorily delineated with the
magnitude of the time-lapse velocity close to the
plume boundary was lessened a during the
diffraction process

Isogai, and Nakagaki (2024) Study of a novel power-to-heat amine based on
Post combustion CO2 capture (PCC) system
with solvent tanks

Mixed-integer linear program created in the
General Algebraic Modelling (GAMS) and Aspen
plus process simulation model

It was reported that the novel PCC system
decreased the average cost for energy
consumption during the stripping process and
compression process by 30% in comparison to
conventional PCC with venting

Lu et al. (2024) Review of knowledge gaps and research needs in
modelling CO2 mineralization in the basalt-
CO2-water system

Various geochemical modelling Numerous literature published works provide
insufficient information on the properties and
quantity of secondary minerals formed
preventing accurate mass balance computations.
Future research has to focus on providing
improved constrained experimental data to
calibrate basalt-CO2-water geochemical models

(Continued on following page)
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TABLE 2 (Continued) Current research on computational analysis of CCS studies.

Reference Nature of study Computational tool used Study findings

Udebhulu et al. (2024) A review study on cement sheath evaluation of
CO2 storage

Numerical and statistical modelling, analytical and
numerical modelling, computational fluid
dynamics (CFD), Artificial intelligence (AI) based
model

Field operations the integrity of the cement
sheaths evaluation by the use of cement bond
evaluation pools, pressure transient test tools and
sustained casing pressure analysis. Identification
of optimum combinations of cement sheath
integrity when exposed to aqueous CO2 and
long-term resilience and resistance to carbonic
acid attacks for successful geological
sequestration

Silva et al. (2024) Use of generalized functionals for qualification
of geological carbon storage injection sites

Multivariate functionals, MARLAB Reservoir
Simulation Toolbox (MRST), UNISIM-I-D model

Injectivity functionals that could be used to
quantify the CO2 storage sites. Numerical
simulation experimental work of CO2 injection
and well storage improved by 50%.
Geomechanical couplings that account for
dynamic variations of properties and anisotropy
analyses was not covered

Soleimani and Dehaghani
(2024)

Study of CO2 capture in neoteric solvent using a
quantum chemistry learning approach

COSMO-RS model, Stochastic Gradient Boosting
(SGB) algorithm

In comparison with literature, reported
approaches such as different EoS, computational
solvation, and machine learning the SGB model
had higher reliability and more accurate
predictions of CO2 solubility in deep eutectic
solvents

Wang et al. (2024a) Development of a three-phase thermodynamic
model (vapour-liquid-adsorbed three-phase
equilibrium calculation) for the study of CO2

and hydrocarbon phase behaviours within shale
oil nanopores

Langmuir-Freundlich adsorption equation and
Peng Robinson equation of state model integrated
into MATLAB Reservoir Simulation Toolbox
utilising embedded discrete fracture model

It was revealed that there are significant nano-
constrained effects on multicomponent fluid
phase behaviour, especially in the pores smaller
than 20 nm resulting in changes in bubble and
dew point pressures, critical condensation
temperatures and pressures. The injection of
CO2 complicates the system improving the
interaction and the coexistence region of the gas
and liquid phases on the temperature-pressure
diagram across differing pore sizes. Optimization
showed a CO2 injection rate of 100t/day and, a
shut time of 30 days

Wang et al. (2024b) Study of various numerical simulations for CO2-
EOR and storage in fractured shale oil reservoirs

MATLAB, MATLAB Reservoir Simulation
Toolbox (MRST), Modified embedded discrete
fracture model (EDFM)

Results showed that interaction between the
mechanisms significantly affected the
production performance and storage properties.
Molecular diffusion is overestimated in oil-
dominated (liquid-dominated) shale reservoirs.
Overall the model provided a reliable theoretical
basis for CO2-EOR and sequestration in shale oil
reservoirs

Al-Khafaji et al. (2023) Prediction of minimum miscible pressure
(MMP) and behaviour of CO2 flooding process
using Machine learning to enhance oil recovery

Machine learning models (20% for testing and
80% for training using Python programming

The k-nearest neighbour (KNN) model provided
the best statistical evaluations among the models
used as it had the lowest mean square error and
the highest coefficient of determination.
Sensitivity analysis and assessment of numerous
input factors showed that the prediction of MMP
is very sensitive to the composition of the
injected gas as well as temperature with up to
46% and 28.5% variations respectively

Milano and Fedi (2023) Assessment of surface gravity surveying for CO2

plume monitoring in deep Johansen saline
acquirer

Estimated models for reservoir density and
saturation

It was observed that gravity anomaly extending
radially around the well position and reached a
peak of about – 15 µ Gal for an injection rate of
60 kg/s. In the post-injection period, gravity
maps show an increase in brine saturation
around the injection well and the migration of
CO2 towards shallow parts of the reservoirs.
Time-lapse gravity data could be used to estimate
the CO2 stored mass by means of the depth from
extreme point (DEXP) method which was shown
to be very stable with respect to noise

Wang et al. (2023) Numerical simulations in the study of reservoir
heterogeneity controls of CO2-EOR and storage
potentials in residual oil zones

Geostatistical modelling and high-fidelity three-
phase flow simulation

It was depicted that as the permeability
autocorrelation length increases, the overall oil
recovery and the CO2 storage efficiency reduce.
This is from the accelerated movement of CO2

along high permeability zones i.e., gas
channelling

(Continued on following page)
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TABLE 2 (Continued) Current research on computational analysis of CCS studies.

Reference Nature of study Computational tool used Study findings

Ratnakar et al. (2023) Computational study to estimate CO2 solubility
in brine solutions for CCUS applications

Machine learning-based work for CO2 solubility
computation

Performance predictive models and workflow
were examined against experimental data and
key parameters were determined. The model had
2%–7% agreement with experimental data and
the model can be easily extended to cater for
other greenhouse gases or hydrocarbon gases

Tang et al. (2023) Analysis of the effects of confining pressure on
CO2-Brine relative permeability characteristics
of sandstone in Ordos Basin

Simulation and experimental analyses The increase in confining pressure results in a
decrease in the irreducible brine saturation. As
pressure increased from 12 to 20MPa, the
relative CO2 permeability in the irreducible brine
state decreased by 57%

Gao et al. (2023) Modelling fluid flow and heat transfer in twelve
CO2 storage scenarios with spatially
heterogeneous reservoirs

Thermal-hydraulic-mechanical (THM) coupled
model of a 3D wellbore-reservoir system

The positive rhythm reservoir exhibits more
uniform CO2 distribution laterally under gravity
than the reverse rhythm reservoir. In reservoirs
with high permeability ratios, CO2 is more likely
to be injected into the low-temperature zones
due to their longer transfer distances, although
this also increases the risk of channelling. The
porosity of the reservoir has minimal impact on
CO2 injectability and temperature distribution.
Moreover, interlayers will diminish the effects of
gravity and decrease CO2 injectability, though
they will also add extra storage capacity. Injecting
CO2 at lower temperatures and lower mass flow
rates will improve its injectability

Guofeng (2023) Study of CO2 capture, storage and enhanced oil
recovery (EOR) in the Jilin Oilfield NE, China

Simulation calculations, numerical simulations Three kinds of CO2 cyclic injection technologies
(i.e., direct injection, injection after separation
and purification, and hybrid injection) were
formed. An integrated demonstration area of
CO2 capture flooding and storage with high
efficiency and low energy consumption was
constructed with an incremental cumulative oil
of 32 × 104 and CO2 storage volume of 250 × 104 t

Kim and Park, 2023 Review of numerical modelling of CO2 plume
dispersion for offshore carbon capture and
storage

Lagrangian and Eulerian modelling.
Computational fluid dynamic (CFD), large eddy
simulation (LES)

The Eulerian method employs fixed grid systems
for detailed hydrodynamic modelling while the
Lagrangian approach emphasizes gas bubble
tracking is essential in predicting the movement
and dispersion of CO2 plumes. Simulations
shows the complex nature of CO2 dispersion and
the necessity for rapid dispersion in mitigating
the impacts. Eulerian model is more effective in
presenting site-specific intricacies. Lagrangian
models with their efficiency in projecting
individual dynamics of gas bubbles give an
insight into the dispersion andmovement of CO2

plumes with higher precision. Also, the
importance of measurements which are well
detailed for the characterization of plume
hydrodynamics and gas bubble size distribution
as well as the gaps in comprehension of bubble-
generated turbulence and the dynamics of
multiphase plumes of the far-field domain

Witte et al. (2023) Cloud-native framework for parallel simulation
on large-scale geomeodels with artificial
intelligence-based Wavelet Neural operators

Artificial intelligence (AI) based approach, cloud-
native framework simulations, open porous media
(OPM)simulator, Fourier Neural Operators
(FNOs)

A cloud-native framework for parallel simulations
of large-scale training data sets using OPM
simulators and new FNOs-based AI with 3D
wavelet performing better than FNOs on data
shock fronts. Sleipner storage geomodel from the
Norwegian continental shelf was used to train the
dataset for CO2 flow and showed that over
200,000 cells and speed-ups of up to 50,000 ×
(FNOs) and 100 × (Wavelet NOs) over numerical
simulations of CO2 saturation with OPM.

Wen et al. (2023) Study of real-time CO2 geological storage
prediction using Fourier neural operators

Nested Fourier Neural Operator (FNO) a
machine-learning framework for high-resolution
3D CO2 storage modelling

The FNO could produce different forecast
utilizing the hierarchy of FNOs and speeds up
flow to nearly 700,000 times in comparison to the
existing methods. Through learning the operator
governing partial differential equations, FNO
conjures a numerical simulator alternative for
CO2 storage with diverse reservoir conditions,
geological heterogeneity, and injection protocols

(Continued on following page)
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However, a large number of companies and research facilities have
come up with a pilot and experimental set-up to capture carbon
dioxide. Table 3 summarises the pilot and experimental applications
of carbon capture technologies. Chen and Shen. (2024) highlight
that selecting CCUS project sites is challenging due to government
policies, ecological considerations, and economic conditions. This
creates a multi-criteria decision-making problem, where the
information used may be unreliable, leading to inaccuracies and
uncertainties that affect the risk management process in decision-
making. To counteract these shortcomings, an E-VIKOR method
that caters for incomplete and fuzzy available information for
multiple decision-making was utilized for selecting CCU storage
sites in Guangdong province. Using the information given, the
computational approach has the capacity to identify suitable sites
under different risk preferences. A more accurate approach to CCU
selection is crucial, especially for countries such as China, which
have small CCUS projects (Zhang, 2021).

3.5.1 Sequestration in deep saline aquifers/
reservoirs

The most known successful initiative of storing CO2 in
geological locations is in the Sleipner gas field in the North Sea.
This project was commissioned in 1996, and 1 Mt of CO2 is
sequestrated annually. The CO2 is injected into the Utsira
formation, a saltwater-bearing sand layer 1,000 m below the sea
floor. This formation, characterized by its large high-permeability
sand body, spans a depth of 500 to 1,500 m and covers an area of
26,000 km2. It is capped by a shale layer 50–100 m thick, which
extends beyond the current CO2 injection zone. Due to its low

permeability, the shale layer effectively seals the CO2. The cap rock is
not uniform but features various domal and anticline structures that
act as traps or channels, influencing CO2 migration within the
reservoir (Chadwick, 2013; Williams and Chadwick, 2021).
Simulation studies were also carried out in the geological settings
of Sleipner Vest Field in the Norwegian part of the North Sea. In this
study, the injection schemes’ aquifer characteristics for improving
permanent sequestration and flow conditions on CO2 storage were
carried out. It was observed that heterogeneity of the sediments
improved the trapping of CO2, whereas the homogenous formations
enhanced CO2 dissolution, as the fluid flow is faster in this type of
porous media. Moreover, cyclic injections had more impact on the
heterogeneous porous media as they increased the capillary
pressure, which aided the entrapment of CO2 in smaller-sized
pores, leading to dissolution in the brine later in its storage. In
addition, the CO2 storage efficiency was observed to increase with
the vertical-to-horizontal permeability ratio of geological formations
as higher ratios increase the integrated gas’s solubility (Khudaida
and Das, 2020).

A pilot project known as the Northern Reef Trend, which
employed pipeline transportation and pumping of CO2 into
depleted carbonate reservoirs, was initiated in 2013. It was
estimated that over 1 million tons of CO2 would be stored in
5 years (Fagorite et al., 2023). A study was carried out in the
Alberta Basin to identify and characterize a geological storage site
of more than 800 m. The criteria used to select the site were the ease
of accessing the site for CO2 storage (injectivity and permeability),
cost of the whole procedure (economics), storage of the gas
(containment), protection of the environment from containment,

TABLE 2 (Continued) Current research on computational analysis of CCS studies.

Reference Nature of study Computational tool used Study findings

Wu and Li (2023) Modelling and optimization of hydrogen-based
integrated energy system with refined power-to-
gas and carbon-capture-storage technologies
under carbon trading

Simulation computations The proposed approach could result in a low-
carbon electric energy supply and usage mode,
which satisfies the hydrogen demand. In
comparison to the reference point, the model
showed an outstanding economic, energy and
environmental performance with a 31.81%
decline in operation cost and a 20.19% reduction
in CO2 emission

Wu et al. (2023) Mathematical optimization for carbon capture
and transport problems in the CCUS

Mixed-integer programming model, numerous
computational experiments

Lower fuel price leads to lower charter costs or
increased ship sailing speed which increases the
CCUS profits

Xie et al. (2023) Study of CO2migrations and flow characteristics
in sandstone based on laboratory injection
experiments combined with computational fluid
dynamics (CFD)

computational fluid dynamics (CFD) numerical
simulation

Injection rate and pressure have an effect on the
super-critical CO2 migration path. In addition,
the supercritical migration path can be predicted
through the fluctuation of the injection pressure-
time curves. The pressure distribution of the
fluid changes based on the injection pressure

Kumar et al. (2022) Review of experimental and numerical studies of
utilizing CO2 in enhancing oil recovery,
focussing on the mechanisms of the process

Various experimental, numerical and theoretical
studies were presented

It was reported that over 80% of oil reservoirs in
the world are suitable for CO2 sequestration to
enhance oil recovery. The holdback is the costs
associated with the cost of CO2 capture.
Moreover, accurate reservoir screening based on
the permeability, viscosity, reservoir
temperature, oil saturation and porosity is
essential in the successful implementation of
CO2 sequestration in oil reservoirs

Proietti et al. (2022) The generation of 3D petrophysical models and
equations for calculations of the storage volumes
in the Adriatic sea Italy

3D petrophysical models and equations Saline acquirers with differing lithologies at
optimize depths has the capacity to host
substantial amounts of CO2
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TABLE 3 Carbon capture and sequestration Projects.

Company name and
location

Capture/Sequestration technique Process description Reference

Swiss company Clime Works Direct absorption of atmospheric CO2 Equipped with a filtering mechanism, which
employs a chemical reaction to capture CO2 and
store it in a 50-ton tank. Chilled ammonia post-
combustion technology which is used to test the
removal of CO2 from combustion gases with chilled
ammonia as the solvent

Daniel (2019),
Bloomberg (2019)

Chevron Gorgon Project in
Australia

Liquefied natural gas facility carbon dioxide capture
and storage

Captured CO2 is injected into a giant sandstone
located 2,499 m beneath Barrow Island where it
forms a permanent stone
The pressure on the overlying landforms is
controlled by injecting water

Chevron Australia
(2019)

Technology Centre Mongstad
(TCM) in Norway

The world’s largest testing facility Developing and improving carbon capture and
storage technologies

Barnard (2019)

Montana State University
(Montana)

Experimental study - storage of carbon on agricultural
soils

The object was to optimize carbon storage and to
develop monitoring, verification and accounting
protocols for carbon storage in six wheat farms
Observation - annual crop rotation to replace fallow
wheat led to greater soil organic carbon storage

Montana Golden
Triangle (2009)

The Powder River basin located in
northern Wyoming

Storage of anthropogenic CO2 in unmineable coal beds
and also enhanced CH4 production

In the economic feasibility study of this project, the
cost of the CO2 separation from the flue gas was the
major cost in the CO2 storage in the unmineable coal
seams

NETL Powder River
Basin (2007)

Moscow Mountain area near north
central Idaho

Forest Management in controlling CO2 The Digital Elevation Model (DEM) and light
detection and ranging (LiDAR) survey were used for
estimating biomass aboveground and carbon pools

BSCSP (2007)

Santos and Campos basin in
Southeastern Brazil

CO2 sequestration in the oil fields and natural gas was
to improve yield

Geological properties of the reservoir were shales,
with freshwater lacustrine, and blackish lacustrine
faces. It also had igneous rocks with poorly
differentiated alkaline sequences, it also has
sedimentary rocks mainly sandstone with clasts of
volcanic rocks

d’Almeida et al. (2018)

Bajedo field in Brazil Theoretical study with a model of a 31 km2 basalt rock
reservoir of thickness 300 m

The variables investigated were reservoir
characteristics, pore pressure and temperature; these
were deemed imperative as they influence the
carbonation of CO2 in the basalt rocks. CO2 was
assumed to be injected into porous rocks with
differing porosity. The obtained storage capacities
were ranging from 15.8 to 47.0 Mt

Ramos et al. (2023)

Conestoga Energy Partners, Kansas
United States of America

Bonanza Bioenergy CO2 captured from ethanol
production

Corn and sorghum are the feedstock in this process
and 55 M gal of ethanol are produced per year

Global CCS Institute
(2022)

Wallula paper mill near Wallula in
Southeastern Washington State

Fluor Corporation’s Econamine Plus carbon capture
technology is specifically engineered for capturing
combustion gases from the biomass boiler

In this initiative, a biomass power system was
proposed with an integrated amine-based CO2

capture facility to capture about 5.5 × 105 tons of
CO2 per year for geologic sequestration. The CCS
technology had an avenue to provide a technology
that generates a net negative carbon emission
footprint, as well as reducing the quantity of natural
gases utilized at the mill equating to about
200,000 tons of avoided CO2 emissions. This is
expected to lead to 1.1 × 106 tons of CO2 per year

McGrail et al. (2010)
Muller et al. (2020),
White et al. (2020)

Sonatrach, BP, Statoil Algeria The amine process is used to separate CO2 from
natural gas

The captured CO2 is compressed and injected into
the sandstone low-permeable reservoir at high
pressure
Equipped with numerous monitoring techniques
such as seismic, remote sensing, and tracers for CO2

injected

Global CCS Institute
(2022)

Total Energies, Nereco, The
Technical University of Denmark,
Denmark

Project Bilfrost – CCS research and demonstration for
storage in depleted oil and gas fields

Planning of carbon capture and sequestration
research project to evaluate CO2 transport and
storage at the Harald field in the Danish Nort Sea as
well to quantify the potential of using the Danish
Underground Consortium

Global CCS Institute
(2022)

(Continued on following page)

Frontiers in Energy Research frontiersin.org15

Ndlovu et al. 10.3389/fenrg.2024.1450991

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1450991


and the total volume of the pore space (capacity). It was found that
the Heartland Redwater Leduc Reef was the best site for CO2

containment (Gunter et al., 2009). A feasibility study was carried
out on the Northern Michigan Basin (CarbonSAFE–Northern
Michigan Basin CS-NMB) storage complex. In this study, the
Integrated CCS Pre-feasibility, Site Characterization, and Storage
Complex feasibility were accessed. It was demonstrated that the
complex had the capacity to store over 50 million metric tons of CO2

(Kelley et al., 2018).
Numerical modeling has been carried out with a multiphase

fluid flow of sustained CO2 injection into the deep sand aquifers of
Wyoming’s Powder River basin. It was observed that CO2 migration
and residence results in an unplanned impact of brine displacement
on an extended scale, potentially moving to adjacent sealing layers.
The basin aquifer was computed to be able to store CO2 for over
1,000 years (McPherson and Cole, 2000). Another modeling study
was carried out on the Alberta Basin, focussing on the interaction
between the charged CO2 and the carbonate rock in the aquifer. It
was observed that CO2 leads to rapid dissolution of the calcite and
dolomite precipitation, which might be essential in CO2

sequestration (Ghafoori et al., 2017).

3.5.2 Sequestration in oil/gas wells
There are numerous oil/gas recovery-enhancing projects

simultaneously sequestrating carbon dioxide. A pilot test study
was carried out in the Chang 9 tight reservoir of Baibao oilfield
located at the Ordos Basin in China for the CO2 –EOR. Two
procedures were applied: injection through nine wells and

through two newly drilled wells via continuous injection (CI) and
water alternative gas injection (WAG). The simulation results
showed that WAG increased oil production by 7.9% and 16.2%
for the two- and nine-injection processes, respectively. In contrast,
CO2 storage in the WAG procedure was decreased by 9.6% and 15%
for the 2-and nine-CO2 injection well scenarios, respectively.
Overall, it was observed that the WAG has a negative effect on
CO2 storage (Ren et al., 2023). Another oil-enhancing project in
operation is Project Salah in Algeria, which stores 1.2 mega tonnes of
CO2 annually. This operation began in 2004 and is run by Statoil and
British Petroleum (BP). Salah region has approximately 20 m of
sandstone in the Krechba gas field with four gas production and
three injection wells. Dynamic models, geomechanical, geological,
micro-seismic data, and time-lapse seismic have been utilised. In
2011, injection was stopped, and CO2 was safely migrated to the
overburdened rock from the reservoir; up to about 4 million tons of
CO2 had been sequestrated (Riddiford et al., 2003; Vasco et al.,
2018). Statiol ASA initiated Project Snøhvit in Norway in 2007. In
this project, CO2 obtained from an LNG unit was injected into a
2,600 m deep reservoir to extract crude oil without the use of
offshore oil extracting equipment (Onyia and Osuma, 2010).

The Weyburn project, situated in the Williston Basin of
Saskatchewan in Canada, commenced CO2 injection in the year
2000. In this project, approximately 3,000–5,000 tons of CO2 are
injected into the Utsira injection well per day by the Dakota
Gasification Company, with operation expected to continue up to
the year 2030, by which 20 mega tonnes of CO2 will have been
stored. The main composition of the reservoir is carbonate stone,

TABLE 3 (Continued) Carbon capture and sequestration Projects.

Company name and
location

Capture/Sequestration technique Process description Reference

Shenhua Group, China Yulin Coal to Chemical project Use of coal-to-liquid facility with carbon dioxide
capture of 2–3 Mt/yr for piping and storage in saline
formations

Global CCS Institute
(2022)

Husky Energy, Saskatchewan,
Canada

Utilization of captured CO2 Utilization of carbon diode captured from ethanol
production used for Enhanced oil recovery (EOR) in
pilot projects. CO2 is transported by trucks to the
injection site. The Canadian government channelled
CAD14.5 million to this initiative

Global CCS Institute
(2022)

Masdar, Emirate’s steel industries,
United Arab Emirates

Post-combustion - MEA absorption Commercial CCS facility for the Iron and steel
industry. Carbon dioxide capture from direct
reduced iron (DRI). The carbon dioxide pipeline is
43 km to onshore injection Adu Dhabi government
provided a capital fund of USD 15 billion

Global CCS Institute
(2022)

Coffeyville Resources, Kansas,
United States of America

Solvent-based physical absorption CO2 capture used for EOR from a petcoke
gasification facility yielding H2 rich syngas used for
ammonia, which is utilized in fertilizer manufacture

Global CCS Institute
(2022)

E.On,Siemens, Grosskrotzenburg,
Germany

Post-combustion -capture using amino acid salt A pilot plant utilizing aqueous amino acid salt for
scrubbing on Staudinger power plant

Global CCS Institute
(2022)

Delta Electricity, New Wales,
Australia

Post-combustion- using ammonia Pilot plant for capture of CO2 with the full capacity
of capturing and storing 100 000t CO2 per year.
AUD 28.3 million obtained from the Australian
government

Global CCS Institute
(2022)

Japan CCS Ltd., Japan Sequestration of captured CO2 in two aquifers close
offshore

CO2 demonstration project- 200 000t Captured
CO2/yr captured for hydrogen plant to be
compressed and injected in offshore saline aquifers
site close to the plant. With a monitoring facility for
2 years

Global CCS Institute
(2022)
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which is made of limestone and dolomite. In Alberta Canada, a
company known as Enhance Energy is in charge of a CO2 injection
project where 14.6 mega tonnes of CO2 are stored per year and a
total capacity of 2 Giga tons. In Estevan, the SaskPower Boundary
Dam plant has been projected to have the capacity to sequestrate
1 million tons of CO2 per annum. In this project, 90% of CO2 is
pumped into a sandstone deposit in the Weyburn field (Whittaker
and Rostron, 2003; Jensen et al., 2009). In the project, Frio brine,
CO2 gas was injected into the Frio sandstone reservoir in two phases.
By the completion of the second phase in 2006, 3200t of CO2 had

been sequestrated (Gomez 2006). In Ketzin, Germany, a project of
CO2 injection into the aquifer beneath sandstone using conduit was
carried out from 2008 to 2009 (Kalam et al., 2021). In the
United States, Project Port Arthur was initiated in Texas in the
year 2013, with approximately 222,000 tons of CO2 being injected in
the first 5 months, leading to an increase in oil recovery from 1.6 to
3.1 million barrels (Folger, 2014). In Mississippi, United States
3,54 million tons of CO2 were injected into 3,000 m deep
sandstone formation in project Cranfield by the year 2012. This
was an EOR and CO2 sequestration project. The geochemical

TABLE 4 Various approaches and tools for monitoring CO2 leakage in storage

Approach/Tools Capability Advantages and limitations References

Microseismic activity
• Seismometer
• Seismic Imaging (Geophones)

Measures parameters such as
compressional and shear velocities,
density, and seismic attenuations in
geologic formations which can be altered
by CO2 injection and migration

Although they have deep penetration
depth and high spatial resolution for
optimal coverage and accurate detection, it
requires placing the monitoring tools in
proximity to each seismic activity on site
which may be costly to the project.
Moreover, the ability to detect faults is
often correlated with its size, thus small
magnitude events and low signal-to-noise
ratio may result in misinterpretation of
microseismic activities

White and Foxall (2016), Fawad and
Mondol (2021)

Time-lapse gravity
• Gravimeter

Detect mass distribution (negative or
positive gravity) in the subsurface caused
by fluid movements of higher-density
brine displaced by lower-density CO2

Enables more accurate and detailed
monitoring of changes in CO2 storage over
time and the effectiveness of the storage
over time. It cannot, however, monitor
CO2 leakage of reservoirs of greater depth
than 750 m and the presence of multiple
fluids may limit the density contrast of the
fluid

Wilkinson et al. (2017), Appriou et al.
(2020)

Geodetic/integrated deformation
• Global Navigation
• Satellite System Receivers
• Interferometric Synthetic Aperture
Radar

• Total Station Theodolite

Detect an upward migration of CO2

under pressure as the magnitude of
surface displacement increases during
CO2 injection inducing deformation of
the earth’s surface or changing large
surface geometry

It allows for the early detection of
subsurface deformations that might
indicate potential leakage from the storage
site, which is crucial for timely
interventions during leakage.
Additionally, it has a high spatial
resolution and long-term monitoring.
However, it has low sensitivity to small
leakage plumes and requires favourable
conditions (i.e., atmosphere and
vegetation)

Mathieson et al. (2009), Vasco et al.
(2020), Zhang et al. (2022a), Zhang et al.
(2022b)

Magnetotelluric soundings
• DC Resistivity Meter System
• Electrical Resistivity Tomography
• Electrical Resistivity Imaging

Detect changes in fluid content and fluid
salinity (i.e., CO2 saturation and Total
Dissolved Solids concentration) in the
sub-surface by using the surface’s natural
electric and magnetic fields to detect the
electrical resistivity structure of the earth

Provides conductivity information on a
shallow CO2 release but can only detect
plumes within 1000 m depth and the Total
Dissolved Solid concentrations of more
than 10%

Constable (2013), McLeod et al. (2018),
Yang et al. (2019)

Electromagnetics/controlled source
electromagnetic
• Magnetic susceptibility Meter
• Metal detector
• Ground Penetrating Radar

Detect changes in fluid content and fluid
salinity in the sub-surface by using a
man-made source field to excite induced
currents. Dissolution of injected CO2 in
pore water can strongly affect the
electrical resistivity of the water and the
rock. The presence of undissolved CO2 in
gaseous form will increase the resistivity
of the pore fluids and the bulk rock

Although sensitive to resistive contrasts
and can pinpoint subseafloor vertical
migration of resistive fluid phases, this
method has limited spatial resolution, the
surface configuration is not sensitive to
thin-layer plumes, and can readily be
impacted by geometric effects, source
imprint effects, and static shifts

Castillo-Reyes et al. (2023), Yan (2024),
Yilo et al. (2024)

Pulsed Neutron Capture (PNC) logging
• Reservoir Performance Monitoring
System

• Gamma Ray Spectroscopy with a Pulsed
Neutron Generator

Generate a pulse of high-energy neutrons
to measure the ability of an element to
capture thermal neutrons across a wide
energy spectrum and generate a log of
this value. Brine and CO2 have distinctive
sigma values which can be used to
determine fluid saturations at various
depths surrounding the borehole

It provides highly accurate and detailed
information on the reservoir saturation
response to production and injection
operations. However, this method does
not differentiate between CO2 and CH4

and cannot detect at a porosity of <10%
and salinity of <50,000 ppm

Conner et al. (2017), Chen et al. (2021)
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reactions in the reservoir occurred at a very slow rate. The potential
for mineral trapping was restricted because the reservoir rocks
contained only small amounts of reactive minerals needed to
convert CO2 into carbonate minerals. Lu et al. (2013), Young (2012).

3.5.3 Sequestration in unmineable coal seams
The projects on using unmineable coal seams for sequestration

have been gaining attention over the years. In the Japan Yubari
project, field tests were carried out on the Island of Hokkaido in a
5–6 m thick coal seam at a depth of 900 m. The tests were carried out
between the years 2004 and 2007. Water injection and N2 flooding
tests were carried out to improve the injection of CO2 into the seams.
The swelling of the coal matrix was observed to create a high-stress
zone close to the injection well (Fujioka et al., 2010). A pilot
demonstration of CO2 storage in unmineable coal beds was
carried out in the San Juan Fairway Basin of northern New
Mexico, United States. Injection wells were drilled into the
cretaceous Fruitland coalbed for CH4 production using various
monitoring, verification, and accounting methods (MVA). The
project site consists of 31 coalbeds for the CH4 production
located in nine different section areas. The lowest Canyon well
was injected to a depth of 3,000 feet. Comprehensive geological
characterization and reservoir modeling have been conducted to
replicate and understand the reservoir’s behaviour. The injections in
the coal seams were unsuccessful, but the venture laid the
foundation for further research and demonstration in this field
(Koperna et al., 2012; Godec et al., 2014). The Alberta Research
Council Inc (ARC) of Edmonton, Alberta, Canada, led the Canada
Consortium to work with the China United Coalbed Methane Corp
(CUCBM) to develop China’s coalbed CO2/CH4 technologies. Three
micro-pilot tests at three different CH4 reservoirs coalbed were
carried out in order to reduce the investment risk. Phase 1 was a
single micro-pilot design to quantify reservoir properties based on
the existing knowledge of gas storage capacity, thickness of the coal
seams, and static permeability. Phase 2 was to move from a single
well to a five-spot pilot with five wells. While in phase 3, the 5-spot
pilot was expanded into a nine-pattern commercial demonstrated. A
commercial 5-spot 160-acre pattern was employed for the
conceptual full-scale operation assessment. The assessment results
were favourable, forecasting a return on investment within 9 years
and a real rate of return of 12% (Wong et al., 2007;Wong et al., 2010;
Connell et al., 2014). A pilot study was carried out on the storage of
CO2 in coal seams in the Upper Silesian Coal Basin in Poland, which
was known as the RECOPOL project financed by the European
Commission. Between 2004 and 2005, about 760 tons of CO2 had
been injected into the reservoir. An injection well was 150 m deep
drilled on the coalbed. About 10% of the injected CO2 was
subsequently released back into the atmosphere. The injection
was abandoned in the year 2007. The assessment was done to
ascertain whether the injected CO2 was adsorbed onto the coal
or it was present as free gas in pore space. From the measurement
carried with water pressurization and decrease of well pressure, it
was concluded that a large amount of CO2 was absorbed by coal
(Pagnier et al., 2005; van Bergen et al., 2009; Stańczyk et al., 2023).
The Powder River Basin, Wyoming was also accessed to expand the
CO2 sequestration in the coalbed for methane release. It was noted
that the Paleocene Fort Union formation, with a depth of
(91–610 m) has ideal coal for this purpose. Lignite-sub

bituminous coal has a very large volume of biogenic methane
with a thickness of 15–45 m (Montgomery, 1999).

The findings from these projects highlight the dual benefits of
combining CO2 sequestration with enhanced hydrocarbon recovery,
offering a pragmatic solution to reducing atmospheric CO2 levels
while also extending the productive life of oil and gas fields.
However, the variability in outcomes across different geological
settings highlights the importance of site-specific assessments and
continued innovation in sequestration technology. While challenges
remain, particularly in optimizing storage capacity and ensuring
long-term stability, these projects have demonstrated significant
progress. As technology advances, the integration of sequestration
into fossil fuel recovery processes will likely play a critical role.

4 CO2 leakage and the risks associated
with the technology

Although CO2 capture and storage present a viable process to
mitigate the effects of global warming, its success largely relies on
storage security. As with any technology that inherently carries risk,
CCS comes with risks and challenges. One of the major risks associated
with CCS is the possibility of a leakage releasing CO2 back into the
atmosphere, thus negating the initial benefits of the process. Leakage
can occur during geological storage due to a failure of reservoir integrity
or during transportation due to pipeline and storage tank failure. Any
leakage, whether gradual or catastrophic, of anthropogenic CO2 can
have a global or local impact andmay present risks to public health and
cause adverse environmental effects (Vinca et al., 2018). A leakage above
0.01% per year of CO2 is deemed ineffective in reducing anthropogenic
CO2 emissions (Miocic et al., 2019).

The leakage of CO2 that results in its release into the atmosphere
has a global impact; elevated concentrations of CO2 can cause
headaches, dizziness, loss of consciousness, and even fatalities by
asphyxiation of humans and animals. Leakage into the underground
environment has a local impact that causes pollution in the
surrounding area of the storage reservoir, changing the quality of
aquatic systems, soil, and vegetation. Various studies have reported
that an elevated concentration of CO2 causes a change in pH, redox
potential, chemical composition and mineral properties of soil and
water, a change in enzyme and microbial profiles, and influences the
availability of nutrients for plants (Lions et al., 2014; Zhao
et al., 2017).

CO2 storage activities can trigger seismic activity that can cause
earthquakes of small to moderate magnitude (Zoback and Gorelick,
2012; Verdon et al., 2013). The injection of CO2 at large volumes
into the reservoir may alter the state of subsurface equilibrium and
trigger seismicity. Such reactions can destroy the caprock, damage
infrastructure, and even cause casualties in the surrounding areas
(Cheng et al., 2023). Only a few CO2 injection-induced seismic
activities have been reported. The injection of a supercritical CO2-
rich mixture induced 19 detectable events with a maximummoment
magnitude MW-0.5 at the CO2 CRC Otway Project (Victoria,
Australia) (Glubokovskikh et al., 2022). The 18 earthquakes of
magnitude exceeding MW3.0 at Cogdell oil field, Texas
(United States), that occurred between 2006 and 2012 were
attributed to the injection of supercritical CO2 (Gan and
Frohlich, 2013).
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4.1 Leakage through active wells/
during injection

Upon injection, much of the CO2 dissolves into the brine, which
becomes denser and sinks to the bottom, while some remain
buoyant (Alexander and Boodlal, 2014; Duguid et al., 2021). The
difference between CO2 and the brine density causes CO2 to migrate
to the surface of the storage structure. Injection of CO2 into the
reservoir requires a wellbore drilled through the seal formation, an
impermeable layer, and the upward migration might lead to
undesired leakage of CO2 if the integrity of the injection wells is
compromised. The injection well must have functional barriers and
components (i.e., tubing, annulus, casing, cement, pecker material)
that provide isolation between each geological interval, between the
well annuli, and between the well at the surface and the external
environment. Leakage is particularly high during the first injection
of the CCS reservoir field due to the lack of understanding of the
geomechanical reactions to CO2 injection in a geological site
(Gholami et al., 2021). Failure of the injection well can occur at
the tubing, casing, or packer. To ensure the integrity of the injection
well, its operational design should consider parameters such as
pressure, thermal stresses, corrosion-resistant materials, and
injection rates. It should be properly maintained throughout its
life cycle (40+ years) to prevent cracking, corrosion, and degradation
of materials and continual integrity for a planned abandonment for
over 10,000 years (Smith et al., 2011).

4.2 Leakage through abandoned wells

The geological formation for CO2 storage may have pre-existing
or abandoned wells, which can likely be a conduit for CO2 and brine
leakage (Torsæter et al., 2017). It is estimated that 29 million
abandoned wells globally were used for fossil fuel extraction
industries. Abandoned wells require an effective sealing system
for CO2 storage as it traps CO2 within the reservoir (Pawar et al.,
2009). Leakage through abandoned wells is identified as one of the
critical risks in geological CO2 sequestration. This leakage pathway
is more likely in a depleted reservoir, which has been used previously
for commercial oil and gas exploration production. Although the
current sealing technology for closure and abandoned is sufficient to
contain CO2, well integrity undergoes continuous degradation over
time due to geomechanical and geochemical effects, making it a
major challenge to maintain over a long period (Ide et al., 2006;
Vrålstad et al., 2019; Raimi et al., 2021). The older wells in the Gulf of
Mexico were found to have a 50% probability of sustained casing
pressure, indicating failure in at least one of the barrier elements.
Studies have shown that more than 50% of wells that are 15 years old
or older have at least one casing string with sustained casing pressure
(Shadravan and Amani, 2015).

4.3 Leakage through faults and fractures

CO2 storage can induce geo-mechanical reactions, which can
compromise the storage integrity of the reservoir (Miocic et al.,
2019). The geo-mechanical reaction can be a result of either pressure
build-up within the reservoir or thermal cycles during the injection

process. The increase in pressure within the storage reservoir when
injecting CO2 due to a combination of viscous forces opposing fluid
displacement associated with the multiphase flow of CO2 and
compression of the filling fluids (de Coninck and Benson, 2014;
Vilarrasa et al., 2019). The magnitude of pressure build-up is
determined by the thickness and permeability. Injecting CO2 at a
lower temperature than the temperature of the reservoir rock lowers
the total stress in the injection layer (i.e., caprock layer) and
reservoir, causing negative volumetric strains that can propagate
to the surface (Gor and Prévost, 2013; Khurshid and Fujii, 2021;
Vilarrasa et al., 2014; Sokama-Neuyam et al., 2022). The thermal
effects make the stress concentration around the wellbore more
tensile in all directions (Perdomo et al., 2013; Goodarzi et al., 2013).
The change in the effective stress field in the rock reservoir can
reactivate or create fracture networks in the sealing caprocks.
Fractures running through a caprock that would otherwise be
impermeable can thus provide a pathway for CO2 leakage and
are generally rapid (Nicol et al., 2011; Verdon et al., 2013). It is,
therefore, crucial to perform a geo-mechanical analysis of the
storage rock to determine the fracture pressure of the cap rock to
avoid over-pressurizing the storage rock and minimize the risk of
CO2 leakage.

Risk assessment studies have reported that leakage through
fractures and faults is more problematic than through active and
abandoned wells, as fractures and faults impact cannot be
generalized and predicted (Goodarzi et al., 2013; Li and Laloui,
2017). Moreover, only a few technical methods are available to
resolve their impact (Turrell et al., 2022). An assessment report of
the CO2 storage in the North Sea reported a low-level leakage of
active and abandoned wells (leakage probability of ≤0.005 per year)
with a leakage rate of up to 10 tonnes per day whilst leakage rate
from the faults and fractures ranged from 50 to 1,500 tonnes per day
(Jewell and Senior, 2012).

5 Monitoring of CO2 leakage

5.1 Storage reservoir monitoring

The security of CO2 sequestration projects is a major concern;
thus, monitoring CO2 in storage is a critical component and a
regulatory requirement for all CSS projects. Monitoring systems are
designed to detect and quantify any CO2 leakage within a defined
area of surveillance to ensure the performance, reliability, and safety
of the process. Monitoring allows the leaks to be detected long before
damage ensues; thus, they can be observed to predict their long-term
consequences and to plan the most efficient intervention without the
need for unnecessary immediate operational shutdowns. Although
the monitoring programs of different CO2 storage projects share the
same objectives, their design and selection are largely influenced by
the risk assessments, the regulatory requirements, and the needs of
the geological sites (Dean et al., 2020).

The monitoring program requires an assessment of the natural
conditions of the geological site before implementation of the CCS
projects to establish baseline monitoring. The baseline assessment
includes hydrogeological, geochemical, and geophysical analysis of
the site and the nearby injection and operations (Barth et al., 2015).
Thoroughly assessing hydrological characteristics such as
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groundwater levels, flow direction and velocity as well as water-
bearing formation, its thickness, and hydraulic conductivity ensures
that the CCS project does not negatively impact water resources
around the storage site (Edet and Okereke, 1997; Brydie et al., 2014).
The geochemical characteristics such as pH, alkalinity, dissolved
inorganic carbon, total dissolved solids, and trace elements are
essential in understanding the interaction of the injected CO₂
with the host rock, and the surrounding fluids (Jeong et al.,
2017). The geomechanical parameters that determine in-situ
stress, fracture density and orientation, caprock integrity and
permeability of the rock formation, induced seismicity potential
and the thermal properties are essential in predicting the behaviour
and the response of the storage land and the subsurface to
CO2 injection (Khalilidermani and Knez, 2024). Any changes
following CO2 injection in the operational phase through to site
closure that deviates from the established baseline conditions and
the physical movement of injected CO2, changes in gas and fluid
compositions, and reactions of CO2 with formation waters and
reservoir rocks can be actively monitored to confirm the
effectiveness of site storage. Monitoring tools of various
approaches (i.e., geophysical, geochemical, and satellite) are
deployed at the subsurface to monitor the migration of CO2 and
the stability of the caprock, near the surface to monitor soil,
groundwater, and the atmosphere to monitor levels of
atmospheric CO2 around the site in the event of suspected
leakage (Barth et al., 2015; Fawad and Mondol, 2021). Tools
available for the oil and gas industry, which monitor pressure,
temperature, and passive and active seismic, are readily applied
in CO2 monitoring, while tools that monitor geochemical and
geophysical activity may require modification for CO2

monitoring (Vermeul et al., 2016).
Geological carbon storage should have a comprehensive

monitoring plan that integrates complementary monitoring
techniques to increase assurance to regulatory bodies and the
public, as each method has limitations and disadvantages.
Various geophysical monitoring methods listed in Table 4 can
detect subsurface leakage of CO2 to provide information for risk
assessment and mitigate potential risks (Fawad and Mondol, 2021).
Whilst geophysical properties can be monitored remotely using
wireline logs, geochemical properties require sampling of gas and
fluid from the storage site either with down-hole tools (e.g., u-tubes),
at the wellhead, or via the use of down-hole sensors for in situ
measurements where possible. As with geophysical monitoring,
geochemical monitoring requires establishing a baseline by
determining natural conditions, such as alkalinity, pH, dissolved
constituents in formation waters concentrations of major and minor
cations, anions and trace elements, and stable isotope ratios of water
and selected prior to CO2 injection. Continual monitoring during
the injection phase would reveal changes in gas and fluid
compositions due to the physical movement of injected CO2 and
reactions of CO2 with formation waters and reservoir rocks.

Leakage of CO2 from the reservoir can reduce pH due to CO2

dissolving in the formation water, forming carbonic acid, and could
lead to increased levels of trace metals. Monitoring CO2 leakage by a
change in pH represents a challenge as this can occur naturally with
organic matter or biological processes occurring in the environment
(Esposito and Benson, 2011; Humez et al., 2013; Waarum et al.,
2017). Consequently, geochemical analysis employs chemical tracers

that are injected with the CO2 into the reservoir. Chemical tracers
are well established in the hydrocarbon and geothermal industry for
optimum production. They are now proposed as an effective means
of detecting and quantifying CO2 leaks to the surface from geological
CO2 storage sites. However, there is limited experience with using
chemical tracers to detect CO2 leakage (Roberts et al., 2017).
Chemical tracers are selected according to their public and
environmental safety, suitability for monitoring and analysis,
behaviour, and stability in the environment (interaction with
environmental conditions), and they should allow differentiation
from natural or background sources. Chemical tracers such as stable
isotopes of carbon (13C) and oxygen (18O), sulfur hexafluoride (SF6),
perfluorocarbons (PFCs), and Noble gases (He, Ne, Ar, Kr, and Xe)
have been successfully applied in CO2 monitoring in storage (Myers
et al., 2013; Flude et al., 2016; Ju et al., 2019; Kim et al., 2020; Flohr
et al., 2021).

5.2 Wellbore monitoring

Given the risk profile of the wellbore, it is crucial to monitor CO2

leakage through active or abandoned wells. Changes in temperature
and pressure are common methods of monitoring the migration of
CO2 from the reservoir. Traditionally, downhole sensors are
permanently installed within the wells to monitor temperature
and pressure. CO2 that migrates upwards changes to a gaseous
phase with a large volumetric expansion, causing pressure increase
(Buscheck et al., 2019). CO2 leakage can cause a significant change in
temperature due to the Joule–Thomson effect that may be easily
detectable (Zeidouni et al., 2017; Mao et al., 2017; Islam and
Sun, 2017).

5.3 Application of computational
approaches in monitoring

The advancement of computational technologies in CCS has
significantly enhanced the management and storage of CO2 in
geological landforms. The application of Artificial Intelligence
and Machine Learning allows for numerical simulations and data
analysis which enables more efficient monitoring processes, and
accurate prediction of CO2 behaviour and risks as well as
determining the feasibility of CO2 storage. Studies have described
various ML algorithms that can be applied to CCS monitoring to
ensure the safety and long-term stability effectiveness of CO2

storage, with Neural Networks being the widely used machine
learning (Sinha et al., 2020; Anyosa et al., 2021; Yao et al., 2023;
Ma et al., 2024). Artificial Neural Network (ANN) is more applicable
in geochemical monitoring and can be used to predict CO2 plume
migration and changes in pressure, temperature and saturation
within geological formation which is essential for optimizing
injection strategies. Moreover, they can analyse time series data
from geochemical sensors and predict any deviation that may occur
from expected behaviour that can indicate CO2 leakage (Kim et al.,
2017; Thanh et al., 2019). Li B. et al. (2018) demonstrated the
predictive capabilities of the constructed ANNmodel in the integrity
of injection well throughout its lifespan. The study analyzed the well
attribute data (i.e., well type, well age, CO2 exposed period, well
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construction details and materials), well operation histories and
regulatory changes of 510 CO2 wells at two CO2 EOR fields, West
Hastings oil field andOyster Bayou oil field, United States. The study by
Tillero (2024) demonstrated that the ANN model predicts variation
with time of trapping indices and CO2 cumulative injected volume for
CO2 storage in deep saline aquifers in the Bunter sandstone formation
in the Southern North Sea area in the United Kingdom. The study by
Song and Wang (2021) demonstrated the capabilities of the ANN
model to predict the optimum well design accurately and to evaluate
storage efficiency to maximize CO2 sequestration in Pohang Basin,
South Korea using datasets of 10- and 30-year injection scenarios.
Convolutional Neural Networks (CNN), which is based on the Deep
Learning method, is more effective in geomechanical monitoring and
can be used in the interpretation of seismic data to detect subsurface
CO₂ plumes and deformation, fractures and faults as well as changes in
surrounding vegetation due to CO2migration (Chen et al., 2019; Zhong
et al., 2019; Zhou et al., 2019). Zhou et al. (2018) and Zhou et al. (2019)
demonstrated the detection capabilities and subsurface application of
CNN architecture by developing a detection model based on CNN
which directly learns the mapping relation between seismic data and
CO2 leakage mass at potential CO2 storage site at Kimberlina,
California. The comparative study of Thanh et al. (2024) revealed
that the CNN model emerged as the most precise in estimating the
contact angle within the CO2-brine-mineral system which is vital for
optimising CO₂ sequestration in geological formations. The
effectiveness and predictive capabilities of models require a large set
of data which presents a challenge for CCS due to limited historical data
and the complexity of the geological landforms. Neural networks have,
however, powerful learning capabilities and do not require prior
knowledge from multiple input features. They nonetheless provide
detailed insights into the performance of CO2 in storage helping to
ensure the safety and effectiveness of CCS projects (Yan et al., 2021; Al-
Hawary et al., 2023).

6 Challenges associated with carbon
capture and storage

The CCS project faces many significant barriers that may
impede its adoption and implementation. Some of the key
challenges include.

6.1 Economic viability

As of 2023, it was estimated that the cost of the CCS technology
varies fromUSD 15 – 130USD permetric ton of carbon dioxide (tCO₂)
for industrial processes producing highly concentrated gas streams, but
much higher for direct air capture technology at a range from
100 – 345 USD per ton of CO₂ (Statista, 2023). The cost of the
CCS technology is initially high due to the complex design of the
technology and the infrastructure requirement, which may render the
project economically infeasible and deter investments and financing for
the full implementation of CCS projects on a larger scale. Although the
cost declines with the maturity of the project, the technology requires a
significant energy demand to operate; thus the sustainability of the
project may prove economically inviable (Hardisty et al., 2011; Wang
et al., 2021; Subraveti et al., 2023). The cost of CCU technologies is

projected to decrease in the future as the experience in operating the
technology accumulates, and the market grows, as was observed with
renewable energy technology.

6.2 Regulatory framework

The legal and regulatory framework is considered a significant
component of the CCS project, as they are required to adhere to
governmental and international regulations to ensure
environmental safety, operation reliability, and sustainable and
effective long-term management from their deployment
throughout the project lifetime. The regulation often entails site
selection, operation protocol, closure and post-closure storage site
closure, and risk evaluation. CCS is still in an early development
phase; nonetheless, several countries have developed legal and
regulatory frameworks, which have laid the foundation for other
countries yet to establish their frameworks. The CCS projects can
face a complex and time-consuming process in securing a permit;
this could present a major challenge for CCS projects, which can
prolong the project deployment and increase the overall expenses
(Kerr et al., 2009; Romasheva and Cherepovitsyna, 2019; IEA, 2022).

6.3 Public perception

One of the key issues in the adoption of any technological
project is social acceptance as this can affect residents and local
stakeholders. Studies on public opinion on CCS have reportedmixed
levels of awareness and acceptance of the technology, which is
characterised as low to moderate due to CCS being a young
technology (Vercelli et al., 2013). Misconceptions and public
concerns about the safety and environmental risks can lead to
opposition and resistance from communities and stakeholders
and, thus, may influence the necessary license to operate and the
success of the project (Cohen et al., 2014; Braun, 2017; Tcvetkov
et al., 2019). Engaging with the public and communicating the
technology is important, discussing its pros and cons and making it
understandable, facilitating public participation in decision-making
processes (Vercelli et al., 2013; Vasilev et al., 2019).

Addressing these barriers requires a collaborative effort from
governments, industry stakeholders, academic institutions, and
society to address technological, economic, regulatory, and social
challenges associated with CCS implementation. Policymakers play
a crucial role in providing supportive frameworks, financial
incentives, and regulatory certainty to facilitate the widespread
adoption of CCS as a vital strategy to mitigate climate change.

7 Conclusion and perspective

Carbon dioxide capture and storage are promising strategies for
reducing emissions and combating climate change. Over time,
carbon capture technologies have evolved from traditional
methods like adsorption and absorption to advanced techniques
such as cryogenic, enzyme-based, and hydrate-based separation.
Most current technologies are small-scale and onsite, making them
difficult to deploy widely. Emerging methods, like DAC, which

Frontiers in Energy Research frontiersin.org21

Ndlovu et al. 10.3389/fenrg.2024.1450991

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1450991


extracts CO2 directly from the air, are gaining attention. SMART
technology enhances these processes by improving performance,
enabling adaptive control, and allowing real-time monitoring,
offering greater efficiency and flexibility compared to traditional
methods. Storing carbon dioxide underground in landforms is
generally more cost-effective than seafloor storage due to easier
access and lower infrastructure costs. Machine learning algorithms
and computational studies have significantly improved CCS
technologies by optimizing CO2 behavior predictions, capturing
processes, and analyzing large datasets for better decision-making.
Effective monitoring is essential for maintaining the safety, security,
and long-term containment of CO2 storage sites. Future research will
need ongoing collaboration with regulatory bodies, industry partners,
and research institutions to address the technical, economic, and
regulatory challenges associated with the successful implementation
of CCS (Carbon Capture and Storage). A major obstacle is the
insufficient financial support for CCS initiatives, as they are unlikely
to be profitable in the near term, which discourages investment.
Consequently, without government financial aid, advancing these
technologies will be challenging. Government policies, like a carbon
tax, could help accelerate the adoption of CCS technologies.
Additionally, utilizing carbon is considered a more practical and
cost-effective method for managing CO2 emissions.
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