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HIGHLIGHTS

e Thermal and pressure manipulation strategies aimed at optimizing CO, hydrate formation and stability were examined

e The evaluation was performed based on incorporating both experimental data, simulation, and theoretical deductions studies.
o The study revealed novel electrical heating systems and different pressure management techniques.

e Thermal and pressure controls, like electrostatic interactions and cycling, impact CO, hydrate stability efficiency.

o The findings offer promising approaches for the controlled formation and stability of CO, hydrate.
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This review examines recent advancements in thermal and pressure management strategies for optimizing CO-
hydrate formation and stability in subseafloor saline sediments, focusing on their application in carbon capture
and storage (CCS). The research synthesizes findings from various studies, exploring how temperature and
pressure manipulation, coupled with chemical additives, enhance CO: hydrate kinetics, stability, and seques-
tration efficiency. Novel approaches, such as electrical heating systems and pressure cycling, are discussed for

their role in promoting hydrate formation. Challenges, including sediment heterogeneity, salinity variations, and
environmental impacts, are critically analyzed. The review concludes by identifying research gaps and suggesting
innovative methodologies to improve hydrate-based CCS efficiency. This work provides a comprehensive un-
derstanding of the current state and future direction of COz hydrate research, contributing to advancing envi-
ronmentally sustainable energy practices.

1. Introduction

In recent years, the formation and stability of CO, hydrates have
garnered significant attention due to their potential in carbon capture
and storage (CCS) technologies [1,2]. CO2 hydrates, or CO5 clathrates,
are ice-like compounds that form from water and CO, under specific
temperature and pressure conditions [3]. These hydrates have emerged
as a promising option for long-term CO; storage, offering a secure and

environmentally friendly alternative to traditional storage methods.
Optimizing CO5 hydrate formation in sub-seafloor saline sediments is
essential due to these geological formations’ vast potential storage ca-
pacity. Sub-seafloor saline sediments provide an extensive and naturally
occurring reservoir for storing CO3 in hydrates [4]. By focusing on these
sediments, we can tap into a substantial storage resource that can
sequester large volumes of CO over extended periods. Furthermore, the
stability of COy hydrates in sub-seafloor saline sediments is of great
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interest for ensuring the long-term containment of captured CO, [4-6].
It is essential to develop strategies for enhancing their formation and
stability in this specific environment. Thermal and pressure manage-
ment strategies are vital in optimizing CO; hydrate formation and sta-
bility in sub-seafloor saline sediments, as illustrated in Fig. 1. By
carefully controlling the temperature and pressure conditions within the
sediments, researchers can influence the formation and dissociation of
CO4 hydrates, thereby maximizing their storage capacity and longevity
[7]. Thermal management involves manipulating the temperature to
promote the formation of CO, hydrates, while pressure management
focuses on maintaining the appropriate pressure conditions to ensure
their stability [8]. Understanding and implementing these strategies are
vital for harnessing the full potential of CO5 hydrate-based storage so-
lutions in sub-seafloor saline sediments.

Previous works have intensely highlighted the potential of opti-
mizing COy hydrate formation and stability in marine sediments via
thermal and pressure management. However, there is a need for further
investigation into the specific mechanisms and factors influencing CO5
hydrate formation in sub-seafloor saline sediments because their long-
term stability is compromised in the harsh conditions of sediment het-
erogeneity, high temperature, pressure, and salinity. Understanding the
interplay of temperature, pressure, and sediment chemical composition
in this context is crucial for developing effective thermal and pressure
optimization strategies. The potential for large-scale implementation of
these strategies, considering factors such as technological feasibility,
economic viability, and environmental impact, has been partially
described in manuscripts. This work comprehensively investigated
novel thermal and pressure techniques, materials, and approaches for
achieving and maintaining optimized CO2 hydrate formations in sub-
seafloor saline sediments. Furthermore, integrating these strategies
with existing sub-seafloor engineering practices and technologies is
explored to address potential compatibility or operational challenges.
The comparison of numerous experimental and simulation results
related to optimizing CO5 hydrate formation and stability in sub-seafloor
saline sediments via thermal and pressure management reveals both
successes and limitations. Identified research gaps in optimizing CO,
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hydrate formation and stability via thermal and pressure management
studies are addressed, and potential interventions are proposed.
Furthermore, the impact of geological heterogeneity, salinity, fluid flow
dynamics, temperature fluctuations, limitations, and proposed in-
terventions for field applications are discussed in detail. Our findings
offer a concrete foundation for future research and application in energy
storage and carbon capture domains. As we steer toward an era of
environmentally conscientious energy practices, these insights pave the
way for advanced hydrate-based technologies that promise increased
efficiency and sustainability.

2. Fundamentals of CO, hydrate formation

Comprehending the formation mechanisms of COz hydrates is crucial
for optimizing their stability and formation in various environmental
conditions. This section delves into the molecular interactions, struc-
tures, and key factors influencing the kinetics and stability of CO2 hy-
drate formations, especially within sub-seafloor saline sediments. By
examining the processes at the molecular level, researchers can better
comprehend how CO: hydrates can be used in carbon capture and
storage technologies.

2.1. Molecular mechanisms of CO2 hydrate formation

In the case of CO; hydrate formation, the clathrate structure and CO,
inclusion mechanisms play a crucial role [9,10]. Water molecules
arrange into a lattice structure, forming cages that trap CO5 molecules
[11]. The carbon dioxide (CO,) inclusion mechanisms involve the for-
mation of these cages, where the CO, molecules are encapsulated within
the water lattice in a specific arrangement, as shown in Fig. 2. This
arrangement is primarily stabilized by van der Waals forces between the
CO4 molecules and the surrounding water lattice, forming CO, hydrates
[11,12]. Water molecules act as the host structure for CO, molecules,
providing the framework for forming CO hydrates. The arrangement of
water molecules in a lattice structure creates cavities or cages that can
accommodate CO5 molecules. The van der Waals interactions facilitate
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Fig. 2. The structure of CO, clathrate hydrates and cage types [15].

the trapping of CO5 molecules within the hydrate cages, contributing to
the overall stability of the CO5 hydrate structure. The hydrogen bonding
between water molecules maintains the integrity of the lattice itself but
does not directly stabilize the CO2 molecules inside the hydrate cages
[13]. As CO2 molecules are trapped within these cages, the water mol-
ecules provide a stable environment for CO2 hydrate formation and
contribute to the overall stability of the hydrate structure [13,14].

2.2. Influential factors on CO hydrate stability and formation kinetics

The stability and kinetics of CO: hydrate formation are highly
dependent on several environmental and chemical factors. This section
explores the impact of temperature, pressure, salinity, and sediment
composition on the formation and dissociation of CO2 hydrates. By un-
derstanding how these factors interact, researchers can develop strate-
gies to enhance the formation efficiency and long-term stability of CO-
hydrates in marine sediment environments.

2.2.1. Impact of temperature, pressure, and salinity on CO, hydrate
formation

In recent research investigations, the impact of temperature, pres-
sure, and salinity on CO5 hydrate stability and formation kinetics has
been a focal point [16-18]. These influential factors are crucial in un-
derstanding and optimizing CO, hydrate formation and stability in sub-
seafloor saline sediments [18]. Temperature has been revealed to in-
fluence CO, hydrate stability and formation kinetics significantly.
Studies have shown that lower temperatures generally promote the
formation of CO5 hydrates, as the lower thermal energy facilitates the
molecular rearrangement necessary for hydrate formation [17,19]. Liu
et al. [20] revealed that a temperature drop from 255 to 235 K signifi-
cantly reduces the linear growth rate of COy hydrates. In contrast,
Dhamu et al. [21] reported that the stability of CO, hydrates in oceanic
sediments at depths of 1 km with a higher pressure from 10 MPa and low
temperatures between 276.15 and 277.15 K can sustain hydrate stability
for extended periods. Yet, the exact temperature conditions for optimal
COs hydrate formation and stability are subject to further exploration,
especially in sub-seafloor saline sediments. Pressure is also a critical
factor in CO5 hydrate stability and formation kinetics. Higher pressures
can enhance the stability of CO, hydrates, as they provide the conditions
for forming a stable hydrate structure [22,23]. However, molecular
simulation investigation by Liu et al. [20] reported that pressure has

little effect on CO; hydrate formation. Instead, temperature plays a more
significant role in the growth rate of hydrates. In contrast, the study by
Yang et al. [24] revealed that varying pressures, temperatures, and flow
rates can influence COy hydrate saturation in porous media. Certain
conditions, like stopping CO5 flow, can prevent blockades that may
appear frequently at higher pressures. The divergent observations
emphasize the need for comprehensive investigations considering mul-
tiple factors to elucidate the intricate dynamics of CO, hydrate forma-
tion. In addition, salinity is another factor affecting CO, hydrate stability
and formation kinetics. Research has indicated that salts in sub-seafloor
saline sediments can impact the equilibrium conditions and kinetics of
CO3 hydrate formation [25]. The interaction between CO,, water, and
salt ions influences hydrate formation’s thermodynamic and kinetic
aspects, making salinity a critical parameter for optimizing CO, hydrate
stability. Also, hydrate formation may lead to increased salinity in the
fluids, affecting the properties of the hydrate lattice and the system’s
overall stability [26]. Thus, the influence of salinity variations provides
valuable insights for tailored and controlled CO, release [27]. The
practical significance of optimizing the encapsulation matrix to respond
to varying saline conditions, such as nanoparticle-assisted surfactant/
polymer formulations and responsive coating technology, is crucial for
enhancing CO, formation and stability in saline sediment environments
[28,29], particularly in the context of carbon capture and storage
technologies.

Zhao et al. [30] conducted molecular dynamics simulations to
investigate the optimization of COy hydrate formation and stability in
marine sediments through thermal and pressure management. The
simulations used a configuration with a 4 x 4 x 3 sI CO; hydrate unit
cell in a salty solution containing NaCl and water molecules. The force
field parameters for water, CO, molecules, ions, and water—ion in-
teractions were specified to predict CO, hydrate phase boundaries
accurately. The molecular simulations were performed using GROMACS
2022, and the growth process of CO5 hydrate in salty water was evalu-
ated. The study tracked the time evolution of hydrate cages, CO, mol-
ecules in different phases, and ion concentrations in the hydrate phase.
The results revealed the three stages of hydrate growth: an initial phase
of fluctuation, a steady growth phase, and a dynamic equilibrium phase.
The mechanism of ion entry into the hydrate structure was examined,
showing that both Na* and Cl™ ions could enter the hydrate phase, with
Cl- revealing a closer association with the hydrate structure. The tem-
perature dependence analysis demonstrated a maximum growth rate at
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265 + 5 K, situated approximately 20 K below the melting point of CO5
hydrate at 5 MPa, as shown in Fig. 3. This optimal temperature range
suggests that seawater desalination through CO, hydrate formation is
most efficient at temperatures ranging from T, — 25 K to Ty, — 5 K|
emphasizing the importance of managing temperature conditions for
optimal performance. Conversely, pressure was found to have a negli-
gible effect on the growth rate of CO, hydrate within the investigated
range, indicating that pressure variations within that range do not
significantly impact the mass transfer process in the simulations.

In addition, the study by Zhao et al. [30] demonstrated that the
growth rate of CO; hydrate slows down with increasing salinity in the
solution. The study observed a correlation between the number of ions
incorporated into the hydrate structure and the solution’s growth rate
and salinity. Specifically, sodium ions (Na') and chloride ions (Cl™)
were found to enter the hydrate structure, with more Cl™ ions present in
the hydrate phase, as shown in Fig. 4. The presence of ions in the hydrate
structure was found energetically unfavorable, leading to a slightly
distorted hydrate structure. Furthermore, studies have highlighted the
role of kinetic control in ion entry into the hydrate phase, suggesting
that the trapping of ions in the hydrate structure is related to the dy-
namic properties of ions in the solution [17,31]. Specifically, the dy-
namic properties refer to the ability of ions to diffuse and move within
the solution [30,32]. Higher temperatures are associated with faster
dynamics of ions in the solution, although ions are more easily trapped
in the hydrate structure at lower temperatures [30]. This phenomenon
can be attributed to the fact that, at lower temperatures, ions diffuse
more slowly in the solution, making them more susceptible to being
incorporated into the growing hydrate structure, as diagrammatically
illustrated in Fig. 5(a). In contrast, ions exhibit rapid diffusion at higher
temperatures, as shown in Fig. 5(a), reducing the probability of being
trapped in the hydrate phase [30]. Therefore, the kinetic properties of
ions, influenced by temperature, play a crucial role in determining the
extent to which ions become incorporated into the CO2 hydrate structure
during growth.
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The investigation by Liu et al. [20] provides a detailed molecular-
level sympathetic view of hydrate cage arrangement and growth. The
study unveiled insightful findings regarding the impact of temperature,
pressure, and salinity on CO4 hydrate formation and stability. Contrary
to expectations, pressure exerted limited influence on the growth of CO,
hydrate crystals, suggesting that increased pressure primarily enhanced
the formation of hydrate nuclei rather than individual crystal growth.
Temperature, however, emerged as a critical factor, significantly
affecting CO5 hydrate growth rates. Lower temperatures delayed initial
growth despite an increased driving force. CO5 concentration played a
key role, with higher concentrations facilitating faster COy hydrate
formation and resulting in higher cage crystallinity. The findings
revealed that NaCl concentration in the system impairs COy hydrate
formation and stability, reducing the formation rate and inhibiting cage
growth, as shown in Fig. 6. The figure shows that the growth rate of both
D-cage and T-cage from pure water was initially highest, resulting in a
more significant overall number of newly formed cages than systems
with NaCl. Observably, during the initial 400 ns of growth, as the NaCl
concentration rose from 3.5 to 20 wt%, there was a slight decline in the
growth rate of CO5 hydrate and the total count of formed cages, indi-
cating that lower salinity areas are preferable for CO, hydrates forma-
tion, stability and storage potential in subseafloor saline sediments.

According to the study by Liu et al. [20] on the inhibitory effect of
salt ions revealed that salt ions could not infiltrate the water cages or be
absorbed into the cage faces during the hydrate formation process, likely
due to the fundamental properties of the molecular structure of hydrates
and the electrostatic interactions involved. The water cages in the hy-
drate structure have a specific arrangement and geometry, creating an
environment that may not be conducive to including salt ions [8,33].
The ions likely face electrostatic repulsion from the water molecules
within the cages, preventing their integration into the crystal lattice.
Additionally, the size and charge of salt ions may not align with the
openings and binding sites of the hydrate cages, making it energetically
unfavorable for the ions to penetrate or become absorbed. The inability
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Fig. 3. Temperature and pressure dependence analysis of CO, hydrate growth rate. (a, b) The growth rate of CO, hydrate in NaCl solution to temperature and
pressure dependencies. (c, d) depict C1~ concentration’s temperature and pressure dependencies in the newly formed hydrate phase [30].
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formation and stability at 255 K, 30 MPa [20].

of salt ions to infiltrate the water cages or interact with the cage faces
reinforces the inhibitory effect on CO, hydrate growth. However, adding
more salt ions could delay the progression of CO3 hydrate growth [17].
Furthermore, the experiments conducted by Husebg J et al. [26] using
bentheim sandstone as a porous medium demonstrates that higher
initial salinity leads to longer induction times and less hydrate

formation, which is attributed partly to the lower energy state of the
system. The study indicates that, for low initial salinity, the porous
media may restrict further hydrate formation before reaching the ther-
modynamically stable salinity threshold for hydrate. This observation
implies that the physical structure of the pore system interacts with
temperature and pressure dynamics, impacting the overall process of
hydrate formation. The experiments suggest that the residual free wa-
ter’s salinity after hydrate formation is a limiting factor for additional
hydrate growth, particularly when the initial salinity exceeds 4.0 wt%
NacCl.

While molecular simulations suggest the potential for Na* and Cl~
ions to enter the hydrate phase, with Cl™ ions exhibiting a closer asso-
ciation with the hydrate structure, as seen in the study by Zhao et al.
[30], experimental findings reveal a different outcome. Liu et al. [20]
revealed that the inhibitory effect of salt ions on hydrate formation is
due to the hydrate lattice’s electrostatic interactions and molecular
structure, which prevent ions from infiltrating the water cages. Specif-
ically, during the hydrate formation process, the water cages maintain a
specific geometric arrangement that repels salt ions, limiting their
integration into the crystal structure. This discrepancy between simu-
lation and experimental results reflects the complexity of ion behavior in
hydrate systems, where theoretical possibilities shown in simulations
may not always be observed in real-world experimental conditions. As a
result, while simulations provide valuable insights into the mechanisms
of ion association with hydrate phases, practical evidence shows that
salt ions are typically excluded from the hydrate structure during for-
mation. Thus, the findings are complementary, offering a comprehen-
sive understanding of ion interactions with hydrate structures. Together,
these approaches provide a more holistic view, acknowledging that the
complexities of molecular interactions can vary depending on the con-
ditions and methodologies used. This balanced understanding allows for
better predictions and strategies when working with hydrate systems in
practical applications.
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2.2.2. Impact of sediment heterogeneity and sediment chemical composition

The influence of sediment heterogeneity and chemical composition
on CO5 hydrate stability and formation kinetics has been the subject of
significant research investigations. Sediment heterogeneity, encom-
passing grain size, mineral composition, and pore structure variations,
has impacted CO, hydrate formation and stability in marine sediments
[34]. Studies have revealed that sediment heterogeneity can signifi-
cantly influence the distribution and availability of water and CO,
within the sediment matrix, affecting the conditions for hydrate for-
mation [4,34]. Pore size and connectivity variations can lead to the
heterogeneous distribution of CO2 and water, influencing the local
thermodynamic conditions and hydrate formation kinetics [35]. Kou
et al. [36] identified a non-uniform distribution of gas hydrate in pores,
with smaller particle sizes contributing to increased heterogeneity,
challenging the notion that gas hydrate distribution in smaller pores
might be underestimated. Temperature variations influenced hydrate
distribution characteristics, leading to the evolution of hydrate growth
habits. Further, Kou et al. [36] introduced a novel metric, the “hydrate
heterogeneity degree,” to characterize and quantify the heterogeneity of
gas hydrate distribution under different conditions of grain particle size
and sample temperature, as shown in Eq.1-3. Essentially, the hydrate
heterogeneity degree provides a numerical value that reflects the degree
of heterogeneity in gas hydrate distribution within the sediment. The
findings revealed changes in these factors influence the degree of het-
erogeneity, as diagrammatically described in Fig. 7, offering a valuable
tool for researchers to precisely analyze and describe the spatial vari-
ability of gas hydrate within sediment samples.

Csh = 0sn = \/Ssn (€H)

Oon = i(si—ssmz/(m—l) ()

Ssn =Y Ssn / m ©)
i=1

From Eq.1-3, the hydrate heterogeneity degree (Cgy) is defined as a
function of the standard deviation of saturation (og;), the hydrate
saturation at layer i (S;), the mean hydrate saturation, Sg,, and the
number of layers (m). This proposed hydrate heterogeneity degree
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quantifies the variability or dispersion of hydrate saturation within a
specific layer relative to the average hydrate saturation across the entire
region. As a non-dimensional parameter, the heterogeneity degree
ranges from O to 1, with a smaller value indicating minimal differences
in hydrate saturation for each layer and a tendency toward a more ho-
mogeneous gas hydrate distribution, and vice versa.

As depicted in Fig. 7, there is a subtle distinction in the hydrate
heterogeneity degrees between experimental runs 1 and 3. Notably, the
hydrate heterogeneity degree in run 5 surpasses that in runs 1 and 3,
confirming the heightened heterogeneous distribution of gas hydrate in
smaller pores. The heterogeneity degrees of experimental runs 1 and 3
reveal an increase as the temperature rises from 3.5 °C to 8.5 °C. For
instance, the heterogeneity degree in experimental run 1 experiences a
significant surge from 0.3 to 0.7398 in run 2, likely attributed to the
vigorous dissociation of gas hydrate. However, with a further increase in
temperature to 8.5 °C, the degree of heterogeneity in experimental run 5
decreases to 0.3031 in run 6. The abnormal rise in heterogeneity degree
from run 5 to run 6 is attributed to hydrate reformation during the
temperature increase in experimental run 6. Overall, the variations in
heterogeneity degree observed in experimental runs 5 and 6 highlight
that the hydrate distribution in small pores tends to become more ho-
mogeneous with increasing temperature.

Furthermore, the chemical composition of sediments has been found
to play a critical role in influencing CO; hydrate stability and formation
kinetics. The presence of minerals with specific surface properties, such
as clays or zeolites, can affect the nucleation and growth of CO5 hydrates
within the sediment matrix [37]. Additionally, interactions between
CO., water, and mineral surfaces can impact hydrate formation’s ther-
modynamic and kinetic aspects [37,38]. Gurjar et al. [39] reported that
clay, specifically bentonite, has a profound impact, significantly
reducing CO, storage capacity. Via his laboratory experiment, obser-
vation revealed that as the clay content increases, there is a substantial
decrease in the storage capacity, as shown in Fig. 8, with 8 wt% clay
resulting in approximately 75 % reduction compared to the non-clay
experiment. The hydrate inhibition effect of clay is attributed to its
water absorption and swelling properties, leading to a reduction in
sediment porosity and, consequently, slower hydrate formation kinetics.

2.2.3. Effects of additives or nucleation promoters on kinetics

Additives, such as sodium dodecyl sulfate (SDS) or poly-
vinylpyrrolidone (PVP), can enhance the local hydrogen-bonding
network among water molecules or help construct mass transfer chan-
nels, thereby improving the nucleation and growth of CO2 hydrates
[17]. Kinetic promoters, such as tetra-n-butylammonium bromide
(TBAB) or tetra-n-butylammonium chloride (TBAC), can also improve
the kinetic properties of CO, hydrate formation [9]. Similarly, thermo-
dynamic promoters, such as tetrahydrofuran (THF) or cyclopentane, can
efficiently occupy hydrate cages under moderate temperature and
pressure conditions, enhancing the stability and formation of CO, hy-
drates [9]. Studies have explored using additives, such as nanoparticles
or surfactants, to enhance the nucleation and growth of CO, hydrates
within sub-seafloor saline sediments [4,25,40]. These additives have
been observed to influence the interfacial properties of the COy-water-
mineral system, promoting the formation of stable hydrate structures
[4,28]. Research has revealed that the restrained selection and appli-
cation of nucleation promoters can significantly impact the kinetics of
CO3 hydrate formation, offering opportunities to optimize the stability
and efficiency of hydrate formation processes. Nucleation promoters
have been revealed to alter the thermodynamic conditions for CO5 hy-
drate formation, leading to improved kinetics and stability [41,42].
Introducing nucleation promoters with specific chemical properties,
such as natural or synthetic surfactants, nanoparticles, or organic com-
pounds, has been shown to accelerate nucleation rates and enhance the
growth of COy hydrates under controlled conditions [43,44]. These
promoters can effectively alter the interfacial properties of the CO,-
water-mineral system, thereby influencing the kinetics and stability of
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Fig. 8. Influence of clay (bentonite) content with respect to sand in the sediment on CO, storage capacity in hydrate formation. SW is saline water, S2 is Silica sand,

and TP is L-tryptophan [39].

CO; hydrate formation in sub-seafloor saline sediments. Li et al. [45]
reported the intricate dynamics of CO» hydrate formation and the
consequential impact of additives, specifically graphene oxide (GO)
nanoparticles and sodium dodecyl sulfate (SDS) surfactant, on the ki-
netics of this process. One notable revelation is the significant promoting
effect observed with the complexation of GO and SDS, highlighting a
pronounced influence on the rate and efficiency of CO, hydrate forma-
tion. The investigation reveals that the composition ratio and mass
fraction of the GO and SDS complex system play key roles in influencing
hydrate formation. The optimal promotion mass fraction is identified as
0.005 % GO +0.2 % SDS, demonstrating a remarkable reduction in
hydrate formation time by 69.7 % compared to pure water and 12.2 %
compared to a single 0.005 % GO system. As per this observation, the
combination of SDS and GO seems to strengthen the system’s heat and
mass transfer characteristics, fostering a conducive environment for the
rapid formation of hydrates. The uniform dispersion of GO in the pres-
ence of SDS provides more nucleation points, enhancing the system’s
ability to capture gas efficiently. Consequently, this leads to a faster and
more stable system temperature, a more pronounced pressure drop, a
significant increase in gas consumption, and a substantial reduction in
generation time. In addition, Li et al. [45] introduced a chemical affinity
model to elucidate the driving force behind the chemical reaction
involved in hydrate formation. Fig. 9 shows the procedural steps for
computing the parameters within the chemical affinity model algorithm.
The model can accurately correlate experimental parameters with time
and provides a reliable tool for predicting hydrate formation in GO and
SDS systems. The simplicity and efficacy of the chemical affinity model
make it a valuable resource for understanding and predicting the ki-
netics of CO hydrate formation, offering insights that could extend to
the broader exploration of additives and nucleation promoters in hy-
drate formation processes.

Srivastava et al. [46] investigated the impact of amino acid kinetic
promoters and a surfactant on the kinetics of CO, hydrate formation,
explicitly focusing on dissociating CO5 gas hydrates (GH) at a high
temperature of 90 °C. Four hydrophobic food-grade amino acids, such as
cysteine, valine, leucine, and methionine, and one surfactant (lecithin)
were considered as potential kinetic promoters for CO; GH. A combi-
nation of these amino acids was explored to assess its impact on the
percentage of CO; retention during GH formation. The findings indi-
cated that the stability of GH decreased with an increase in temperature,
but the addition of promoters, especially leucine + methionine + leci-
thin, significantly enhanced CO, uptake during GH formation. In addi-
tion, Srivastava et al. [46] assessed the economic viability of using
amino acids (leucine and methionine) as kinetic promoters for CO, GH
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Fig. 9. The procedural steps for computing the chemical affinity model algo-
rithm parameters. Where, Ai-Affinity at state i, Ar-Proportionality constant,
t-Time it takes to get to state i, and s, t,-Time it takes to get to k, n;-Number of
moles of gas consumed at t;, n-Total number of moles of gas consumed, R-ideal
gas constant, T-Temperature (K), P-Pressure (Pa), Z-Gas compression factor,
and i-State at the time I [45].

production by calculating the number of moles consumed and
comparing it with the molecular weight of the amino acids. The results
demonstrated that leucine and methionine are economically feasible,
consuming only 0.003 g per mole in each cycle of CO2 GH production.
Further optimization experiments revealed that an optimum amount of
0.5 % by weight of leucine or methionine contributes to higher CO4
entrapment at room temperature. Increasing the amount beyond 1 %
could not significantly enhance CO, gas uptake, suggesting that a spe-
cific threshold is required for the proper functioning of amino acids as
kinetic promoters. According to the study by Phanet al., [47] reported
detailed findings from the computational study investigating the effects
of nitrogen-containing heterocyclic compounds, specifically aziridine,
pyrrolidine, and tetrahydrofuran (THF) on the kinetics of CO, hydrate
formation. The analysis of hydrate growth kinetics revealed that azir-
idine and pyrrolidine could act as effective thermodynamic and kinetic
promoters for CO2 hydrate formation. The study observed an exponen-
tial growth of hydrate cages at lower temperatures (269.1 K), and the
results indicated that, at this temperature, aziridine outperformed both
pyrrolidine and THF in enhancing the kinetics of CO5 hydrate formation.
The simulations showed that, even though aziridine and pyrrolidine did
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not compromise the storage capacity of CO5 hydrates, they significantly
influenced the hydrate growth rates. Notably, aziridine exhibited a
higher growth rate than pyrrolidine and THF at 269.1 K, suggesting its
potential as an efficient CO3 hydrate promoter.

In addition, Farhang et al. [48] examined the influence of sodium
halide additives on CO5 hydrate stability and formation kinetics under
stirred conditions. Sodium iodide at a high concentration (500 mM)
showed limited enhancement, contrasting with varied effects observed
for sodium chloride and sodium fluoride. Gas consumption analysis
revealed concentrations above 350 mM, resulting in gas uptake similar
to pure water, with a crucial transition concentration identified at
around 50 mM for all sodium halides. The comparison of different so-
dium halides showed that sodium iodide demonstrated the best perfor-
mance in terms of CO, conversion, outperforming sodium bromide,
sodium chloride, and sodium fluoride. Further, Farhang et al. [48]
revealed significant insights into induction time, growth rate, and sur-
face potential during CO; hydrate formation. Comparing sodium ha-
lides, sodium iodide and sodium bromide exhibited shorter average
induction times, while sodium fluoride and sodium chloride showed
considerably longer times. The growth rate for CO, hydrates formed in
the presence of aqueous salt solutions peaked at around 50 mM con-
centrations for all sodium halides, emphasizing the crucial role of this
transition concentration in facilitating faster hydrate formation kinetics.
Surface potential measurements demonstrated a negative charge on
hydrate particles, with the highest absolute value observed at the tran-
sition concentration of 50 mM, indicating the importance of surface
interactions in enhancing gas transport and hydrate formation. How-
ever, researchers encounter persistent challenges in optimizing CO,
hydrate formation for practical applications. Despite achieving a con-
version and storage capacity of 18.34 + 3.21 % and 49.02 + 0.06
(volume ratio), respectively, the study acknowledges that these results
fall short of industrial expectations. The complex interplay of factors
influencing hydrate kinetics, including the impact of sodium halide
additives, presents hurdles in achieving higher gas uptake. Therefore,
there is a need for continued research efforts to overcome these chal-
lenges and enhance the efficiency of COy hydrate formation, which is
crucial for its application in areas such as gas storage and transportation.

3. Sub-seafloor sediments: Characteristics and challenges

The study of sub-seafloor sediments is critical in understanding their
role in carbon capture and storage, particularly in the formation and
stability of CO, hydrates. This section delves into the unique properties
of sub-seafloor saline sediments, essential for optimizing COy hydrate
formation. It also addresses the challenges faced in these deep-sea en-
vironments, where extreme conditions can significantly impact the ef-
ficiency of hydrate formation processes. By examining the
characteristics of these sediments, researchers can better tailor strategies
for effective carbon storage and mitigate the impacts of climate change.

3.1. Properties of sub-seafloor saline sediments

The porosity and permeability characteristics of sub-seafloor saline
sediments are crucial for optimizing CO; hydrate formation and stability
[2,4,49]. Porosity, the measure of void spaces in the sediment, plays a
fundamental role in determining hydrate storage capacity. Higher
porosity increases hydrate molecules’ accommodation, influencing the
overall capacity for CO, hydrate formation [49]. The permeability of
these sediments, representing their ability to transmit fluids, is equally
significant. It dictates the ease with which fluids can flow through the
sediment matrix, affecting the distribution and growth of hydrate for-
mations [2,49]. A comprehensive analysis of porosity and permeability
helps identify ideal locations within sub-seafloor sediments for imple-
menting thermal and pressure management strategies optimizing COy
hydrate formation.

The chemical composition of sub-seafloor saline sediments is diverse
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and includes various minerals and salts that significantly influence the
hydrate stability thermodynamic conditions. Notably, the presence of
minerals such as clays, silicates, and carbonates can impact the forma-
tion and stability of hydrates [50-52]. Specific salts, including sodium
chloride (NaCl), magnesium sulfate (MgS0O4), and potassium chloride
(KCl), among others, also contribute to the overall composition, playing
a crucial role in hydrate stability zones [53,54]. Each mineral and salt
present in sub-seafloor sediments introduces distinct interactions and
reactions with water and gases, affecting the equilibrium conditions for
hydrate formation. Identifying regions rich in certain minerals and salts
becomes essential for pinpointing areas with optimal conditions for CO2
hydrate stability. Moreover, understanding the chemical composition
provides valuable insights into the potential inhibitors or promoters for
hydrate formation. Some minerals may act as inhibitors, impeding the
growth of hydrates in sub-seafloor saline sediments. Notably, clay
minerals like kaolinite and illite possess structures that physically hinder
the aggregation of water and gas molecules crucial for hydrate stability
[55]. Additionally, sulfate minerals such as gypsum and anhydrite can
compete with water molecules, disrupting the hydrate formation process
[56]. On the other hand, some minerals function as promoters, facili-
tating the stability of hydrates. Silicate minerals, including specific ze-
olites, provide suitable frameworks for hydrate nucleation and growth,
enhancing stability [57]. Salt minerals, such as potassium chloride, can
also act as promoters by influencing the thermodynamic conditions
necessary for hydrate formation [54].

Characterizing the chemical environment of sub-seafloor sediments
is integral to effectively tailoring thermal and pressure management
techniques. By adapting strategies based on the specific mineral and salt
composition, scientists can enhance CO; hydrate stability and reduce the
risk of dissociation. This knowledge is key for successfully implementing
carbon capture and storage strategies in marine environments, as it al-
lows for targeted and efficient utilization of sub-seafloor resources while
minimizing environmental impacts.

3.2. Unique challenges in COz hydrate formation

The formation of COy hydrates in deep-sea conditions presents
numerous challenges that significantly impact the efficiency and sta-
bility of the process. The extreme environmental conditions in sub-
seafloor regions, characterized by high pressures and low tempera-
tures, pose a formidable hurdle to successfully forming CO5 hydrates. At
depths exceeding a few hundred meters, the pressure can reach several
hundred atmospheres, increasing difficulty in achieving the conditions
for hydrate formation [58]. Moreover, the low temperatures prevalent
in these deep-sea environments demand precise thermal management
strategies to initiate and sustain the hydrate formation process [59,60].
The interplay between high pressure and low temperature necessitates a
nuanced understanding of their combined effects on the kinetics and
thermodynamics of CO; hydrate formation. Overcoming these deep-sea
conditions requires innovative engineering solutions and a compre-
hensive grasp of the underlying physical principles governing hydrate
formation at such depths.

In addition to the inherent challenges posed by deep-sea conditions,
interactions with the seabed and sediment introduce further complex-
ities to CO, hydrate formation. The heterogeneous nature of sub-
seafloor sediments influences the hydrate formation process in unique
ways, presenting sediment-specific hindrances. The presence of mineral
components, varying grain sizes, and heterogeneous permeability pro-
files within the sediment matrix can impede the migration of CO2 and
affect the overall efficiency of hydrate formation [61,62]. Furthermore,
sediment-water interactions play a crucial role in determining the sta-
bility and distribution of hydrates within the geological formations [63].
These complex seabed interactions are prevailing for optimizing CO,
hydrate formation and stability, as they enable the development of
tailored approaches that address sediment-specific challenges. Thus,
unravelling the intricacies of deep-sea sediment dynamics is essential for
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advancing the field of CO hydrate research and ensuring the viability of
sub-seafloor hydrate storage as a carbon capture and storage strategy.

4. Thermal management techniques for optimizing CO, hydrate
formation

The effective management of thermal conditions is critical for opti-
mizing the formation and stability of CO, hydrates in sub-seafloor saline
sediments. Given the unique challenges posed by the deep-sea envi-
ronment, including high pressures and low temperatures, innovative
thermal management techniques are essential. This section explores
various strategies that can be employed to manipulate thermal condi-
tions, thereby enhancing the efficiency of CO, hydrate formation.

4.1. Thermal manipulation strategies

Controlled heating methods are essential in optimizing CO, hydrate
formation and stability in sub-seafloor saline sediments. One prominent
approach involves using electrical heating systems, as diagrammatically
illustrated in Fig. 10 [64]. By applying controlled electrical currents,
researchers can precisely manage the temperature within the sediments,
facilitating the controlled formation and dissociation of CO5 hydrates.
This method allows for a fine-tuned manipulation of the thermal con-
ditions, enabling scientists to study and optimize the hydrate formation
process with high precision [64,65]. Additionally, microwave heating is
another noteworthy technique employed in this context. Microwave
energy can be selectively delivered to specific regions of sub-seafloor
sediments, promoting efficient heating and enhancing the kinetics of
CO4 hydrate formation [66]. Bin Wang [66] revealed that microwave
heating can provide timely and sufficient energy for hydrate formation
and dissociation from hydrate deposits, significantly improving energy
efficiency and gas generation rates. The findings indicate that the
operational strategy for microwave heating can be optimized to achieve
better hydrate formation and dissociation performance, making it a
promising method for COz hydrate formation in sub-seafloor saline
sediments. The controlled nature of electrical and microwave heating
methods provides researchers with valuable tools to investigate and
optimize the underlying mechanisms governing CO, hydrate stability. In
contrast to controlled heating methods, utilizing geothermal gradients
for localized heating offers a unique and environmentally friendly
strategy [2,67]. This approach capitalizes on the natural temperature
gradients in sub-seafloor environments. By strategically placing heat
sources in specific locations within the sediments, researchers can
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harness geothermal energy to induce localized heating [68,69]. This
minimizes the need for external energy inputs and aligns with sustain-
able practices. Utilizing geothermal gradients provides a cost-effective
and energy-efficient alternative, demonstrating the potential for har-
nessing naturally occurring thermal resources to optimize CO, hydrate
formation and stability in sub-seafloor saline sediments [69,70]. Re-
searchers exploring thermal manipulation strategies can benefit from
considering both controlled heating methods and the innovative use of
geothermal gradients to advance CO5 hydrate. This study discussed the
approach of electrical heating systems in optimizing CO5 hydrate for-
mation and stability in marine saline sediments.

4.1.1. Electrical heating systems for optimizing CO2 hydrate formation and
stability

Investigation findings have revealed a specific “intensity window” of
electric field strengths ranging from 0.2 to 0.6 V/nm that significantly
promotes the growth of CO, hydrate crystals [65]. Electric fields within
the intensity window enhance the solubility of CO, molecules, offering a
mechanism for promoting CO, hydrate growth [65]. The dual
effect—altering water molecule alignment and increasing sol-
ubility—contributes to the overall optimization of CO, hydrate forma-
tion. The alignment of water molecules under the influence of the
electric field has been identified as a crucial factor, leading to the for-
mation of cage-like structures and reducing the diffusion ability of free
water [65,71]. This alignment facilitates the growth of CO5 hydrate
crystals within the identified intensity window. Meng et al. [65] thor-
oughly investigated the effects of electrical fields on CO2 hydrate for-
mation and stability through molecular dynamics simulations. Minimal
impact on CO3 hydrate growth was observed at lower field strengths
(0.1 V/nm), while higher field strengths beyond the intensity window
led to the complete decomposition of COy hydrate, as shown in
Fig. 11—a temperature-dependent relationship, indicating different
optimal electric field strengths for CO hydrate-promoting growth at
various temperatures.

CO3 hydrate structural analyses, including examining F4 order pa-
rameters, mean square displacement (MSD), and hydrate cages, provide
detailed insights into the system’s molecular structure and dynamics
changes in electrical heating systems [65,72]. The F4 order parameter
represents alterations in the structural characteristics among water
molecules during hydrate formation, offering insights into the proximity
of the hydrogen bonding network to the crystal structure [65,73]. This
parameter can be determined analytically by computing the dihedral
angle formed by two neighboring water molecules within the system, as
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Fig. 10. The formation of CO, hydrate under the influence of an electrostatic field [64].
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specified in Eq. (4) [65]. The mean F4 order parameter values for water
molecules in hydrate, liquid water, and ice are recorded as 0.7, —0.04,
and — 0.4, respectively [65,74,75]. The positive value for hydrate in-
dicates a stronger correlation between water molecules than liquid
water, while the negative values for liquid water and ice suggest weaker
correlations [65,76]. These values align with the expected behavior of
water molecules in different phases. It’s important to note that these
values are approximate and can vary based on specific conditions and
experimental methods. However, the provided values are consistent
with the typical behavior of water molecules in different states.

Py =11 cos(3)

In Eq.4, indicating the F4 order parameter, ¢, represents the torsional
angle of H—0---O—H, and n denotes the number of oxygens—oxygen
pairs among water molecules located within a radius of a selected
molecule. Fig. 12 depicts the variation curves of F4 over simulation time
for different temperatures (K) and electrical field systems (Vnm) as
observed from Meng et al. [65] investigations on the effects of electrical
fields on CO; hydrate formation and stability. According to this figure,
The F4 values in the system reveal an increase compared to those
without an electric field within the intensity window at diverse tem-
peratures. The curve maintains a constant slope, indicating a consistent
CO4 hydrate growth rate. However, at the electric field intensity that
induces hydrate decomposition, the F4 of the system experiences a rapid
decrease to —0.04, signifying the complete decomposition of the hydrate
crystals within the system at that specific moment. Notably, when the
electric field strength is excessively high, the F4 of the system drops
below —0.04, suggesting that water molecules in the system have

(€3]
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initiated a transformation into an ice structure at this particular
juncture.

In addition, mean square displacement (MSD) is employed to
investigate CO5 hydrate growth under the influence of an electric field
by tracking the average squared distance traveled by individual CO2
molecules over time, as described in Eq.5 [65]. The MSD analysis pro-
vides insights into the diffusion behavior and mobility of CO2 molecules
within the hydrate structure, offering valuable information on the
impact of the electric field on CO, hydrate formation and growth [77].
This approach enables researchers to assess the effectiveness of electric
field promotion in enhancing CO, hydrate formation and better under-
stand the underlying mechanisms driving the process. Meng et al. [65]
reported that within the identified intensity window of electric field
strengths (0.2-0.6 V/nm), the MSD is lower than systems without an
electric field, signifying a reduced diffusion coefficient of free water.
This reduction is associated with the alignment of water molecules
induced by the electric field, forming cage-like structures and promoting
the growth of CO5 hydrate crystals. When the MSD increases at higher
electric field strengths, particularly beyond the intensity window, it
indicates enhanced diffusion and the decomposition of CO, hydrate
crystals.

MSD = R(t) = (|7(i) — 7(0) ) = Y > ([Ri(t) — Ri(to) [*)
In the given expression, R(t) represents the mean squared displace-
ment (MSD) at a specific moment in time. R;(to) denotes the position of
particle i at the initial time t;, and N represents the total number of
particles within the system.
Further, the study by Zhao et al. [64] reported that applying a 150 V
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Fig. 12. F4 structural order parameters at different temperatures (K) and electrical field (Vnm) conditions [65].

electrostatic field in the freshwater system significantly enhances CO5
hydrate formation by approximately 54.5 % compared to conditions
without an electrostatic field. This improvement is attributed to the
electrostatic field’s ability to facilitate the aggregation of water mole-
cules into large clusters, thereby promoting the formation of CO5 hy-
drate. However, the study revealed that the electrostatic field does not
influence the final gas consumption during CO5 hydrate formation, as
described in Table 1, indicating that its impact is more prominent in the
early and intermediate stages of the process. The electrostatic field
revealed a dampening effect on hydrate formation in the memory water
system, where residual hydrate cage fragments remained after decom-
position. Despite this, the overall hydrate formation in the memory
water system is still optimized over the fresh water system, as shown in
Table 1. In this context, the electrostatic field’s influence on memory
water indicates its ability to disrupt the hydrate formation process. In
addition, Zhao et al. [64] revealed that in the saltwater system, an

Table 1
Conditions for hydrate formation in various systems under the influence of an
electrostatic field [64].

Case System Voltage Pressure Temperature Gas

w) (MPa) (X) consumption
(mmol/mol)

1 Fresh (No 3.00 274.15 20.05
electrodes)

2 0.00 3.00 274.15 20.26

3 30.00 3.00 274.15 20.29

4 75.00 3.00 274.15 20.28

5 150.00 3.00 274.15 20.34

6 150.00 3.50 274.15 28.56

7 Memory 0.00 3.00 274.15 20.27

8 75.00 3.00 274.15 20.26

9 150.00 3.00 274.15 20.43

10 3 wt% 0.00 3.50 274.15 26.00

NacCl
11 75.00 3.50 274.15 25.95
12 150.00 3.50 274.15 25.64

electrostatic field influences the entire CO, hydrate formation process.
After the dissolution stage, the field enhances CO5 hydrate formation,
but the intense collision between ions and nuclei under a strong elec-
trostatic field inhibited hydrate growth. Moreover, the electrostatic field
influences ion distribution in the solution, promoting hydrate formation
in specific directions, as shown in Fig. 13.

4.1.1.1. COgz hydrate formation and stability monitoring via electrostatic
field application. The application of electrostatic fields allows real-time
monitoring of COy hydrate stability and formation. Researchers have
developed innovative techniques for non-invasive tracking of hydrate
formation dynamics within saline sediments by leveraging electrostatic
field measurements. This has provided critical data for modeling and
predicting subsurface hydrate behavior, offering new insights into the
temporal evolution of CO; hydrate stability under varying thermal and
pressure conditions. Stern et al. [71] investigated the effects of electrical
conductivity on CO5 hydrate formation and stability. By synthesizing
disc-shaped CO; hydrate samples under specific pressure-temperature
(P-T) conditions, the researchers aimed to understand the electrical
behavior during the formation cycles. Impedance measurements were
conducted using a specialized electrical conductivity cell with Ag-foil
electrodes, allowing for a detailed analysis of the electrical properties
of COy hydrate. The findings revealed that CO, hydrate exhibited
frequency-dependent impedance during synthesis cycles, with distinct
differences observed compared to CH4 hydrate, as shown in Fig. 14. This
finding signifies a nuanced electrical behavior unique to CO, hydrate
compared to CHy hydrate. In the context of optimizing CO, hydrate
formation, this finding suggests that the electrical properties of the hy-
drate are dynamic and influenced by the synthesis process. The
frequency-dependent nature of impedance implies variations in how
CO3 hydrate responds to electrical signals at different frequencies during
its formation. For several reasons, understanding these distinct differ-
ences in electrical behavior is crucial for optimizing CO, hydrate for-
mation. First, it provides insights into the kinetics and mechanisms
involved in forming. The frequency dependence may reflect changes in
the microstructure, connectivity, or distribution of CO; hydrate crystals

11



E.E. Kasala et al.

Fig. 13. Influence of electrostatic field on CO, hydrate formation in saltwater system, Illustration of the arrangement of ions in the

subjected to an electrostatic field [64].
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Fig. 14. Electrical impedance characteristics of CO, hydrate during synthesis cycles. (a) Comparison of real/actual impedance (ReZ) and imaginary impedance (ImZ)
for pure CO, hydrate across multiple frequencies (0.5-300 kHz) as a function of temperature (K). Each data point in the temperature curve corresponds to a specific
frequency, with the highest frequency depicted on the left side of the x-axis and the lowest on the right. (b) Illustration of real versus imaginary impedance (Z) at
three temperatures for CO, hydrate, covering the step-dwell thermal range. Embedded are insets showing Equivalent Circuit Model (ECM) fits. The frequency range
for these fits is 10-300 kHz, representing the simplest ECMs required for acceptable fits with less than 5 % error in the fitted resistance values. (c) Presented example
of complex impedance (Z) and ECM fit for pure CH,4 hydrate for comparative analysis. The frequency range for this comparison is 1-30 kHz. This comparison aids in
understanding the differences in impedance behavior between pure CO, hydrate and CH,4 hydrate, offering insights into their respective electrical characteris-

tics [71].

during synthesis cycles [35,71,78]. By monitoring these electrical
characteristics, researchers can better understand the physical and
chemical processes within the hydrate structure. Second, the observed
differences compared to CH4 hydrate highlight the specificity of elec-
trical responses associated with COy hydrate. This specificity can be
leveraged for developing tailored optimization strategies. For instance,
adjustments in synthesis conditions, such as temperature, pressure, or
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reactant concentrations, can be fine-tuned based on the unique electrical
signatures of COy hydrate. Optimization may involve manipulating
these synthesis parameters to enhance the efficiency and stability of CO,
hydrate formation.

Further, Stern et al. [71] reported that the electrical conductivity of
COs hydrate is notably higher than that of pure CH4 hydrate, particu-
larly across the temperature range of 260-281 K, as illustrated in Fig. 15.
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Fig. 15. Electrical conductivity comparison between pure CO, hydrates along
with pure CH4 hydrate [79], CH4 hydrate +0.25 % NacCl [79], and H,0 ice [80].
Adapted from ref. [71].

This can be attributed to the distinct properties of the guest molecules.
CO, with a larger quadrupole moment and greater volumetric expan-
sion during hydrate formation, likely induces structural changes and
facilitates the creation of additional charge carriers, contributing to
increased conductivity. Differences in lattice structure and defects,
along with the temperature dependence of electrical properties, further
influence the observed variations in conductivity between CO2 and CHy4
hydrates. Thus, the composition of the guest molecule (CO>) could play a
crucial role in determining the electrical conductivity of COy hydrates.
The higher electrical conductivity of CO2 hydrates may indicate
enhanced stability and formation efficiency. It could be advantageous
for monitoring and controlling CO, hydrate formations, especially in
scenarios where electrical properties play a role, such as in electro-
magnetic (EM) methods, particularly in remote settings within the gas
hydrate stability zone.

4.2. Novel approaches for optimizing temperature conditions

Exploring innovative strategies to enhance temperature conditions
for the formation and stability of CO5 hydrates in sub-seafloor saline
sediments involves tapping into the capabilities of smart materials and
phase change materials (PCMs). Smart materials, such as shape memory
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alloys and polymers, can respond to external stimuli, enabling precise
control over the release of stored thermal energy [81,82]. Strategically
integrating these materials within the sediment layers makes regulating
the temperature environment and facilitating the targeted formation
and maintenance of CO5 hydrates possible [82]. Additionally, phase
change materials, such as paraffin wax, fatty acids, and salt hydrates, are
known for storing and releasing large amounts of energy during phase
transitions, presenting an innovative avenue for managing temperature
conditions [83]. By leveraging the latent heat associated with phase
changes, these materials can achieve controlled heating within the sub-
seafloor sediments, contributing to the optimization of CO, hydrate
formation and stability. Table 2 illustrates the significant research
findings on the effectiveness of employing smart materials and phase
change materials (PCMs) in optimizing temperature conditions to
enhance CO; hydrate formation and stability.

Furthermore, innovations in heat transfer mechanisms for sediment
layers are being pursued to enhance temperature management in sub-
seafloor environments. Advanced thermal conductivity enhancement
techniques, such as nanofluids or thermally conductive additives, such
as graphite, carbon nanotubes, metallic particles (such as copper or
aluminum), and various types of ceramics, offer promising ways to
improve heat transfer within the sediment matrix [44,86]. By incorpo-
rating these innovative heat transfer mechanisms, it becomes feasible to
distribute and regulate thermal energy more effectively within the sub-
seafloor saline sediments, thereby influencing the conditions conducive
to COy hydrate formation and stability. Table 3 evaluates different
advanced thermal conductivity enhancement techniques and their ef-
fects on CO, hydrate formation and stability. Additionally, novel heat
transfer enhancement designs, such as structured interfaces or engi-
neered porous media, are being explored to optimize the thermal profile
within the sediment layers [35,87]. These innovations can potentially
refine the temperature conditions necessary to promote COy hydrate
formation and ensure stability in sub-seafloor saline sediments.

5. Pressure management strategies for optimizing CO, hydrate
formation

The influence of subsurface pressure is fundamental in the formation
and storage of CO5 hydrate, as it determines the phase of COo—whether
it will be in liquid or gaseous form [94,95]. Pressures exceeding 800 m
depth are typically high enough to maintain CO- in a condensed state,
which is ideal for maximizing storage capacity [94]. Controlled pressure
level conditions during CO, injection, pressure cycling techniques, such
as cyclic injection and withdrawal of fluids to induce pressure varia-
tions, as well as controlled oscillations in pressure levels to optimize the
conditions for CO, hydrate formation in sub-seafloor saline sediments,
have been identified as crucial factors in promoting efficient CO3 hy-
drate formation and ensuring long-term stability [96,97]. The interplay
between pressure and temperature also plays a critical role [17,98].

When injecting CO», pressure increases within a structural closure
must be carefully monitored. Appropriate management of this pressure

Table 2
Efficacy of smart materials and phase change materials (PCMs) in enhancing CO, hydrate formation temperature stability.
Smart Material/PCM Impact on Temperature CO; Hydrate Formation Potential Applications Observations/ Reference
Regulation Enhancement Comments
Encapsulated PCMs. Smartly regulate drilling Inhibits hydrate decomposition. Drilling fluids for gas Tetradecane core with melamine-urea-
fluid temperatures. hydrate reservoirs. formaldehyde resin shell [84]
Graphene oxide- Tailored phase transition Allows regulation of salt PCM Modified hydrate salt GO provides interaction with PAAAM
modified hydrogels. behaviors. phase transitions. hydrogels. and hydrate salt. [85]
GO and SDS Enhanced formation Reduces the time and gas Kinetic promoters for The addition of accelerators significantly
accelerators. kinetics. consumption for hydrate CO;, hydrates. improves the rate of formation. [45]
formation.
PCM microcapsules Intelligent temperature Prevents unwanted decomposition Smart regulation Emphasizes the key role in maintaining
control of mediums. of gas hydrates. systems. desired operational temperatures. [84]
TBAB and CP systemic Enhances hydrate Increased CO, capture by hydrate CO,, capture and storage ~ Demonstrates that certain promoters can
promoters formation formation improve hydrate creation processes. [42]
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Table 3
Comparative analysis of advanced thermal conductivity enhancement techniques for optimal CO, hydrate stability.
Enhancement Technique Concentration & Impact on Hydrate Observations and Insights Reference
Conditions Formation
Nanofluids 0.1-0.5 wt% Reduced induction time, Nanofluids at optimal concentrations can significantly decrease the induction
Increased kinetics. time of CO, hydrate formation, implying a kinetic enhancement. [88,89]
Graphite Nanoparticles 0.4 wt% under 3.5 MPa Increased maximum CO, The addition of graphite nanoparticles has been observed to decrease
and 277.15 K consumption. induction time by 80.8 % and increase CO, consumption by 12.8 % compared  [90]
to pure water.
Carbon Nanotubes (CNTs)  0.01-0.05 wt% mixed High initial formation rate ~ Functionally adding carbon nanotubes with surfactants led to the highest
with surfactants. & gas uptake initial hydrate formation rate and gas uptake without affecting equilibrium [91]
conditions.
Metallic Particles (Copper  1.57 x 10-2 M - 1.57 x Lower average induction Copper particles at higher concentrations were more effective, lowering the
and Aluminum) 10-1M time. average induction time for forming CO, hydrate. [92]
Ceramics Varied (Specific studies Improvement in the heat Ceramics and other conductive additives can potentially enhance heat [93]
required) transfer process transfer, improving hydrate reservoirs’ gas productivity.

is crucial for the integrity of the CO, formation and storage and maxi-
mizing the useable space within the reservoir [99]. Further, the
controlled oscillations in pressure levels via the pressure cycling tech-
nique help to stabilize the CO5 front and prevent the segregation of less
dense CO»-rich streams within the storage formation [100]. In addition,
temperature and pressure have a synergistic relationship during the
formation of CO3 hydrates. The pressure and temperature conditions can
significantly influence this process’s kinetics and the hydrates’ subse-
quent stability [17]. CO5 hydrates form more readily and are more stable
at high pressures and low temperatures [17,98]. These conditions can
also influence the hydrate formation rate and dissociation [98]. There-
fore, pressure control is key in mitigating the risks associated with CO5
hydrate dissociation [101,102], emphasizing the importance of inte-
grating pressure management strategies into comprehensive risk
assessment and mitigation frameworks for sub-seafloor CO; storage
projects.

High-pressure reactor systems, including autoclaves, pressure ves-
sels, and custom-designed high-pressure cells, play a vital role in
simulating the conditions required for CO, hydrate formation. These
systems are designed to withstand and control high pressures, typically
ranging from hundreds to thousands of psi (pounds per square inch),
allowing researchers to simulate the extreme pressure conditions
encountered in deep-sea environments. Autoclaves, for example, are
commonly used in laboratory settings to subject CO, and water mixtures
to high pressures, enabling the investigation of CO, hydrate formation
kinetics and thermodynamics [21]. Pressure vessels and custom-
designed high-pressure cells are also employed to replicate specific
pressure conditions and study the behavior of CO, hydrates under
varying pressure regimes to optimize the process [103]. These high-
pressure reactor systems are instrumental in advancing COs hydrate
formation and developing pressure management strategies for carbon
capture and storage applications [98,103].

5.1. The role of pore pressure in CO2 hydrate formation

Pore size distribution and particle surface area significantly influence
the formation kinetics of CO, hydrates. The surface area of pores can
impact gas consumption during hydrate formation by affecting the rate
at which CO, molecules are adsorbed onto the hydrate-forming particles
[104]. The growth kinetics of gas hydrates is proposed to be dependent
on several factors including the chemical potential difference of water in
hydrate versus aqueous phase neighboring porous particles [104].
Numerous research investigations have shed light on the crucial role of
pore pressure variations in COy hydrate formation and stability. These
studies have revealed that changes in pore pressure can significantly
influence the conditions under which CO, hydrates form and remain
stable within porous media. The findings indicate that higher pore
pressures generally promote the formation of CO; hydrates by providing
the necessary thermodynamic conditions for their stabilization [105].
Conversely, lower pore pressures can destabilize and dissociate CO2

14

hydrates, impacting their stability [52,105]. Moreover, higher pore
pressures have been observed to accelerate the rate of CO, hydrate
nucleation and growth, leading to more rapid formation within the
porous medium [105]. Conversely, lower pore pressures may result in
slower kinetics, affecting the overall efficiency of CO3 hydrate formation
processes [105,106]. These insights significantly affect the development
of effective pressure management strategies to optimize CO5 hydrate
formation. Furthermore, studies have highlighted the impact of pore
pressure variations on the morphology and distribution of CO5 hydrates
within porous media. Higher pore pressures have been associated with
the formation of more extensive and interconnected CO hydrate
structures, which can influence the permeability and mechanical prop-
erties of the host medium [105,107]. On the other hand, lower pore
pressures may lead to the formation of less interconnected and more
dispersed CO; hydrate phases, affecting their overall distribution and
stability [107]. Table 4 concisely presents the collective insights from
diverse research efforts with different experimental conditions con-
cerning how pore pressure variations can affect the formation and sta-
bility of CO5 hydrates.

5.2. Innovations in pressure control methods

One key area of innovation lies in the development of adaptive
pressure control algorithms such as model predictive control (MPC) and
proportional-integral-derivative (PID) controllers, which have emerged
as practical tools for continuous monitoring and adjustment of pressure
conditions for CO4 hydrate formation and stability in sub-seafloor saline
sediments [111,112]. The adaptive nature of MPC algorithms in-
corporates real-time data and a receding horizon approach to control the
system dynamically, fortifying the formation and maintenance of CO5
hydrates. The robustness and adaptability of MPC, backed by its
computational and predictive strength, make it particularly effective for
managing the complex dynamics involved in the process of CO hydrates
within sub-seafloor saline sediments [113-115]. Conversely, PID con-
trollers operate based on feedback mechanisms that compare a reference
value with a measured variable to determine the necessary adjustments.
Though tuning can be challenging, especially for non-linear or time-
varying systems, PID controllers are widely utilized in industry due to
their simplicity and reliability. They ensure stable operations through
continuous modulation of the control variables [111,112,116]. Adaptive
pressure control algorithms employ empirical formulas, phase equilib-
rium calculations, statistical thermodynamic models, and graphical
methods to predict changes in temperature-pressure and other param-
eters critical to hydrate formation [45]. These predictive tools allow the
control systems to adjust to environmental changes and maintain
optimal CO; hydrate formation and stability conditions [45]. By
leveraging advanced control strategies, adaptive pressure control algo-
rithms can dynamically regulate the injection or extraction of fluids,
maintaining optimal pressure levels critical for CO, hydrate formation
and stability under the fluctuating conditions of the subsurface
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Table 4
Comprehensive synthesis of pore pressure variability impacts on CO, hydrate formation and stability across multiple studies.

Research Focus Experimental Conditions Key Findings Influence of Pore Pressure Reference

Stability of CO, High-pressure reactor CO,, hydrates formed in laboratory-scale high-pressure Stable pore pressure maintains CO, hydrate
Hydrates system reactors mimicking oceanic sediment conditions were stability. [52]

stable for at least a month.

Kinetics of Formation Laboratory conditions with The water-to-hydrate conversion rate was enhanced. Pore pressure variations can impact the rate of

kinetic promoter However, reduced the formation process time with the hydrate formation. [107]
use of a green kinetic promoter.

Hydrate Phase Silica gel porous media Porous media affects the phase equilibrium of hydrate Pore pressure impacts the phase equilibrium
Equilibrium formation due to competition water activity and large and formation rate. [108]

specific surface areas.

Hydrate Formation in Porous media below the CO, hydrate formation studied in porous media below Variations in pore pressure alter formation
Sub-Freezing freezing point freezing point revealed the stochastic nature of formation  behaviors significantly. [109]
Conditions behaviors.

Impact of Liquefaction Porous media with varying CO;, liquefaction promoted the hydrate formation Pore pressure adjustment can enhance the

degrees of CO,, liquefaction process, and the amount was critical in affecting the effects of CO,, liquefaction on hydrate [105]
process in porous media. formation.

Clay Suspensions Presence of clay suspensions ~ NMR kinetics studies showed the presence of clay affects ~ Pore pressure changes alongside clay content
Influence in porous media. hydrate formation and dissociation in porous media. can impact the kinetics of hydrate formation [110]

and dissociation.

environment [98,117]. Table 5 captures a concise research overview of
adaptive pressure control algorithms to improve the kinetics and sta-
bility of CO4 hydrates.

Moreover, using hydraulic fracturing or depressurization techniques
represents another innovative approach to pressure control in sub-
seafloor saline sediments. These techniques depart from traditional
static pressure management, introducing dynamic interventions influ-
encing CO, hydrate behavior. Hydraulic fracturing, for instance, in-
volves the injection of high-pressure fluids to create fractures in the
sediment, facilitating the release and transport of COy [120,121]. This
fracturing process needs to be well understood as it can significantly
increase fracture pressure and influence crack propagation patterns,
where the presence of hydrates and ice crystals in sediments can alter
the dynamics [120-122]. On the other hand, depressurization tech-
niques focus on controlled pressure reduction to induce phase transi-
tions and optimize hydrate dissociation [123-125]. The key is to
implement these strategies cautiously, as the interaction between the
fractures and the propagation of pressure waves plays a vital role in
managing CO; hydrate stability [125]. Both hydraulic fracturing and
depressurization, individually or combined, have shown promise in
improving gas production efficiency from marine hydrate reservoirs
[126]. The intricate behavior of CO5 hydrates under these dynamic
pressure management techniques suggests a need for careful calibration
and understanding environmental conditions to achieve optimal sta-
bility and production [127]. The findings from various research in-
vestigations, as described in Table 6, underline the complexity of using
hydraulic fracturing or depressurization techniques in pressure control
for CO, hydrate formation and stability. Each technique has specific
implications for how COy hydrates behave and remain stable under
different conditions. Implementing CO- in fracturing not only aids in

optimizing hydrate management but also presents an opportunity for
eco-friendly exploitative methods in unconventional reservoirs. It offers
a dual benefit of enhancing gas recovery while contributing to CO5
sequestration efforts [128]. The advancements in these innovative
pressure control methods underline a significant shift toward more
responsive and effective CO, hydrate management strategies in marine
settings [129].

6. Integrated approaches for enhanced CO, hydrate formation

Integrating various methodologies for optimizing CO, hydrate for-
mation is essential for advancing carbon capture and storage (CCS)
technologies. This section delves into the synergistic effects of combined
thermal and pressure management and innovative strategies that
enhance the stability and efficiency of CO, hydrates. By understanding
the interplay between temperature, pressure, and the use of additives,
researchers can develop more effective approaches to facilitate the for-
mation and long-term stability of CO, hydrates in sub-seafloor
environments.

6.1. Synergistic effects of combined thermal and pressure management

Controlled manipulation of temperature parameters is integral in the
formation of CO4 hydrates. It has been demonstrated that by thermo-
dynamic promotion, CO, molecules can efficiently occupy the hydrate
cages under moderate temperature conditions [135,136]. Proper tem-
perature settings aid in surpassing phase equilibrium constraints,
potentially resulting in the solidification of CO5 within water molecular
frameworks [136]. Studies have observed phenomena such as super-
cooling, thermal hysteresis, and hydrate reformation pertinent to the

Table 5
Summary of research on adaptive pressure control algorithms for optimizing CO, hydrate formation and stability.
Study Focus Adaptive Control Algorithm Details  Investigated Conditions Key Findings Potential Impact on CO, References
Hydrate Stability
CO, Hydrate Implementation of advanced High-pressure conditions Improved conversion efficiency Enhanced CO, hydrate
Formation algorithms in lab-scale reactors. and reduced formation process formation and stability [107]
Kinetics. time.
Hydrate-Stability Framework development for Varied thermodynamic Accurate prediction of hydrate More predictable CO, hydrate
Modeling. pressure predictions. states. stability under varying formation and preservation. [118]
conditions.
Replacement Control of CO, replacement in CH,4 High-pressure, low Insights on structure and Optimized CO; injection
Kinetics. hydrate environments. temperature environment. morphology changes during strategies for stability. [119]
replacement.
CO, Hydrate Control algorithms to manage Elevated pressure and low Enhanced hydrate formation and Improved safety and
Morphology. formation and dissociation kinetics. ~ temperature conditions. blockage prevention. efficiency in transport [103,107]

pipelines.

15



E.E. Kasala et al.

Applied Energy 377 (2025) 124680

Table 6
Overview of hydraulic fracturing and depressurization techniques as pressure control methods in CO, hydrate formation and stability: implications and interactions.
Research Focus Key Findings Technique Employed Implications for CO, Hydrate Stability Reference
Fracture Hydraulic fractures tend to propagate along interfacesin ~ Hydraulic fracturing with discrete Suggests a nuanced approach to
Propagation. sediment matrix and massive hydrate. The fracturing fracture models. fracturing in varied sediment and [120,130]

pressure can significantly increase if hydrates or ice
crystals are present.

Resonance in pressure wave propagation can influence
bottom-hole pressure, thus affecting CO, hydrate
stability.

Depressurization assists in CO,-CH, replacement in
hydrate structures, affecting hydrate stability. CO,
injection is considered efficient for potential storage and
stability.

The phase change in CO; fracturing introduces technical
feasibility for reducing CO, emissions and has broad
application prospects in unconventional reservoirs.

Pressure Wave
Propagation.

Depressurization

Methods.

CO,, Fracturing
Technology.

Advanced hydraulic fracturing
techniques to analyze pressure
propagation.
Depressurization-assisted
development and gas extraction
methods.

CO,, fracturing to create fractures,
phase-field simulation to
understand fracturing dynamics.

hydrate structures could enhance
stability.

Indicates that pressure monitoring is
crucial for maintaining stability during
hydraulic fracturing.

Shows depressurization as a viable
strategy for managing pressure and
enhancing the stability of CO, hydrate.

[131]

[123,132,133]

Demonstrates the potential of COy
fracturing as a method for sustainable
pressure control and hydrate stability.

[128,134]

thermodynamics of CO, hydrates and their kinetics in cold thermal
energy applications [20,136]. In complement to temperature, pressure is
a crucial factor influencing the formation and stability of CO2 hydrates.
Elevated pore pressures have been linked to the acceleration of the
nucleation and growth rate of CO, hydrates, indicating optimized for-
mation within porous media when combined with low temperatures
[137,138]. Such conditions can lead to extensive and interconnected
hydrate structures, affecting the host medium’s stability, permeability,
and mechanical properties [24,138].

The synergistic interactive effects of temperature and pressure
management have been fundamental in the evolution of CO, hydrate
studies, as described in Table 7. Fig. 16 outlined the CO2 hydrate kinetic
and thermodynamic evaluations under the synergic effect of pressure
and temperature alongside the promoters’ role in altering CO, hydrate’s
kinetic properties and thermodynamic stability under synergic varying
pressure and temperature conditions from different study investigations
[7,13,139-146]. The additives facilitating CO, hydrate formation could
fall into three categories: single, mixed, and gas additives, each offering
tailored applications within specific temperature and pressure ranges, as
described in Fig. 16. The extent of equilibrium shift varies based on
additive composition. Notably, adding additives to the system shifts the
equilibrium curve toward higher temperatures and lower pressures,
facilitating the formation and stability of COy hydrate. As shown in
Fig. 16, low pressure below 2 MPa with high temperatures of 280 to 293
K is optimal for CO5 hydrate formation, ensuring CO hydrate stability
and long-term storage potential. Therefore, simultaneously optimizing
temperature and pressure parameters alongside additives presents a
promising strategy for enhancing CO5 hydrate formation and stability.
By fine-tuning these variables, researchers can identify optimal condi-
tions across various operational scenarios, broadening the applicability
of COy hydrate technology. The categorization of additives allows for

tailored solutions, while the observed equilibrium shift toward higher
temperatures and lower pressures with additive inclusion highlights the
potential to overcome thermodynamic barriers. Overall, this approach
offers opportunities for improved carbon capture and storage technol-
ogies with enhanced efficiency and adaptability. In addition, the study
by Zhou et al. [147] reported multiscale analyses that provide insight
into the kinetic performance of CO2 molecules during hydrate growth,
emphasizing the importance of optimizing both parameters simulta-
neously for enhanced COs capture. Recent advanced research in-
vestigations suggest effective CO, hydrate formation requires
meticulous coordination between temperature and pressure controls
[101,148]. This can be engineered through real-time monitoring sys-
tems and adaptive control algorithms that incorporate empirical for-
mulas, phase equilibrium calculations, and graphical methods, which
are instrumental in predicting and adjusting the parameters for hydrate
formation [9,101,148].

6.1.1. Computational models predicting optimal conditions for CO2 hydrate
formation

The synergistic effects of combined thermal and pressure manage-
ment are critical for optimizing the formation of CO5 hydrates—a
technology with implications for carbon capture, storage, and energy
transportation. Through various computational models and experi-
mental investigations, researchers have honed in on the synergistic ef-
fects of these variables to optimize conditions for CO5 hydrate
formation. Table 8 presents recent research findings from various
computational models that predicted the optimal conditions for CO,
hydrate formation. These models are instrumental in forecasting the
behavior of this complex system under varying environmental param-
eters and have profound utility in scientific inquiry and applied engi-
neering. They serve as a virtual testing ground for hypotheses, enabling

Table 7
Summary of different research investigation findings on synergistic effects of combined thermal and pressure management for optimizing CO5 hydrate formation.
Research Investigation Thermal Management Pressure Management Synergistic Effects Implications for CO, Hydrate Reference
Approach Approach Formation
Monoethylene Glycol Utilization of Controlled pressure ranges Higher inhibition effect at 15 wt% Enhanced CO, hydrate phase
and Glycine Mixture.  thermodynamic inhibitors to from 2.0 to 4.0 MPa. mixture, with the synergistic boundary prevention compared to  [149]
adjust low temperatures. impact more significant at 10 wt%. individual components.
High-Pressure Liquid CO, is compressed to mimic CO, storage in deep oceanic Saline water may impair hydrate Potentially offers a method for
COs, natural geological sediments under high- formation or dissociation kinetics. CO;, sequestration but with [98]
conditions. pressure environments. considerations for saline
environments.
CO, Hydrate Investigation of phase Focus on the effects of Improved understanding of CO, Insights into how to optimize [135]
Thermodynamics equilibrium, supercooling, pressure changes on CO, hydrate behavior under varied conditions for hydrate formation
and thermal hysteresis. hydrate formation. thermodynamic conditions. for cold energy applications
Mixed Gas Hydrate Thermal management to Addressing pressure Synergistic effects were noted in the  Application in optimizing pipeline
Formation. address gas composition. behaviors in multiphase stabilization of mixed gas hydrates. = management to prevent hydrate [150]

pipelines with high CO,
content.

formation blockages.
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Gas addition

Fig. 16. Synergistic effects of temperature and pressure alongside different additives on CO; hydrate formation and stability: Illustration of equilibrium shift with

parameters variation [148].

Table 8

Based on recent research findings, comparative analysis of computational models for optimizing CO, hydrate formation conditions.

Model Type

Conditions Studied

Promoters/Inhibitors

Molecular Dynamics (MD)
Simulation.

Chemical Affinity Model.

Artificial Neural Networks
(ANN).

Integrated Model for Sub-
seabed CO; Storage.

Experimental Observations
and Growth Models.

Different systems and
initial conditions.

Inhibitory compound
systems.

Multiphase systems,
including crude oil.
Sand sediment
morphologies.
Various conditions of
hydrate formation.

Metal particles (Cu, Fe, Ag)
and varying mass fractions

Glucose and attapulgite

Not specified
Not specified

Green kinetic promoter

Key Findings Reference
Adding metal particles can influence the growth kinetics of CO5 hydrate

systems. Optimal mass fractions range from 0.2 wt% to 1.3 wt% for [771
enhanced growth.

An optimal system of 15 mg/ml glucose and 1.00 mg/ml attapulgite was

found, extending the induction time by ~122 % and reducing gas [151]
consumption by 23.72 %.

ANN models were developed to predict hydrate formation rate in pure and
multiphase systems, achieving high accuracy with R? values close to 1. [152]
This model classifies hydrate formation in three locations within sand

sediment, assisting the design of sub-seabed CO, storage systems. [137]
Experimental results indicated promoters could significantly enhance

water to hydrate conversion, indicating a path to efficient formation [107]

processes.

researchers and engineers to identify the most efficient pathways to
enhance CO; hydrate formation rates and stability. The table encapsu-
lates the essence of this sophisticated work, offering a comprehensive
look at the parameters involved, the interactions considered, and the
outcomes predicted by these advanced computational tools.

6.2. Optimizing conditions for maximum CO_ hydrate stability

The stabilization of CO, hydrates is a critical area of research with
significant implications for CO, sequestration, gas storage, and energy
applications. Enhancing CO, hydrate formation and stability can offer a
viable carbon capture and storage strategy and provide potential
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solutions for energy challenges such as cold storage and natural gas
transport. Researchers and engineers are developing various innovative
methods to optimize the conditions for maximum CO; hydrate stability
in this context. Two noteworthy advancements are hybrid methodolo-
gies that combine thermal and pressure management and multi-stage
approaches that boost CO, hydrate formation efficiency. Table 9 pro-
vides a comparative analysis of the relevance and efficiency of these two
techniques from various research investigations.

6.2.1. Hybrid methodologies merging thermal and pressure management
Hybrid methods that strategically merge thermal and pressure
management play an essential role in enhancing CO, hydrate formation
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Table 9
Comparative analysis of CO, hydrate formation techniques: Hybrid methodologies and multi-stage approaches.
Research Hybrid Methodology =~ Multi-Stage Key Findings Relevance and Efficiency Reference
Investigation (Thermal and Approach
Pressure)

Formation Kinetics No Yes Three distinct stages of hydrate formation Progressive stages led to effectively effective
and (Stages 1, 2, 3) were identified; adding tryptophan as a CO,, hydrate formation. [107]
Observations. kinetic promoter affects formation rates.

Gas Hydrate-Based Yes No State-of-the-art developments in hydrate- Integration of such hybrid systems can lead to
CO,, Capture. based reactors suggest advancements in both  more stable CO, hydrate structures. [159]

thermal and pressure management.

ANN Modeling on Yes No Use of ANN models to predict hydrate Indicates that a combined thermal-pressure
CO2 Hydrate formation in pure and multiphase systems. management strategy can be beneficial for [152]
Kinetics. Outlines the importance of temperature and predicting and enhancing hydrate formation.

pressure control in kinetics.

Phase Equilibrium Yes Yes (Temperature  Conditions required for phase equilibrium Demonstrates the importance of meticulously

Conditions. (Pressure Range Control) provided insights into the necessary controlled thermobaric conditions for hydrate [101]
1.38-3.95 MPa) temperature and pressure for stable hydrate stability.
formation.

Multi-layered No Yes The conversion rate in sediments depends on A multi-stage approach considering sediment
Sediments (Layered layer structure, potentially requiring staged layering could enhance overall CO, hydrate [160]
Kinetics. Conversion or stepped methodologies for optimization. formation efficiency.

Efficacy)

CO, Hydrate Yes No Explores challenges in hydrate stability and Hybrid methodologies are implied to overcome
Morphology and (Strategies for suggests integrating methods to improve CO,  the challenges of slow formation rates and [21]
Stability. Stability) hydrate formation kinetics and understanding ~ uncertain stability in CO, hydrates.

of stability dynamics.

Hydrate Nuclei Yes No Suggests small molecules like CO, are more This supports hybrid methodologies where
Activity. active in hydrate nuclei formation, implying pressure management is crucial for stable [147]

that pressure changes could enhance activity. hydrate formation.

Dendrite Growth Yes (Temperature No Growth rate studies show that controlling Reinforces that thermal management is a
Rate. Control) temperature can lead to three orders of crucial aspect of hybrid methodologies for [161]

magnitude higher growth rates for CO, enhanced hydrate formation.
hydrates.
Synthesis and Yes No Developing reliable and efficient CO5 hydrate  Focuses on understanding how thermal [162]

Dissociation
Behavior.

synthesis methods and investigating the
material’s properties and behavior.

dynamics and pressure conditions affect CO,
hydrate synthesis and dissociation, pointing

toward hybrid methodology benefits.

and ensuring the stability of the hydrates. A hybrid thermal manage-
ment system employs heat transfer methods to maintain the ideal tem-
perature conditions conducive to hydrate formation [153]. For instance,
a well-designed system might incorporate varied techniques, ranging
from liquid cooling, which is highly efficient in removing excess heat
due to its higher heat capacity, to air cooling, which is more straight-
forward and cost-effective for specific scenarios. Additionally, phase
change materials (PCMs) are integrated due to their capacity to absorb
and release substantial energy during the phase change, helping to
stabilize the operating temperature within the system [154]. Such sys-
tems can be customized to manage the temperature conditions precisely,
ensuring they remain within the target range that promotes the stable
growth of COy hydrates. The synergy between these thermal manage-
ment techniques, such as composite PCMs incorporating materials like
materials like expanded graphite, enhances their performance within
the thermal management system [154]. The performance can be further
optimized by employing pressure oscillation techniques that can
improve mass transfer rates and alleviate the limitations that obstruct
the diffusion of COy molecules into the water, contributing to more
efficient and robust CO, hydrate formation. This dual-faceted approach
of meticulous thermal and pressure regulation optimizes the environ-
ment for CO, hydrate formation, achieving maximum stability for the
hydrates. Studies have further shown that water-based nanofluid parti-
cles can enhance the number of hydrate nucleation sites and promote
heterogeneous nucleation [28,155]. This increases the rate of hydrate
nucleation and shortens the induction time for hydrate formation [155].
Furthermore, the addition of kinetic accelerators or promoters, as
mentioned in various studies, has proven beneficial in improving the
efficiency of hydrate formation by optimizing the crystallization process
[45,107,112].
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6.2.2. Multi-stage approaches for enhanced formation efficiency

Multi-stage approaches aim to improve the efficiency of CO, hydrate
formation by sequentially applying different techniques to promote
nucleation and growth stages of hydrate formation. The first stage might
involve rapidly mixing CO, with water under high-pressure conditions
to instigate the nucleation process. Subsequently, a second stage can
employ pressure or thermal cycling or the introduction of kinetic or
thermodynamic promoters to encourage the hydrates to grow on a larger
scale and at a faster rate [20,42,45,107,156]. By carefully managing
these stages, achieving more rapid CO, absorption and reducing the
system’s overall energy consumption is possible, making the hydrate
formation process more efficient and sustainable. Such staged method-
ologies can adapt to the dynamic processes and inherent random
nucleation nature of hydrate formation, leading to a more controlled
and effective CO capture process [45,147,157,158].

7. Challenges, research gaps, future perspective and innovation
7.1. Challenges in optimizing CO2 hydrate formation and stability

In carbon capture and storage (CCS), optimizing CO, hydrate for-
mation and stability in sub-seafloor saline sediments through effective
thermal and pressure management poses several challenges, including
kinetic barriers and additive selection, sediment heterogeneity, perme-
ability reduction, and impact of temperature and pressure variations.
These challenges are critical to address to ensure the reliability and ef-
ficiency of CO, sequestration in marine environments. Addressing these
challenges requires a multi-disciplinary approach, which includes a
thorough understanding of sedimentology, fluid mechanics, thermody-
namics, and environmental science. Continuous research and techno-
logical advancements are necessary to overcome these obstacles and
develop efficient CO, hydrate formation and storage methods in sub-
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seafloor saline sediments. This study outlines some of these critical
challenges as follows:

One of the profound challenges is the sluggish kinetics of CO; hy-
drate formation in saline subsea environments. The slow formation rate
can be a significant barrier to establishing CO5 hydrates as a practical
means of CO, storage. Furthermore, while various kinetic promoters can
enhance the hydrate formation rate, many of these additives are not eco-
friendly, raising environmental concerns [25].

Electrical heating systems enhance CO; hydrate formation and sta-
bility by controlling heating, accelerating kinetics, and optimizing sta-
bility conditions. However, the technical complexity of delivering and
distributing heat within sediments poses a significant challenge, where
uneven heating may cause heterogeneous hydrate formation, posing
stability risks. Ensuring uniform heating is vital for consistent CO2 hy-
drate formation, demanding advanced control systems and engineering
solutions to monitor and manage temperature precisely. Furthermore,
differences in thermal conductivity between CO, hydrate and other
sediment components, like methane hydrate or saline pore water, add
complexity to this task. Also, the high energy demand and cost-
effectiveness of electrical heating systems are significant challenges,
especially in remote overseas locations. This energy consumption can
compromise the environmental benefits of CO, sequestration if derived
from non-renewable sources. Effective thermal management is essential
to enhance efficiency and minimize energy wastage during heating.

The characteristics of the porous medium, such as porosity, capillary
pressure, permeability, water saturation, surface area, bed height, and
particle size, are crucial in determining the thermodynamics and ki-
netics of COy hydrate formation. These parameters, which vary widely
in natural sediments, dictate the extent to which CO; hydrates can form
and remain stable, making it challenging to design a universally appli-
cable optimization strategy [106]. Moreover, the potential for CO, hy-
drate saturation to occupy the pore space of sand sediments results in
significant permeability reductions [137]. This can cause blockage of
gas flow, complicating the storage process and requiring careful man-
agement to prevent undesirable outcomes.

Thermal and pressure management are central to stabilizing CO,
hydrates, with temperature significantly influencing hydrate stability.
Properly maintaining conditions within the hydrate stability zone is
essential. Overly high or low temperatures can detrimentally affect the
formation kinetics and stability of COy hydrates. Additionally, while
pressure has comparably less impact, it must be carefully managed,
especially considering the potential for hydrate dissociation during
changes in seabed geothermal or geobaric conditions.

7.2. Research gaps, future perspective, and innovation

Studies have evidenced challenges regarding the slow kinetics of CO5
hydrate formation and the subsequent efficiency of the process under
sub-seafloor conditions [21]. Further research should focus on eluci-
dating the underlying mechanisms governing CO, hydrate formation
kinetics under sub-seafloor conditions, particularly in saline sediments.
This entails investigating factors such as the influence of mineral
composition, pore structure, and fluid properties on hydrate nucleation
and growth rates. Additionally, exploring novel techniques for acceler-
ating hydrate formation, such as developing tailored additives or
applying external stimuli, could enhance the efficiency of CO2 capture
and storage processes in marine environments.

Two significant research gaps emerge when optimizing CO5 hydrate
formation and stability using electrical heating systems. First, there is a
lack of comprehensive understanding of the electrical properties of CO5
hydrates and how these properties change under varying sub-seafloor
conditions. The available data on the electrical conductivity of CO,
hydrate suggests that it is higher than methane hydrate at geologically
relevant temperatures [71]. However, how this affects the formation
and stability when using electrical heating systems needs further ex-
amination. Elucidating these properties could improve monitoring and
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management strategies for CO5 in gas hydrate stability zones. Secondly,
while electrical heating may provide a targeted and controlled means to
manage the thermal environment for CO; hydrate formation, substantial
knowledge exists concerning such systems’ long-term sustainability and
efficiency. It is crucial to analyze the energy consumption versus the
stability and capacity of the formed hydrates, considering the environ-
mental impact and economic viability. The induction time, stochastic
nucleation, and memory effect are aspects of COy hydrate formation
kinetics that are dominant in this context. Research is required to opti-
mize these systems, ensuring maximal energy efficiency while main-
taining the stability of CO, hydrates.

Moreover, there is a notable lack of comprehensive understanding
concerning the stability dynamics of CO, hydrates in sub-seafloor en-
vironments. Experimental work has often been limited to short-term
evaluations, and more prolonged observations are required to fully
grasp the longevity and resilience of the CO2 hydrate stability over
extended periods.

The impact of varying sediment compositions, especially the role of
clay and organic content in the sediments, has not been extensively
studied. Organic matters present due to marine environments poten-
tially impact the kinetics of hydrate formation, [163,164], though this
effect needs to be researched in more depth.

In addition to improving the management of CO, hydrate formation
in sand sediments, the current models for predicting CO5 hydrate for-
mation and morphology within sand sediments require further refine-
ment and validation for several reasons. Firstly, sand sediments exhibit
complex heterogeneity in grain size distribution, pore geometry, and
mineral composition, which can significantly influence CO, hydrate
formation kinetics and morphology. Therefore, models need to account
better for these heterogeneous conditions to predict CO5 hydrate
behavior accurately. Secondly, experimental validation of these models
is essential to ensure their reliability across various environmental
conditions. CO4 hydrate formation is influenced by temperature, pres-
sure, salinity, and gas composition, which necessitates validation under
varied scenarios to enhance model robustness. Accurate modeling of
CO; hydrate structures is crucial for optimizing formation and man-
agement strategies, as it identifies optimal conditions for CO, hydrate
stability and storage capacity within sand sediments.

8. Conclusion

This work presents a detailed thermal and pressure management
review on enhancing CO, hydrate formation and stability in marine
saline sediments. The precise interaction of thermal and pressure man-
agement influences was observed to improve hydrate formation kinetics
and stability, reduce nucleation times, enhance hydrate growth rates,
increase water-to-hydrate conversion rate, and boost CO5 storage ca-
pacity. The following conclusions were made from this study:

1. Marine sediment salinity variations, particularly NaCl, significantly
impact COy hydrate formation and stability, with higher salinity
levels impeding formation, suggesting that low-salinity areas are
better for CO, formation and storage. Managing this involves precise
thermal and pressure controls to counter salt ions’ destabilizing ef-
fect. Maintaining conditions matching the COs hydrate stability
window, typically at deep ocean exceeding 800 m depth with low
temperatures and high pressures, ensures secure stability and stor-
age. Adding kinetic promoters and surfactants can boost formation,
indicating chemical interventions can optimize CO5 hydrate storage.

2. The electrical heating systems boost CO, hydrate formation and
stability by regulating heating, accelerating kinetics, and optimizing
stability conditions. Their ability to provide precise thermal man-
agement, coupled with their excellent efficiency and sustainability
credentials, positions them as a key technology in the advancement
of carbon capture and sequestration methods necessary for achieving
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net-zero carbon emissions and adhering to international climate
goals.

3. Overly high or low temperatures can detrimentally affect the for-
mation kinetics and stability of CO hydrates. Molecular dynamics
simulation studies indicate that the linear growth rate of new hydrate
cages decreases sharply as the temperature drops, highlighting the
importance of maintaining specific thermal conditions to promote
the formation of CO5 hydrates. While studies indicate pressure has a
comparatively minimal effect on CO; hydrate formation as temper-
ature, other studies show that varying pressures, temperatures, and
flow rates still contribute to the growth period of hydrate formation,
with higher pressures generally favoring the stability of CO2 hy-
drates, suggesting that high pressure primarily enhance the forma-
tion of hydrate nuclei rather than individual crystal growth,
highlighting the system’s complexity.

4. Sediment heterogeneity can impede CO; migration, providing
numerous nucleation sites for a more stable hydrate formation. In
contrast, the sediment’s chemical composition directly affects phase
equilibrium and hydrate morphology, which are decisive for the
formation and stability of COy hydrates. Thermal conductivity vari-
ation within gas-saturated sediments exposed to changing hydrate
formation conditions can signal the degree of heterogeneity,
implying a need for strategic thermal management to optimize
conditions conducive to hydrate stability. By implementing a holistic
approach that considers sedimentary characteristics and applied
thermal and pressure management, significant improvements can be
realized in the sustainable formation and stability of CO; hydrates as
potential carbon storage solutions.

5. The synergistic effects of thermal and pressure modifications, as
evidenced by enhanced kinetic and thermodynamic performance
when using combined promoters and adjusted environmental pa-
rameters, significantly boost the water-to-hydrate conversion rate
and hydrate formation kinetics. Additionally, tailored thermal
management, such as introducing temperature oscillations during
gas exchange processes, has facilitated optimized CO, replacement
in hydrate formations. The entwined pressure and thermal input
modality is a promising frontier for the field’s evolution. Further-
more, integrating multi-stage and hybrid methodologies, including
kinetic promoters, offers additional leverage to maximize formation
rates and gas storage capacities.

6. Applying thermal and pressure manipulation strategies for opti-
mizing CO, hydrate formation faces challenges like kinetic barriers
(sluggish kinetics), additive selection, sediment heterogeneity, and
energy consumption. Addressing these challenges requires further
research on underlying intermolecular mechanisms of CO5 hydrate
coupled with sedimentology interaction, fluid mechanics, thermo-
dynamics, additive assessments, and refining the current predictive
models. Despite promising laboratory and simulation findings, hur-
dles such as high project costs and a lack of broad field trials impede
real-world applications of techniques like electrical heating systems.
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