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Introduction

The IRENA (International Renewable Energy Agency) has defined the energy transition pathway that involves transforming the global energy mix from entirely fossil fuel-based to zero-carbon by 2050 [START_REF] Sıdkı | Accelerating the Transition to a 100% Renewable Energy Era[END_REF]. To achieve that ambitious target, it is crucial to reduce CO 2 emissions and integrate renewable sources into the energy sector globally [START_REF] Garcia-Casals | Measuring the socio-economic footprint of the energy transition[END_REF]. The polluting effects of natural gas are about half of the other fossil fuels. Therefore, natural gas is considered a transition fuel that possesses a well-established technology that can mitigate CO 2 emission while renewable energies and hydrogen economy mature both technologically and economically [START_REF] Gürsan | The systemic impact of a transition fuel: Does natural gas help or hinder the energy transition? Renew[END_REF]. However, this bridging role of natural gas should be considered only as a "temporary" role because natural gas still emits CO 2 emissions [START_REF] Stephenson | Greenwashing gas: Might a 'transition fuel' label legitimize carbon-intensive natural gas development?[END_REF]. In addition, the carbon emission of the natural gas processing and storage should be reduced as much as possible either through process optimization or post-processing to produce useful products [START_REF] Omran | Mechanistic insights for dry reforming of methane on Cu/Ni bimetallic catalysts: DFT-assisted microkinetic analysis for coke resistance[END_REF]. Although natural gas processing and transportation are well-established, long-term storage and utilization of discrete and remote gas resources is still a challenge, an issue that is related to appropriate gas storage. Current global storage capacity is estimated to accommodate only 2% of the global annual natural gas production. This deficiency may result in an energy crisis whenever the supply chain is Figure 1: Barrer's model to calculate the intercalation heats of clathrates (adapted from [START_REF] Barrer | Non-stoicheiometric clathrate compounds of water[END_REF]). disturbed [START_REF] Blanco | A review at the role of storage in energy systems with a focus on Power to Gas and long-term storage[END_REF]. Moreover, the main overhead capital cost of the natural gas processing process comes from the purifi-cation process that targets the removal of acid gases and N 2 from natural gas [START_REF] Peters | CO 2 removal from natural gas by employing amine absorption and membrane technology-A technical and economical analysis[END_REF]. Thus, viable and economical carbon capture and sequestration (CCS) should be coupled with the process to ensure efficiency. When it comes to hydrogen economy as a main part of the renewable energy sources, there is a significant development in the production side from both renewable and natural gas [START_REF] Hazzim | Hydrogen production by methane decomposition: A review[END_REF]. However, the bottleneck of successful hydrogen incorporation into the energy mix is connected mainly to proper and compact hydrogen storage [START_REF] Dutta | A review on production, storage of hydrogen and its utilization as an energy resource[END_REF].

In general, clathrates are inclusion compounds formed when guests of specific sizes (CH 4 , CO 2 , H 2 , Na, etc) are encaged in various host molecules (H 2 O, SiO 2 ) or elements (Si, Ge, C, etc.) under appropriate temperature and pressure conditions [START_REF] Warrier | Structure-Property-Comparisons of Clathrasils and Gas Hydrates[END_REF]. According to those conditions, one or multiple guest molecules can be entrapped in the host cavity. When the host molecules are mainly silica or water, clathrates from the well-known zeolitic clathrasils or gas hydrates, respectively [START_REF] Momma | Clathrate compounds of silica[END_REF]. The two classes are structurally analogous because both materials have a framework of several cages with voids occupied by guest species Table 1 [START_REF] Juli | Clathrate thermoelectrics[END_REF].

Using simple models such as Figure 1, early statistical thermodynamic interpretation of van der Waals and Platteeuw could provide satisfactory information about the non-stoicheiometric nature of clathrate and the stabilizing action of guest gas as well as successfully expected the conditions under which clathrates phases are formed in most cases [START_REF] Barrer | Non-stoicheiometric clathrate compounds of water[END_REF][START_REF] Van Der | The statistical mechanics of clathrate compounds[END_REF][START_REF] Van Der Waals | Clathrate solutions[END_REF]. R.M. Barrer -the founding father of zeolite chemistry with a gas permeability unit named after him [16]-extended van der Waals work and dedicated a series of his early publications for those inclusion materials [START_REF] Barrer | Non-stoicheiometric clathrate compounds of water[END_REF][START_REF] Barrer | Non-stoichiometric clathrate compounds of water. Part 2. Formation and properties of double hydrates[END_REF][START_REF] Barrer | Non-stoichiometric clathrate compounds of water. Part 3.-Inclusion Energies and Constants in the small Cavities of Structure I1 BY[END_REF][START_REF] Barrer | Non-stoichiometric clathrate compounds of water. Part 4. -Kinetics of formation of clathrate phases[END_REF]. Moreover, he had pointed out their structural and propertied similarities to zeolites in several others as illustrated in Figure 2 [START_REF] Barrer | Non-stoichiometric clathrate compounds of water. Part 2. Formation and properties of double hydrates[END_REF][START_REF] Barrer | Zeolite inclusion complexes[END_REF]. Based on those similarities and the success of zeolites inclusion compounds in catalysis and gas separation [21], one can anticipate that gas clathrates can have promising industrial and technological applications especially in the context of energy transition. In that particular context, gas clathrates offer the potential for environmentally benign purification and storage of natural gas, CO 2 , and H 2 , as shown in Figure 2. Clathrate hydrates are non-stoichiometric nanoporous crystalline structures that are mainly composed of host water molecules [START_REF] Van Der | The statistical mechanics of clathrate compounds[END_REF][START_REF] Van Der Waals | Clathrate solutions[END_REF].

Connected by hydrogen bonding, those host molecules are forming three-dimensional cavities which enclose guest gas molecules. Under certain pressure and temperature conditions, they can exist in nature or be artificially synthesized.

Different hydrate structures are stabilized by the encapsulation of gases such as CO 2 , H 2 S, CH 4 , H 2 , or organic solvent such as tetrahydrofuran (THF), cyclopentane, or cyclooctane (Cyclo-O). Recently, gas hydrates have been the subject of intensive research related to a wide range of energy transition applications. The existence of clathrates has been known for a long time. A description of chlorine gas crystal structure was reported by Sir Humphrey Davy back in 1810 [START_REF] Sloan | Clathrate hydrates of natural gases[END_REF]. However, clathrate hydrates attracted more attention particularly with the rise of the oil and gas industry in 20 th [START_REF] Dyadin | Half-century history of clathrate chemistry[END_REF]. In particular, the research at that period focused mainly on flow assurance and how to secure pipelines from being blocked by hydrates. Such blockage can interrupt the production from offshore reservoirs and the associated economic and safety concerns [START_REF] Li | A prevention and control method for natural gas hydrate in pipe strings during deepwater gas well production tests[END_REF]. [26], gas separation [START_REF] Eslamimanesh | Application of gas hydrate formation in separation processes: A review of experimental studies[END_REF][START_REF] Ko | Separation efficiency and equilibrium recovery ratio of SF6 in hydrate-based greenhouse gas separation[END_REF], CO 2 capture and sequestration (CCS) [START_REF] Choi | Mechanism and kinetics of guest exchange in sII hydrate -Flue gas replacement as revealed by experimental and computational approaches for hydrocarbon recovery and CO2 sequestration[END_REF], desalination [START_REF] Hyun | Conceptual design and economic analysis of a novel cogeneration desalination process using LNG based on clathrate hydrate[END_REF][START_REF] Babu | Energy Analysis of Methane-Hydrate-Based Produced Water Desalination[END_REF] and fuel cells [START_REF] Shin | Physicochemical properties of ionic clathrate hydrates[END_REF][START_REF] Strobel | Chemical-clathrate hybrid hydrogen storage: Storage in both guest and host[END_REF] as shown in Figure 3. With the energy transition toward renewables, low-carbon and unconventional energy, electrification, and decarbonization to reduce greenhouse gases (GHGs) emissions, recent studies on gas hydrates are distributed between the following main areas: (1) the traditional field of natural gas flow assurance, (2) gas hydrate natural occurrence and the associated environmental impact and (3) possible technological applications of hydrates.

Traditionally, gas clathrate is a problem of great concern in the field of natural gas processing as it may interrupt the gas flow from offshore to onshore and affect drilling process safety [START_REF] Shin | Methanol incorporation in clathrate hydrates and the implications for oil and gas pipeline flow assurance and icy planetary bodies[END_REF]. Concerning clathrate's natural occurrence, the recently discovered enormous hydrates reserves, usually filled with methane, can present affordable clean energy sources and balance between the increasing energy demand and the environmental impact of using other fossil fuels such as oil and coal [START_REF]Hydrate occurrence in Europe :A review of available evidence[END_REF][START_REF] Andrew | Hydrate occurrence in Europe: Risks, rewards, and legal frameworks[END_REF]. Clathrate gun hypothesis refers to possible uncontrolled methane release from clathrates in oceans due to the increased temperature [START_REF] Maslin | Linking continental-slope failures and climate change: Testing the clathrate gun hypothesis[END_REF]. In such a scenario, this methane release can accelerate global warming which destabilizes more clathrate structures and invoke further warming [START_REF] Maslin | Linking continental-slope failures and climate change: Testing the clathrate gun hypothesis[END_REF][START_REF] Froitzheim | Methane release from carbonate rock formations in the Siberian permafrost area during and after the 2020 heat wave[END_REF].

Finally, hydrates applications for green energy transition and sustainable development represent another growing area of interest. In that context, cages can be utilized for safe energy storage. With a volumetric capacity of methane that can reach about 160-180 V/V [START_REF] Dendy | Gas hydrates: Review of physical/chemical properties[END_REF][START_REF] Drobyshev | Physical modeling of the formation of clathrate hydrates of methane[END_REF], they can also be used to store and transport other gases of economic interest such as CO 2 , N 2 and H 2 in economically feasible P-T conditions is one of the highly promising areas [START_REF] Ho Ahn | Onestep formation of hydrogen clusters in clathrate hydrates stabilized via natural gas blending[END_REF]. CH 4 -CO 2 replacement in the enormous methane hydrate reservoirs is another important application that became the focus of recent research studies [START_REF] Cannone | A Review on CO2 Capture Technologies with Focus on CO2-Enhanced Methane Recovery from Hydrates[END_REF]. The interest in that technology comes from the fact that it could achieve the double benefit of simultaneous energy recovery and carbon fingerprint reduction via permanently storing CO 2 of flue gases in the deep ocean. In fact, clathrate applications can not only be regarded as "stand-alone", but also they can be integrated within exciting technologies such as LNG or biogas production.

However, despite the wide range of applications, the extensive industrial use of hydrate faces challenges such as slow kinetics, lack of clear understanding of phenomena such as self-preservation [START_REF] Lang | Similar self-preservation" and decomposition kinetics of tetrahydrofuran-hydrogen hydrate particles[END_REF], memory effect [START_REF] Ripmeester | Some current challenges in clathrate hydrate science: Nucleation, decomposition and the memory effect[END_REF] and different possibilities of cage occupancy [START_REF] Ioannis | Monte Carlo simulation studies of clathrate hydrates: A review[END_REF]. The clathrate properties need to be further understood to resolve those problems, by combining both theoretical and experimental studies. In fact, evaluating the various interactions between the host water crystal and the enclasthrated guest molecules is an indispensable part of clathrates research. There are several detailed reviews [START_REF] De | Sixty Years of the van der Waals and Platteeuw Model for Clathrate Hydrates -A Critical Review from Its Statistical Thermodynamic Basis to Its Extensions and Applications[END_REF][START_REF] Yin | Hydrates for cold energy storage and transport: A review[END_REF][START_REF] Abe | Hydrogen energy, economy and storage: Review and recommendation[END_REF][START_REF] Mohammad | A review of reactor designs for hydrogen storage in clathrate hydrates[END_REF][START_REF] Hassanpouryouzband | Gas hydrates in sustainable chemistry[END_REF] and early comprehensive pioneering books [START_REF] Sloan | Clathrate hydrates of natural gases[END_REF][START_REF] Makogon | Hydrates of Hydrocarbons[END_REF] for different aspects of hydrate research.

Instead of duplicating that, this paper selectively reviews the most important contributions and current state of the art of theoretical calculations, experimental studies, and industrial research, focusing on the application side. More precisely, it aims to exhibit the current problems hindering the energy transition industrial application of clathrates from scientific and engineering perspectives and propose solutions for those challenges.

Gas Clathrate Structures and Properties

The structure-property relationship within the domain of gas hydrate depends on the nature of guest molecules and various temperature and pressure conditions. This relation has a great influence on the practical application of clathrates and their impact on the environment. To illustrate, parameters such as the ability to control gas hydrate synthesis and crystallization kinetics using different methods, additives, reactor, and process design are crucial for reducing the operational cost and increasing their industrial applicability. This section will discuss different structures and properties of clathrate hydrates, which can give important insights into their applications.

Hydrate Structures

Although usually formed under high pressure, a combination of both experimental work and theoretical calculations in recent decades has enabled us to precisely determine the structure of those materials. Experimental techniques such as in situ NMR [START_REF] Lee | Thermodynamic and 13C NMR spectroscopic verification of methane-carbon dioxide replacement in natural gas hydrates[END_REF][START_REF] Won | 13C NMR spectroscopies and formation kinetics of gas hydrates in the presence of monoethylene glycol as an inhibitor[END_REF], X-ray diffraction [START_REF] Takeya | Direct space methods for powder X-ray diffraction for guest-host materials: Applications to cage occupancies and guest distributions in clathrate hydrates[END_REF][START_REF] Lee | Enhanced methane storage in clathrate hydrates induced by antifreezes[END_REF] and Raman Spectroscopy [START_REF] Amadeu | Measurement of clathrate hydrates via Raman spectroscopy[END_REF][START_REF] Éber Sanches De Menezes | Coexistence of sI and sII in methane-propane hydrate former systems at high pressures[END_REF] provided us with important information such as the nature of host structure, cage occupancy, and guest molecules motion in the cages . For example, Okuchi et al used in situ NMR single-crystal XRD (SXRD) was used to get the atomic coordinates and geometries that are not provided by the conventional spectroscopic techniques [START_REF] Michael | Gas hydrate single-crystal structure analyses[END_REF][START_REF] Udachin | Single crystal diffraction studies of structure I, II and H hydrates: Structure, cage occupancy andf composition[END_REF]. However, it has limited use due to the complexity of finding a suitable size clathrate single crystal. To solve that, experimental techniques can be coupled with theoretical studies to define the clathrate structure [START_REF] Huang | Phase Diagram of Methane Hydrates and Discovery of MH-VI Hydrate[END_REF] or even anticipate new phases that are difficult to synthesize [START_REF] Cao | Phase diagram of water-methane by first-principles thermodynamics: Discovery of MH-IV and MH-V hydrates[END_REF][START_REF] Loveday | Transition from cage clathrate to filled ice: The structure of methane hydrate III[END_REF]. The different nature and interactions between guest or "helfsgase" [START_REF] Von | Feste Gashydrate III. Mischhydrate[END_REF] and host molecules are crucial to understand the thermodynamic stability of different clathrates. While early theory has considered only the guest-host interactions while ignoring others [START_REF] De | Sixty Years of the van der Waals and Platteeuw Model for Clathrate Hydrates -A Critical Review from Its Statistical Thermodynamic Basis to Its Extensions and Applications[END_REF], recent studies showed that guest-guest and host-host interactions can also affect hydrate formation and stability [START_REF] Radhakrishnan | A new approach for studying nucleation phenomena using molecular simulations: Application to CO2 hydrate clathrates[END_REF][START_REF] Shi | Role of Guest Molecules in the Mechanical Properties of Clathrate Hydrates[END_REF]. In general, water clathrates can be classified into two main categories: (1) clathrate hydrate and (2)ionic clathrates.

Clathrate Hydrates

Clathrate hydrates are nanoporous inclusion crystalline material with weak, non-directional van der Waal's attraction forces between the encaged hydrophobic guest molecules and the host water crystal that form a hydrogen-bonding network around them. The most common ones are sI, sII, and sH as summarized in Figure 2. They attracted more attention due to the presence of methane as a guest in all three structures depending on the formation pressure [START_REF] Shu | Structural stability of methane hydrate at high pressures[END_REF].

The presence of pentagonal dodecahedra (5 12 ) or small cages are common in all three structures. While sI is dis- tinguished by the presence of large cages of tetrakaidecahedra (5 12 6 2 ) that may host gases such as CO 2 or CH 4 , sII have larger hexakaidecahedra (5 12 6 4 ) cages that can host large solvent molecules such as THF [START_REF] Sloan | Clathrate hydrates of natural gases[END_REF][START_REF] Stackelberg | On the structure of gas hydrates[END_REF][START_REF] Thomas | Polyhedral Clathrate Hydrates. X. Structure of the Double Hydrate of Tetrahydrofuran and Hydrogen Sulfide[END_REF]. Finally, sH contains medium irregular dodecahedra (4 3 5 6 6 3 ) medium cages in addition to the large icosahedra (5 12 6 8 ) cages which can accommodate larger molecules such as cyclooctane [START_REF] Ripmeester | A new clathrate hydrate structure[END_REF]. It should be noted that smaller guest size does not always result in sI hydrate. For example, although they have relatively small kinematic diameter, hydrogen and nitrogen are naturally formed sII clathrate at elevated pressure [START_REF] Petuya | Guest Partitioning and Metastability of the Nitrogen Gas Hydrate[END_REF]. The hydrate structure is controlled by not only by guest size but also P-T conditions. For example, increasing the pressure to 250 MPa, methane hydrate can form sII hydrate rather than structure I [START_REF] Shu | Structural stability of methane hydrate at high pressures[END_REF] as shown in Figure 4.

Cage occupancy is another important factor to determine clathrate properties and storage capacity [START_REF] Rasoolzadeh | Hydrogen hydrate cage occupancy: A key parameter for hydrogen storage and transport[END_REF]. Large and small cage occupancies depend on the type of guest molecules as well as P-T formation conditions. While increased cage occupancies can improve clathrate stability, it is not a pre-condition to get a stable clathrate host structure [START_REF] Falenty | Formation and properties of ice XVI obtained by emptying a type sII clathrate hydrate[END_REF].

For instance, pure sII hydrogen hydrate can store about 5.3 wt% at elevated pressures. In the case of binary H 2 -THF sII with stoichiometric THF amount of 5.56 mol%, the large cages are completely occupied by THF and the maximum hydrogen storage capacity is about 1 wt% only but at relatively much lower pressure [START_REF] Louw | Stable low-pressure hydrogen clusters stored in a binary clathrate hydrate[END_REF].

Semi-clathrate hydrate

Although their existence can be dated to 1893, this important class of zeolitic ice structures that has potential application in in gas separation [START_REF] Kamata | Hydrogen sulfide separation using tetra-n-butyl ammonium bromide semi-clathrate (TBAB) hydrate[END_REF], energy storage and CCS [START_REF] Muromachi | CO2 capture properties of semiclathrate hydrates formed with tetra-n-butylammonium and tetra-n-butylphosphonium salts from H2 + CO2 mixed gas[END_REF][START_REF] Chapoy | Low-pressure molecular hydrogen storage in semiclathrate hydrates of quaternary ammonium compounds[END_REF][START_REF] Davoodabadi | The potential of hydrogen hydrate as a future hydrogen storage medium[END_REF]. This kind of clathrate is usually called "ionic clathrate" due to the fact that hydrophobic cations or anions are encapsulated by host cages while a counter ion is incorporated into the host water framework. In other words, the walls of cages are partially removed or replaced by anions or guest molecules in addition to the hydrophobic inclusion that exists in clathrate hydrates [START_REF] Shin | Physicochemical properties of ionic clathrate hydrates[END_REF].They can be distinguished from clathrate hydrates by exhibiting partial hydrogen bonding between the guest species and the water host cages in addition to van der Waals interactions. This latter properties result in a relatively high thermal stability in atmospheric conditions, enhanced ionic and hydrogen conductivity making them ideal candidates for applications such as solid electrolytes.

Numerous strong acids form semi-clathrates in which anion guests are encapsulated into the acidic host lattice. For example, HAsF 6 and HPF 6 forms sVII , which has only 4 and others) while (X=OH -, F -, Cl -, Br -, and others [START_REF] Dyadin | Clathrate polyhydrates of peralkylonium salts and their analogs[END_REF].

Quaternary ammonium salts (QAS) are the most common type of these clathrates and are distinguished by a high melting point that can reach 31 • C [START_REF] Park | CO2 capture from simulated fuel gas mixtures using semiclathrate hydrates formed by quaternary ammonium salts[END_REF]. For example, tetra-n-butyl ammonium bromide (TBAB) has the bromide anions constructing the cage along with host water. At the same time, the hydrophobic cation fills the cage without H-bonding to the host water molecules. In the latter case, all the dodecahedral cages are empty, providing potential storage sites for other guest molecules [START_REF] Shimada | Separation of gas molecule using tetra-n-butyl ammonium bromide semi-clathrate hydrate crystals[END_REF][START_REF] Shimada | Tetra-n-butylammonium bromide-water (1/38)[END_REF][START_REF] Sun | Separation of methane-ethylene via forming semi-clathrate hydrates with TBAB[END_REF]. The thermal stability at ambient conditions along with the non-volatile nature of salts represent a great advantage when it comes to hydrogen storage.
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In this section, we will focus on two of the main applications of gas hydrates: solid energy storage (SES) and CO 2 capture and sequestration (CCS). There is intensive research for both applications. The IPCC and Paris agreement suggested that to tackle the impacts of global warming, the carbon emissions have to be reduced systematically to zero by 2050 [START_REF] Schleussner | Science and policy characteristics of the Paris Agreement temperature goal[END_REF][START_REF] Kobayashi | Science and technology of ammonia combustion[END_REF]. In general, gas storage can be classified into two main categories according to the state in which the gas (for example, CH 4 , CO 2 or H 2 ) is stored: (1) physisorption (physical storage) in which the gas is stored in molecular form, and physical adsorbed on the material surface and interact with the host material with van der Waals forces and ( 2) chemisorption (chemical storage) in which the gas is dissociating form ionic or covalent bond with the host.

The current CO 2 capture techniques such as adsorption, cryogenic separation, and membranes have been widely investigated. However, their economic feasibility is challenged by their high energy consumption and technical difficulties such as non-consistent performance and increased differential pressure. Thus, they are not suitable yet for industrialscale applications, at least in the short and medium terms. When it comes to energy storage, a useful benchmark for those materials can be obtained from the United States Department of Energy (DOE), which sets some criteria for both methane and hydrogen storage for onboard applications. The purpose of this section is to focus on CCS, methane, and hydrogen storage in clathrates and compares them to other existing technologies.

Methane Storage

Methane clathrate formations can be from both natural and synthetic routes. Naturally occurring gas hydrates have been accumulated long geological periods in permafrost regions and mostly on the more accessible submarine continental margins representing a low carbon energy source and possible CO 2 storage sinks. Although there is considerable uncertainty about the methane hydrate reserves, the amount of methane gas is expected to be more than all other carbonaceous fuel reserves combined. One can refer the reader to some comprehensive reviews for gas hydrate reservoirs [START_REF]Hydrate occurrence in Europe :A review of available evidence[END_REF][START_REF] Andrew | Hydrate occurrence in Europe: Risks, rewards, and legal frameworks[END_REF]. We focus here on synthetic gas hydrates (SGH) as an emerging technology.

Natural gas can be stored in underground inventories such as salt caverns and depleted oil or gas reservoirs. This technique, which depends on the natural occurrence, is distinguished by the ease of gas recovery, but it may possess some environmental risks. Apart from storing natural gas in underground inventories, the main natural gas storage and transportation technologies are CNG (compressed natural gas), LNG (liquified natural gas), ANG (adsorbed natural gas), and SGH (synthetic gas hydrates). Storing and transporting methane in its native gaseous state via tanks and pipeline networks (PLG) require high volume and can be less economically feasible when it comes to discrete gas resources such as shale gas and biogas [START_REF] Veluswamy | A review of solidified natural gas (SNG) technology for gas storage via clathrate hydrates[END_REF]. On the other hand, CNG can reduce the storage volume, but it needs expensive multistage compression, high-pressure tanks that exhibit safety concerns, and poor volumetric capacity. Thus, CNG is not applicable when it comes to large-scale natural gas storage [START_REF] Prajwal | Evaluating methane storage targets: From powder samples to onboard storage systems[END_REF]. Storage and transportation of natural gas in liquid form or LNG have been expanded rapidly to become the most convenient technology for industrial-scale and transoceanic transportation. This can be attributed to the that a single cubic meter of LNG can contain as high as 600 m 3 STP conditions. Although currently, LNG tankers are roaming around the world to transport methane, the technology possesses some drawbacks. First, it needs big reserves and long-term commitment to install expensive facilities and associated infrastructure such as cold insulation and cryogenic tanks (i.e., high CAPEX). Then, it also has a high operational cost (OPEX) coming from the energy demand for cooling methane to -161 • C, boil-off gases re-compression, and regasification at the customer end. Furthermore, the technique is not flexible to store methane for long periods such as several months or years due to the high OPEX [START_REF] Pellegrini | LNG technology: The weathering in above-ground storage tanks[END_REF][START_REF] Shin | Design of a boil-off natural gas reliquefaction control system for LNG carriers[END_REF]. The recent pandemic and geopolitical developments disturbed gas supply and resulted in unprecedented natural gas prices increase and highlighted the need for long-term storage technologies [START_REF] Mišík | The EU needs to improve its external energy security[END_REF]. In general, the calculation of MOFs' storage capacity calculations commonly reported in the literature were based on a single crystal assumption. Such a calculation methodology is far from practical as it ignored the packing efficiency effect. Thus, the calculations of actual or deliverable gravimetric and volumetric gas uptakes based on bulk powder are significantly lower. Furthermore, other factors like re-usability, mechanical stability, thermal conductivity, and the high cost of the material are significant challenges that impede the use of MOFs for some onboard and all industrial-scale methane storage [START_REF] Peng | Methane storage in metal-organic frameworks: Current records, surprise findings, and challenges[END_REF][START_REF] Mahmoud | Implementing metal-organic frameworks for natural gas storage[END_REF].

SGH can be a promising alternative or complementary technology that can be integrated with existing infrastructure to improve the current technologies. First, SGH has very competitive safety and eco-friendly advantages due to factors such as the presence of water and lower storage temperature and pressure conditions. Such factors are reflected in the non-explosive and well-controlled storage and recovery processes. Moreover, unlike chemical storage, the methane hydrate storage process depends on the physical interactions such as vdW force and thus the storage is almost fully reversible. Finally, they are economically attractive due to the simple modular synthesis arrangements and moderate storage conditions. Several studies showed that the SGH plant can have about half the cost of LNG one of the same capacity. In addition, it is that it can reduce methane transportation costs by a quarter compared to LNG [START_REF] Kanda | Economic study on natural gas transportation with natural gas hydrate (NGH) pellets[END_REF].However, despite the above advantages, the industrial applications of hydrate-based technologies (HBTs) are still limited. The reasons behind that can be the slow kinetics, poor heat, and mass transfer, uncertainties of scale-up storage capacities.

To solve the above problems specific additives or promoters are added during hydrate synthesis. The role of promoters can be either catalyzing the kinetics of hydrate formation (kinetic hydrate promoter or KHI) or reducing the thermodynamic requirements (thermodynamic hydrate promoter or THP). However, understanding the crystallization processes -and more specifically the nucleation process-during hydrate formation is crucial to develop a suitable ki-netic model for hydrates synthesis [START_REF] Partoon | Effect of Mixed Thermodynamic and Kinetic Hydrate Promoters on Methane Hydrate Phase Boundary and Formation Kinetics[END_REF]. In general, the hydrate crystallization process can be divided into three main stages: gas dissolution, nucleation, and growth. First, the gas dissolves in the aqueous medium until enough guest molecules are adsorbed in the liquid phase to start nucleation. Nucleation is usually very slow and is distinguished by its stochastic nature [START_REF] Pan | Progress in use of surfactant in nearly static conditions in natural gas hydrate formation[END_REF]. Two types of microscopic nucleation may occur (1) homogeneous nucleation or "labile cluster hypothesis" in which the crystal formation starts directly from the liquid phase and (2) heterogeneous nucleation in which the process starts on the surface of "nucleation sites" [START_REF] Niall | Perspectives on molecular simulation of clathrate hydrates: Progress, prospects and challenges[END_REF][START_REF] Bergeron | Reaction rate constant of methane clathrate formation[END_REF]. On the other hand, macroscopic nucleation can be spotted experimentally due to the exothermic nature of the hydrate formation reaction. This temperature increase is associated with rapid pressure drop due to gas enclathration [START_REF] Prakash | Macroscopic kinetics of hydrate formation of mixed hydrates of hydrogen/tetrahydrofuran for hydrogen storage[END_REF]. Based on that, the macroscopic induction time or "lag time" can be determined. Such a time then can be spotted by the above thermodynamic changes and the appearance of detectable hydrate crystals [START_REF] Sloan | Clathrate hydrates of natural gases[END_REF][START_REF] Veluswamy | Macroscopic kinetic investigations on mixed natural gas hydrate formation for gas storage application[END_REF]. In the last stage, catastrophic crystal growth is distinguished by a very rapid increase in the particle size as the gas becomes more concentrated in cages than in vapor [START_REF] Ozawa | Crystal Growth of Clathrate Hydrate with Methane plus Partially Water Soluble Large-Molecule Guest Compound[END_REF]. At the end of that stage, the reaction is controlled by mass transfer or gas diffusion through the 'hydrate film' at the liquid-gas interface [START_REF] Taylor | Macroscopic investigation of hydrate film growth at the hydrocarbon/water interface[END_REF].

Another important phenomenon that is closely related to the understanding of the nucleation process is called the "memory effect" [START_REF] Makogon | Hydrates of Hydrocarbons[END_REF][START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Makogon | Hydrates of Natural Gas[END_REF]. When a hydrate undergoes decomposition, the resulting solution can form hydrate more readily. In other words, it needs a relatively shorter induction time compared to a fresh solution used to make hydrate [START_REF] Ripmeester | Some current challenges in clathrate hydrate science: Nucleation, decomposition and the memory effect[END_REF][START_REF] John | Some current challenges in clathrate hydrate science: Nucleation, decomposition and the memory effect[END_REF]. The sI methane clathrate showed the highest methane uptake among all clathrate structures with volumetric storage that can reach 170 V/V relatives to STP, as shown in Figure 5. Early investigation of Vysniauskas and Bishnoi for sI methane hydrate formation kinetics showed that it depened on P-T conditions, gas-liquid interfacial area, and degree of supercooling [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF]. After that, there were many other investigations for sI methane clathrate such as those Englezos et al. [START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF], and Kim et al [START_REF] Kim | Kinetics of methane hydrate decomposition[END_REF]. A common observation of these studies is that at the gas-water interfaces, hydrate films grow laterally along with the interface, and it is crucial to increase the surface area of gaswater contact to enhance both mass and heat transfer. Indirect methane hydrate formation can start from ice and could result in a high yield. However, this approach may not be economic due to the high energy spending and longer time associated with the ice formation [START_REF] Faizullin | Formation of clathrate hydrates under crystallization of gas-saturated amorphous ice[END_REF].

To solve the problem of slow kinetics, KHP is added to reduce the time required for hydrate synthesis without influencing thermodynamic requirements. In other words, the hydrate structure, as well as the P-T condition of hydrate formation, are not affected. Surfactants (anionic, cationic, and non-ionic) are commonly used for that purpose [START_REF] Nasir | A review on the role and impact of various additives as promoters/ inhibitors for gas hydrate formation[END_REF].

In particular, the anionic surfactant sodium dodecyl sulfate (SDS) is predominant and has extensively been studied in different concentrations [START_REF] Najibi | Experimental investigation of methane hydrate formation in the presence of copper oxide nanoparticles and SDS[END_REF][START_REF] Pan | Effect of silica sand size and saturation on methane hydrate formation in the presence of SDS[END_REF][START_REF] Deng | New Insights into the Kinetics and Morphology of CO 2 Hydrate Formation in the Presence of Sodium Dodecyl Sulfate[END_REF]. Close to its critical micelle concentration (CMC), SDS can relatively increase the hydrate formation rate significantly [START_REF] Zhong | Surfactant effects on gas hydrate formation[END_REF]. Micelles formation increases methane concentration in the aqueous phase and thus enables the nucleation to start earlier [START_REF] Deng | New Insights into the Kinetics and Morphology of CO 2 Hydrate Formation in the Presence of Sodium Dodecyl Sulfate[END_REF]. Here, it's worth mentioning that selection of the suitable surfactants should take into account their Krafft temperatures. The Krafft temperature is the minimum temperature temperature [START_REF] Du | Effects of ionic surfactants on methane hydrate formation kinetics in a static system[END_REF]. Moreover, Zhang et al. explained that SDS increases the hydrate particles' surface area and the gas-liquid interfacial area while reducing surface tension [START_REF] Zhang | Kinetics of methane hydrate formation from SDS solution[END_REF]. Increasing the carbon chain length of sodium alkyl sulfates showed the same kinetic promotion behavior of SDS under similar conditions but required much less concentration than SDS [START_REF] Ah Kwon | Synthesis of anionic multichain type surfactant and its effect on methane gas hydrate formation[END_REF][START_REF] He | Surfactant-based Promotion to Gas Hydrate Formation for Energy Storage[END_REF]. However, the utilization of surfactants for the hydrate-based process has a serious drawback related to foaming which is a serious problem in gas processing. This has been particularly observed during hydrate dissociation and scale-up experiments [START_REF] Bhattacharjee | Kinetic promotion of methane hydrate formation by combining anionic and silicone surfactants: Scalability promise of methane storage due to prevention of foam formation[END_REF][START_REF] Pandey | Alleviation of Foam Formation in a Surfactant Driven Gas Hydrate System: Insights via a Detailed Morphological Study[END_REF][START_REF] Pang | Experimental study on the scale-up effect of gas storage in the form of hydrate in a quiescent reactor[END_REF]. Moreover, it has been seen the presence of surfactants at certain concentrations may have inhibiting effect probably due to the presence of sodium ions. The intrinsic water network around that hard cation collapses due to the hydrogen bond breaking and strong binding between the ion and water molecules [START_REF] Nguyen | Hydrophobic Effect on Gas Hydrate Formation in the Presence of Additives[END_REF][START_REF] Nguyen | Critical Review on Gas Hydrate Formation at Solid Surfaces and in Confined Spaces-Why and How Does Interfacial Regime Matter?[END_REF]. In addition to not being environmentally friendly, such drawbacks hinder the industrial applicability of this class of promoters.

In order to overcome those drawbacks, two other classes of kinetics promoters were suggested: amino acids and porous materials. It has been found that amino acids increase the rate of hydrate formation at a certain concentration [START_REF] Sai Kiran | Synergistic and antagonistic effects of amino acids in clathrate hydrates of greenhouse gases[END_REF].

Although the rate is less than SDS in some cases, the final methane uptakes are still comparable in both cases [START_REF] Shanker Pandey | Screening of amino acids and surfactant as hydrate promoter for CO2 capture from flue gas[END_REF].

Amino acids are promising biodegradable materials that can work as hydrate promoters. Low dosage hydrophobic or aromatic amino acids such as tryptophan and methionine or have shown better performance than hydrophilic or aliphatic ones such as KHP for methane hydrate synthesis [START_REF] Nguyen | Critical Review on Gas Hydrate Formation at Solid Surfaces and in Confined Spaces-Why and How Does Interfacial Regime Matter?[END_REF][START_REF] Ahmad | Thermodynamic and Kinetic Promoters for Gas Hydrate Technological Applications[END_REF].

Porous materials such as those from carbon origin (such as activated carbon and carbon nanotubes) or silica origin (silica gel, silica sand, hollow silica, and nano-silica), zeolites, and MOFs has been proposed as KHP [START_REF] Borchardt | Methane Hydrate in Confined Spaces: An Alternative Storage System[END_REF]. In general, these materials can be utilized in two different ways: (1) in low concentrations as a nucleation site for heterogeneous nucleation to reduce the induction time [START_REF] Khurana | A review of clathrate hydrate nucleation[END_REF] and (2) as host for hydrate using the confinement effect [START_REF] Linga | Enhanced rate of gas hydrate formation in a fixed bed column filled with sand compared to a stirred vessel[END_REF]. In the first approach, the porous material increases the surface area by adding another interface (or third surface) that facilitates crystallization and gas diffusion [START_REF] Omran | Revealing Zeolites Active Sites Role as Kinetic Hydrate Promoters: Combined Computational and Experimental Study[END_REF]. For example, hollow silica was also examined in many studies and showed kinetic improvement. However, it needed the addition of SDS to get acceptable results when the conditions tested were near ambient conditions [START_REF] Inkong | Innovative Approach to Enhance the Methane Hydrate Formation at Near-Ambient Temperature and Moderate Pressure for Gas Storage Applications[END_REF]. Xiaoya et al. has tested for LTA-type zeolite (3A and 5A) for methane hydrate formation and concluded that 3A has better promoting effect. However, a reasonable gas storage capacity above 120

V/V could be only achieved in presence of SDS [START_REF] Ya | Influence of 3A molecular sieve on tetrahydrofuran (THF) hydrate formation[END_REF][START_REF] Ya | Influence of 5A-type zeolite powder on tetrahydrofuran hydrate formation and dissociation process[END_REF]. Kim et al. showed zeolite 13X (FAU-type) at 0.01 wt% concentration showed higher gas consumption than SDS and LTA-type zeolite, making it the most promising zeolite as KHP. The author attributed that to the small particle size and large pore diameter of 13X compared to the other zeolites studied [133]. In addition to being cheap and eco-friendly, the above zeolites are used in low concentrations and can be easily separated.

On the other hand, the porous material in the second approach can act as a medium for hydrate synthesis within the confinement approach. It has been found that high-pressure phases and reactions were found to occur in confined spaces in pressures that are magnitudes lower than required for bulk ones [START_REF] Casco | Methane hydrate formation in confined nanospace can surpass nature[END_REF][START_REF] Mohammed | Interfacial and Confinement-Mediated Organization of Gas Hydrates, Water, Organic Fluids, and Nanoparticles for the Utilization of Subsurface Energy and Geological Resources[END_REF].For example, Siangsai et al.

investigated the effect of activated carbon (AC) particle size on methane hydrate kinetics. They found that in the size range of (841-1680 µm) showed higher conversion while the highest recovery could be achieved in the range of (250-420 µm) [START_REF] Siangsai | Investigation on the roles of activated carbon particle sizes on methane hydrate formation and dissociation[END_REF]. Celzard et al. took advantage of activated carbon nanopore space to synthesize methane hydrate at mild conditions of (3.5 MPa and 2 • C) and faster kinetics than nature [START_REF] Celzard | Optimal wetting of active carbons for methane hydrate formation[END_REF]. It is also suggested that hydrophobic MOFs (ZIF-8) can show a high yield of methane hydrate uptake by combining methane hydrate formation and adsorption of methane in the interior pore spaces [START_REF] Casco | Paving the way for methane hydrate formation on metal-organic frameworks (MOFs)[END_REF]. Borchardt et al. reviewed such an approach in detail and showed that in addition to hydrophobicity and pore size, water loading R w (g H 2 O/g soild) plays a crucial role in the uptake yield and kinetics [START_REF] Borchardt | Methane Hydrate in Confined Spaces: An Alternative Storage System[END_REF]. The approach is very promising as those materials may act as both KHP and THP. However, several factors need to be examined in that approach for possible scale-up application. For example, there is packing efficiency that needs to be taken into account, additional cost to handle those materials, and the considerable loss in the gravimetric capacity.

KHP does not affect with thermodynamic conditions of hydrate formation. For that, another type of promoter is required. THP works to move the hydrate formation P-T conditions to a more moderate range and thus lowering the energy requirements. Depending on the nature of promoter and thermodynamic conditions, different hydrate structures can be obtained. For example, THF can direct hydrate synthesis toward sII formation. It is also reported to work in synergy with SDS to improve the kinetics [START_REF] Zhang | Coal mine gas separation of methane via clathrate hydrate process aided by tetrahydrofuran and amino acids[END_REF][START_REF] Prasad | Laser Raman spectroscopy of THF clathrate hydrate in the temperature range 90-300 K[END_REF][START_REF] Talyzin | Feasibility of H2-THF-H2 O clathrate hydrates for hydrogen storage applications[END_REF][START_REF] Ricaurte | CO2 removal from a CO2-CH4 gas mixture by clathrate hydrate formation using THF and SDS as water-soluble hydrate promoters[END_REF]. Other sII formers such as acetone [START_REF] Behzad Partoon | Impact of acetone on phase boundary of methane and carbon dioxide mixed hydrates[END_REF], cyclopentane [START_REF] Liang Zhong | Recovery of CH4 from coal mine model gas mixture (CH 4/N2) by hydrate crystallization in the presence of cyclopentane[END_REF], dioxlane [START_REF] Torres Trueba | Phase equilibrium measurements of structure II clathrate hydrates of hydrogen with various promoters[END_REF], and others were reported in the literature [START_REF] Maekawa | Equilibrium conditions for clathrate hydrates formed from methane and aqueous propanol solutions[END_REF]. On the other hand, sH formation needs larger molecules to stabilize the large cage of 5 12 6 8 . Common sH formers are neohexane [START_REF] Takeya | Direct space methods for powder X-ray diffraction for guest-host materials: Applications to cage occupancies and guest distributions in clathrate hydrates[END_REF], methyl cyclohexane [START_REF] Chaturvedi | Enhanced formation of methane hydrate using a novel synthesized anionic surfactant for application in storage and transportation of natural gas[END_REF],

cyclooctane [START_REF] Gaikwad | Effect of Cyclooctane and l -Tryptophan on Hydrate Formation from an Equimolar CO2-CH4Gas Mixture Employing a Horizontal-Tray Packed Bed Reactor[END_REF]. Theoretically, sH can store gases such as CH 4 , CO 2 , or H 2 in both small and medium cages and may result in high storage capacity. A more comprehensive review of various promoters studies (KHP and THP) can be found in the literature [START_REF] Nasir | A review on the role and impact of various additives as promoters/ inhibitors for gas hydrate formation[END_REF]. The main drawback of using THP is the significant reduction in methane uptake compared to sI. The main reason behind that decrease is that those promoters occupy the sII or sH large cages while stabilizing the structure. However, the reduction of formation conditions closer to ambient temperatures can significantly offset that storage capacity reduction. For example, compression cost was found to be around three-quarters of the total cost of SGH formation in a pilot-scale reactor [START_REF] Lucia | Experimental investigations on scaled-up methane hydrate production with surfactant promotion: Energy considerations[END_REF]. Increasing the methane formation temperature from 274.2 K to 293.2 will reduce 80% of the cooling cost as estimated by Veluswamy et al. [START_REF] Veluswamy | Enhanced clathrate hydrate formation kinetics at near ambient temperatures and moderate pressures: Application to natural gas storage[END_REF]. The main drawback of sII and sH promoters are the potential environmental hazards and higher costs. In particular, solvent loss or volatility that requires additional solvent amount represents a big overhead on the OPEX.

HBCS and Simultaneous Methane Recovery

Due to various factors, such as the increasing world population, the associated global energy demand has been steadily

rising, which has impacted immense pressure on dwindling fossil fuel resources. Simultaneously, environmental problems such as climate change start to affect the global economy and social stability. Consequently, the international legislation that emphasizes the importance of reducing carbon fingerprints is increasingly enforced worldwide [START_REF] Schleussner | Science and policy characteristics of the Paris Agreement temperature goal[END_REF][START_REF] Deng | New Insights into the Kinetics and Morphology of CO 2 Hydrate Formation in the Presence of Sodium Dodecyl Sulfate[END_REF]. Capturable CO 2 sources can be generally divided into two main groups (1) low concentration such as air [START_REF] Ozkan | Direct air capture of CO2: A response to meet the global climate targets[END_REF] and (2) high concentration such as flue gases. Although there are many advances in capturing CO 2 directly from the air [START_REF] Sanz-Pérez | Direct Capture of CO2 from Ambient Air[END_REF], intensive research activities are focused on capturing it directly from the flue gas sources. The major sources of flue CO 2 gas emission are pre-combustion, post-combustion, and oxyfuel processes. The latter aims to increase the CO 2 concentration via burning the fuel in pure oxygen, which will result in easier CO 2 capture.

There are several methods to capture CO 2 from flue gases [START_REF] Ekström | Røkke. Techno-Economic Evaluations and Benchmarking of Pre-combustion CO2 Capture and Oxy-fuel Processes Developed in the European ENCAP Project[END_REF]. The most common ones are adsorption, absorption, cryogenic separation and membrane separation. Although each technique has some advantages, it also shows some drawbacks. For example, membrane separation is expensive with an estimated cost of 24-48$ per ton depending on working conditions [START_REF] Yu | Natural gas hydrate resources and hydrate technologies: a review and analysis of the associated energy and global warming challenges[END_REF]. Moreover, while inorganic ones do not perform well in terms of reliability and cost control, organic membranes can not simultaneously reach high selectivity and high permeability. Generally, membranes are affected by the flue gas composition and lack sustainable performance and aging resistance [START_REF] Zhang | Current status and development of membranes for CO2/CH4 separation: A review[END_REF]. Adsorbent-based systems with high surface areas such as MOFs and zeolites can reduce the cost to around 14$ per ton [START_REF] Sinha | A parametric study of the techno-economics of direct CO2 air capture systems using solid adsorbents[END_REF][START_REF] Wu | Capture CO2 from N2 and CH4 by zeolite L with different crystal morphology[END_REF]. However, their sustainability can be affected by impurities, the humidity of flue gas, and complicated unit operations due to the low-temperature requirements and pressure drop. Absorption is the most common method for removing acid gases from flue gas streams, especially in gas processing plants [START_REF] Dennis | An overview of current status of carbon dioxide capture and storage technologies[END_REF]. Despite its ability to reach high CO 2 capture capacity and high separation efficiency, it has some problems such as solvent degradation, safety risk associated with high pressure in the absorber, and high energy requirement of solvent regeneration as typical regeneration is at 120 • C [START_REF] Friday | Carbon dioxide capture using liquid absorption methods: a review[END_REF]. As shown in Figure 6, the same problem of high energy consumption persists with cryogenic separation [START_REF] Dennis | An overview of current status of carbon dioxide capture and storage technologies[END_REF] of CO 2 as cooling and pressurization may consume approximately 600 kW per ton of CO 2 on average [START_REF] Göttlicher | Comparison of CO2 removal systems for fossil-fuelled power plant processes[END_REF].

Carbon sequestration has received relatively less attention compared to carbon capture [START_REF] Aminu | A review of developments in carbon dioxide storage[END_REF]. Different carbon seques- tration options include but are not limited to saline aquifers, depleted and current oil and gas reservoirs, deep ocean storage, and mineral carbonation. However, many factors such as geohazard risks of the available sites and environmental, economic, social, and political factors should be considered [START_REF] Aminu | A review of developments in carbon dioxide storage[END_REF]. Thus, hydrate-based carbon capture and sequestration (HBCS) has been proposed recently to overcome some of the above drawbacks of other methods while combining both capture and sequestration in a single step [START_REF] Khalik | Recent advances on carbon dioxide capture through a hydratebased gas separation process[END_REF][START_REF] Wang | Research progress and challenges in hydrate-based carbon dioxide capture applications[END_REF]. Additionally, the recently discovered tremendous reserves of hydrates, mostly methane hydrates or natural gas hydrates (NGH), represent a huge opportunity for an affordable energy source [START_REF]Hydrate occurrence in Europe :A review of available evidence[END_REF][START_REF] Andrew | Hydrate occurrence in Europe: Risks, rewards, and legal frameworks[END_REF].The most practical NGH extraction techniques are thermal stimulation, chemical inhibitor injection, and depressurization. However, each of these methods has its advantages and deficiencies. To illustrate, CH 4 is encapsulated in a delicate crystal that can rapidly decompose in an uncontrolled or even explosive fashion under depressurization or thermal stimulation which can be a serious safety concern. In addition, methane is a high global warming potential (GWP) and can contribute to the "clathrate gun hypothesis" mentioned earlier [START_REF] Maslin | Linking continental-slope failures and climate change: Testing the clathrate gun hypothesis[END_REF].

Accordingly, the utilization of naturally occurring gas hydrates should be associated with a proper hazard analysis of the environmental impact. To solve the problem of uncontrolled methane release, a suitable guest molecule can be employed to replace methane in the hydrate structure. In that context, it suggested that CO 2 can replace methane in natural gas hydrate reservoirs. The formation of the more stable but geological similar CO 2 hydrates possesses a double-benefit elegant solution involving both energy recovery and combustion product sequestration as illustrated in Figure 7. Such a technique will reduce the associated greenhouse gases (GHGs) emissions [START_REF] Cannone | A Review on CO2 Capture Technologies with Focus on CO2-Enhanced Methane Recovery from Hydrates[END_REF]. In principle, the exchange possibility has already been confirmed through experimental and theoretical studies [START_REF] Falenty | Fluid composition and kinetics of the in situ replacement in CH4-CO2 hydrate system[END_REF]. From a thermodynamics point of view, the change in Gibbs free energy (∆G) of CH 4 -CO 2 replacement in the hydrate is negative, which declares that the reaction is spontaneous without involving latent heat [START_REF] Liu | Replacement micro-mechanism of CH4 hydrate by N2/CO2 mixture revealed by ab initio studies[END_REF]. Thus, this exchange between injected CO 2 and methane hydrate is more economic than gas recovery via decomposition only. In addition, the thermodynamic equilibrium conditions (P, T) are more moderate in the case of CO 2 compared to CH 4 [START_REF] Anderson | Experimental measurement of methane and carbon dioxide clathrate hydrate equilibria in mesoporous silica[END_REF]. Furthermore, the process has been applied, and NGH exploitation via the CH 4 -CO 2 replacement method has been used in the northern slope of Alaska since 2012 [START_REF] Boswell | The Iġnik Sikumi field experiment, Alaska North Slope: Design, operations, and implications for CO2-CH4 exchange in gas hydrate reservoirs[END_REF][START_REF] Collett | Downhole well log and core montages from the Mount Elbert Gas Hydrate Stratigraphic Test Well, Alaska North Slope[END_REF]. The technique has many advantages and can be both economically feasible and environmentally friendly. First, it is ecofriendly as it retains the current geological structures without change. In fact, the CO 2 clathrate is more stable than the CH 4 clathrate which has been already stayed for many geological eras.

Then, the exchange process is safer than mining processes from Hazard, and Operability Analysis (HAZOP) point of view. Finally, it is economically attractive as there is no need to treat the tremendous amount of water usually associated with gas hydrate dissociation. Despite the above, there is an inherited uncertainty in the economic feasibility due to the lack of enough information about the methane reserves, mechanism, and rate of the exchange reaction [START_REF] Salamatin | Diffusion Model for Gas Replacement in an Isostructural CH4-CO2 Hydrate System[END_REF].

Hydrogen Storage

The hydrogen economy is a very important element in the energy transition. In this economy, hydrogen is proposed to be used extensively as the primary energy carrier. Hence, the development of hydrogen production from both natural gas (grey and blue hydrogen) and renewables (green hydrogen) is of great importance. However, safe and practical hydrogen storage represents the major bottleneck for a sustainable hydrogen economy [START_REF] Michel Noussan | The role of green and blue hydrogen in the energy transition-a technological and geopolitical perspective[END_REF]. While conventional gaseous state storage systems as pressurized hydrogen gas need very high pressure and expensive infrastructure, liquid hydrogen needs extensive refrigeration and re-compression of boil-off gas to keep the temperature near 20 K. It is very important to evaluate the specific energy consumption and CO 2 to evaluate the storage efficiency. Consequently, the above requirements pose safety and cost problems to both, onboard and large-scale applications, and do not satisfy the core objectives for a hydrogen economy [START_REF] Di Profio | Comparison of hydrogen hydrates with existing hydrogen storage technologies: Energetic and economic evaluations[END_REF].

Thus, solid-state storage systems have a great potential to store hydrogen in a safe, compact, and feasible manner, making it an increasingly attractive technology for hydrogen storage [START_REF] Veluswamy | Hydrogen storage in clathrate hydrates: Current state of the art and future directions[END_REF]. When they are benchmarked with chemisorption such as metal hydrides or physisorption such as metal-organic frameworks (MOFs), hydrogen hydrates possess the potential to be environmentally benign, safe, and cheap material for hydrogen storage [START_REF] Hassanpouryouzband | Gas hydrates in sustainable chemistry[END_REF]. While hydrogen storage in MOFs suffers from uptake reduction when scale-up due to packing efficiency loss as described above, zeolites and activated carbon need to work at about 77 K [START_REF] Dong | Hydrogen storage in several microporous zeolites[END_REF]. Chemical storage is successful in storing hydrogen at a significantly higher temperature near ambient conditions. However, it needs high energy to break the chemical bond and restore hydrogen. For example, to restore hydrogen from hydrocarbon or ammonia, it needs to undergo reforming at a high energy cost. Hydrides that seem to be the closest to attaining DOE targets need a high temperature to retrieve hydrogen [START_REF] Huy | Review of metal hydride hydrogen storage thermal management for use in the fuel cell systems[END_REF]. To illustrate, aromatic hydrogenation reactions are highly exothermic and thermodynamically favorable with the aromatic benzene ring enthalpy being ∆H R = -68.73 kJ/mol H 2 . At the same time, the dehydrogenation is endothermic with the high energy demand of 64-69 kJ/mol H 2 [START_REF] Qi | Liquid organic and inorganic chemical hydrides for high-capacity hydrogen storage[END_REF][START_REF] Rajesh | Chemical hydrides: A solution to high capacity hydrogen storage and supply[END_REF]. Liquid-organic hydrogen carriers (LOHC) partially solve that problem via reducing the dehydrogenation enthalpy catalytic processes [START_REF] Purna | Potential liquid-organic hydrogen carrier (Lohc) systems: A review on recent progress[END_REF]. However, both hy- other researchers reported that such results could not be reproduced and only ∼ 1.0 wt% hydrogen storage could be obtained regardless of the THF concentration [START_REF] Strobel | Molecular hydrogen storage in binary THF-H2 clathrate hydrates[END_REF][START_REF] Fokko | Hydrogen in porous tetrahydrofuran clathrate hydrate[END_REF][START_REF] Nagai | Binary Hydrogen-Tetrahydrofuran Clathrate Hydrate Formation Kinetics and Models[END_REF]. Therefore, increasing the hydrogen clathrate gravimetric and volumetric capacity in feasible P-T conditions remains an open area for further research. Due to their relatively higher thermal stability compared to clathrate the the the the hydrates, semi-clathrate were also studied for hydrogen storage. However, they showed lower storage capacity compared to H 2 -THF binary clathrates [START_REF] Veluswamy | Hydrogen storage in clathrate hydrates: Current state of the art and future directions[END_REF]. To solve those problems, the second generation of gaseous THP promoters has been proposed to exploit the hydrate structure storage potential in small and large cages. For instance, Park et al. showed that N 2 can allow hydrogen multiple occupancies in sII clathrate in the presence of THF and pyrrolidine (PRD) [START_REF] Park | Effect of molecular nitrogen on multiple hydrogen occupancy in clathrate hydrates[END_REF]. Similarly, SF 6 and CO 2 as promoters allowed hydrogen to be stored in large cages [START_REF] Hasegawa | Mechanism for H2 diffusion in sII hydrates by molecular dynamics simulations[END_REF]. Another ambitious direction was to use light alkane (C 1 -C 3 ) to form hydrogen clathrate with high calorific value at affordable formation and storage conditions. According to Mao et al., such a combination is expected to fulfill the US Department of Energy (DOE) energy density targets [START_REF] Mao | Hydrogen clusters in clathrate hydrate[END_REF]. Recently, our group used ab initio calculations to prove that CH 4 or CO 2 can play the role of thermodynamic promoter, allowing double occupancy of methane and hydrogen in 5 12 6 2 large cages of sI. This double occupancy has not only enhanced the hydrogen diffusion but also pushed sI binary H 2 -CH 4 volumetric and gravimetric storage capacity to meet DOE requirements [START_REF] Omran | Ab initio mechanistic insights into the stability, diffusion and storage capacity of sI clathrate hydrate containing hydrogen[END_REF]. Those results agreed well with previous experimental observations [START_REF] Grim | Synthesis and characterization of sI clathrate hydrates containing hydrogen[END_REF]. It has been demonstrated that different H 2 -CH 4 hydrates (sI and sII) could be synthesized by varying the thermodynamic conditions [START_REF] Skiba | Investigation of hydrate formation in the system H2-CH 4-H2O at a pressure up to 250 MPa[END_REF][START_REF] Belosludov | Theoretical study of hydrogen storage in binary hydrogen-methane clathrate hydrates[END_REF]. PXRD and Raman spectroscopy analysis of those binary clathrates showed that either sI or sII could be obtained depending on (1) P-T conditions, (2)initial composition, and (3) hydrate synthesis time. Interestingly, the thermodynamic requirements of such hydrates were more relaxed compared to pure H 2 or even tuned H 2 -THF hydrates [START_REF] Matsumoto | Investigating the thermodynamic stabilities of hydrogen and methane binary gas hydrates[END_REF].

drides
Similarly, ethane has been reported to form binary clathrate with hydrogen. Theoretical calculations showed that 2 -C 2 H 6 can form both cubic structures (sI and sII) at 250 K with hydrogen storage capacity of 2.5wt%, and 3.5 wt%, respectively [START_REF] Belosludov | Theoretical modelling of the phase diagrams of clathrate hydrates for hydrogen storage applications[END_REF]. Ghaani et al. reported using propane as a co-guest with hydrogen that can also reduce the thermodynamic requirements [START_REF] Mohammad | Hydrogen storage in propane-hydrate: Theoretical and experimental study[END_REF]. Ahn et al. found that for H 2 -CH 4 -C 2 H 6 system, multiple H 2 cage occupancies in all cages of hythane hydrates of sI and sII could be achieved via guest-exchange reaction. In that approach, a double hydrogen occupancy in small cages was obtained in the formed hydrate whether it is sI or sII [START_REF] Ho Ahn | Onestep formation of hydrogen clusters in clathrate hydrates stabilized via natural gas blending[END_REF]. More recently, Moon et al. optimized the hydrogen concentration needed to achieve the maximum possible hydrogen storage capacity in moderate thermodynamic conditions. However, despite those promising multiple hydrogen occupancies, the GC (Gas chromatography) results indicated that most of the hydrate cages to be filled either by methane or ethane rather than hydrogen with a composition of (51.74:17.98:30.2) mol% for (CH 4 :C 2 H 6 :H 2 ) in hydrate at the best case [START_REF] Moon | Critical hydrogen concentration of hydrogen-natural gas blends in clathrate hydrates for blue hydrogen storage[END_REF]. 

Other Hydrate-based Applications

There are many other hydrate-based applications for the energy transition as shown in Figure 9. In the energy-water nexus, water and energy are closely interlinked. While water can be considered as an energy source, energy is needed to transport or desalinate water. The latter is a big global challenge due to climate change and the intensive energy consumption for water desalination [START_REF] Raluy | Life cycle assessment of desalination technologies integrated with renewable energies[END_REF]. Thus, there is an urgent need to develop innovative technologies that can reduce such requirements and make use of waste heat from industrial sources. One clear example of that wasted energy is the cold energy of LNG re-gasification. The LNG received at the terminal at -162 • C is normally heated to 25

• C by employing seawater which is dumped back to the sea wasting the LNG cold energy. Such an amount of cold energy is huge as one tonne of LNG is estimated to require 214 kWh of cold energy removal [START_REF] He | LNG cold energy utilization: Prospects and challenges[END_REF]. One of the best options to utilize such wasted energy is hydrate-based desalination or (HyDesal). HyDesal work as stand-alone or in hybrid arrangement with other desalination technique to reduce the energy consumption and cost of the desalination process [START_REF] Hyun | Conceptual design and economic analysis of a novel cogeneration desalination process using LNG based on clathrate hydrate[END_REF]. Such an approach can not only help to reduce the desalination energy requirements but also in GHGs capture. To illustrate, using proper hydrate former such as CH 4 , CO 2 , C 3 H 8 at selected P-T range, water molecules form clathrate hydrate around gas molecules separating themselves from salty solution [START_REF] Sloan | Clathrate hydrates of natural gases[END_REF][START_REF] Babu | A Review of Clathrate Hydrate Based Desalination to Strengthen Energy-Water Nexus[END_REF]. For example, Babu et al. optimized the desalination conditions to reach ∼ 35% and salt rejection of ∼ 88 % for simulated seawater solution [START_REF] Babu | Hydrate-based desalination (HyDesal) process employing a novel prototype design[END_REF]. Although known from the 1940s, its commercialization faces some challenges related to reactor design to form and separate hydrate from salts and also the lack of commercial feasibility studies [START_REF] Babu | A Review of Clathrate Hydrate Based Desalination to Strengthen Energy-Water Nexus[END_REF][START_REF] Kang | Seawater desalination by gas hydrate process and removal characteristics of dissolved ions (Na+, K+, Mg2+, Ca2+, B3+, Cl-, SO42-)[END_REF].

There is increasing energy demand for space cooling along with climate change [START_REF] Yin | Hydrates for cold energy storage and transport: A review[END_REF][START_REF] He | LNG cold energy utilization: Prospects and challenges[END_REF]. Therefore, there is a growing demand to explore for the best phase change material (PCM) candidates that can efficiently take benefit of the cold energy released from the production sectors (e.g.energy from renewable sources, cheap off-peak electricity, oil and gas industry waste heat, and LNG regasification in terminals) for storage and transport applications. In that context, semi-clathrate hydrates (SCHs) are ideal candidates because of their suitable phase change temperature (5-27

• C), thermal stability (melting point can vary from -66 up to 31 • C), latent heat of fusion (190-220 kJ/kg) and relatively better heat transfer efficiency compared to clathrate hydrates [START_REF] Shin | Physicochemical properties of ionic clathrate hydrates[END_REF][START_REF] Khafaei | Experimental Study of Semiclathrate Hydrates Formation TBAOH, TBAF, and TBAC in the Presence of SDS and Tween Surfactants as a Cold Thermal Energy Storage System for Air Conditioning Applications[END_REF] which is suitable for various cooling requirements [START_REF] Zhang | An overview of phase change material slurries: MPCS and CHS[END_REF]. The process usually starts with cooling the system to form a hydrate, which is an exothermic process. The cold energy stored then could be consumed through depressurization or receiving heat from the external environment or a combination of both. CO 2 (or mixed CO 2 -THF) hydrates were well-demonstrated for such an approach [START_REF] Marinhas | Solid fraction modelling for CO2 and CO2-THF hydrate slurries used as secondary refrigerants[END_REF]. However, CO 2 is corrosive acid gas that will require expensive infrastructure. Although semi-clathrate hydrates can overcome those drawbacks, a more comprehensive economic assessment for the energy cycle is missing in the literature. Moreover, SCHs either in their acidic or basic ionic form showed exceptional thermal stability, ionic and proton conductivity. Such unique properties enable them to compete with solid electrolytes such as Nafion. More comprehensive research studies are highly desired to evaluate the unique physicochemical properties of such materials [START_REF] Shin | Physicochemical properties of ionic clathrate hydrates[END_REF][START_REF] Ho Cha | Ionic conductivity enhancement due to coguest inclusion in the pure ionic clathrate hydrates[END_REF][START_REF] Desmedt | Proton dynamics in the perchloric acid clathrate hydrate HCIO 4-5.5H2O[END_REF].
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Hydrate technologies for economic gas storage give promises due to the moderate production and storage condition and the ease of gas recovery compared to other means of energy storage and transportation [START_REF] Wang | Carbon dioxide hydrates for cold thermal energy storage: A review[END_REF]. Few studies targeted the life-cycle of NGH for transportation or mobile storage. For instance, Nogami and Oya showed that NGH is more economic in the medium distance for 1000-6000 km distance compared to LNG, CNG, or PLG. However, for longer distances, LNG is still the optimum choice [START_REF] Nogami | Development of natural gas ocean transportation chain by means of natural gas hydrate (NGH). 6th Gas Hydrates Int. Conf. [ICGH[END_REF]. Furthermore, Nakai made a comprehensive life cycle assessment (LCA) for NGH for trucks and shipping purposes and concluded that it can reduce the cost by about 20% compared to the LNG plant of 1-1.5 MTPA (Million Tonnes per Annum)) [START_REF] Nakai | Development of natural gas hydrate (NGH) supply chain[END_REF]. Other cost analysis studies showed that NGH could reduce the capital cost by at least 25%-48% relative to LNG [START_REF] Veluswamy | A review of solidified natural gas (SNG) technology for gas storage via clathrate hydrates[END_REF]. The recent sharp increases in natural gas and LNG prices due to the pandemic and recent geopolitical development revealed the need for long-term or static storage of methane especially from discrete and small gas resources (shale gas, biogas, flue gases) [START_REF] Mišík | The EU needs to improve its external energy security[END_REF]. In that context, NGH showed a superior advantage over other technologies. In particular, it offers a high gravimetric and volumetric capacity of methane in a much controlled and safer manner compared to LNG or CNG. The safety of such a method is inherited from lower storage pressure (2-5 bar compared to 10 or MPa for CNG) and non-explosive nature due to the presence of water in excess. Economically, it can be feasible for static medium and long time storage with a relatively high storage temperature (-20 • C compared to 162 • C ) and less boiloff gas (BOG) re-compression requirements [START_REF] Pellegrini | LNG technology: The weathering in above-ground storage tanks[END_REF][START_REF] Di Profio | Comparison of hydrogen hydrates with existing hydrogen storage technologies: Energetic and economic evaluations[END_REF]. Such unusual stability of methane clathrates even outside its zone of thermodynamic stability can be attributed to the hydrate self-preservation phenomenon [START_REF] Takeya | Methane storage in water frameworks: Selfpreservation of methane hydrate pellets formed from NaCl solutions[END_REF]. For instance, an early study by Gudmundsson et al. showed that natural gas hydrates (92 mol% methane, 5 mol % ethane, and 3 mol% propane) can be stored in a deep freezer (-5 to -18 • C) for 10 days at atmospheric pressure without significant loss of methane [START_REF] Gudmundsson | Storing natural gas as frozen hydrate[END_REF]. In a more recent study, Mimachi et al. showed that NGH pellets could successfully stored for 3 months at 253 K under atmospheric pressure [START_REF] Mimachi | Effect of Long-Term Storage and Thermal History on the Gas Content of Natural Gas Hydrate Pellets under Ambient Pressure[END_REF]. Stability can be improved and storage can be extended for years in case of CH 4 -THF sII clathrates [START_REF] Bhattacharjee | Amino Acids as Kinetic Promoters for Gas Hydrate Applications : A Mini Review[END_REF] . However, this higher stability and longer storage period comes on the expense storage capacity that has been significantly reduced. To address that point, Takeya et al. suggested coating CH 4 hydrates with THF or cyclopentane (CP). In case of cyclopentane-coated methane hydrate, the authors found that the hydrates remained stable for extended periods at a temperature higher than the equilibrium temperature and under atmospheric pressure [START_REF] Takeya | Ripmeester. Superheating of Structure I Gas Hydrates within the Structure II Cyclopentane Hydrate Shell[END_REF].

Clathrate hydrates do not only reduce the cost compared to conventional storage for large-scale storage but also open the door for small and medium-size methane storage from discrete or remote resources. These resources such as shale gas, coal mine gas, offshore and onshore flue gases are not suitable for LNG which needs huge capital investment and tremendous reserves, and long-term contracts. It is important to stress here that NGH technology is complementary rather than competitive with existing technologies. In fact, NGH technology is best working in and hybrid mode due to their simple modular construction and operation which reduce the investment threshold by allowing to taking profit from the existing facilities and infrastructure [START_REF] Yu | Natural gas hydrate resources and hydrate technologies: a review and analysis of the associated energy and global warming challenges[END_REF].

In general, NGH processing technology consists of a formation step, followed by dewatering of non-converted water, cooling and depressurizing of excess gas, and finally pelletizing the hydrate for storage. While safety, storage conditions, and economics are the big advantage of NGH technology, the formation or synthesis step is the main engineering and economic obstacle that prevent the widespread of such technology [START_REF] Kanda | Economic study on natural gas transportation with natural gas hydrate (NGH) pellets[END_REF][START_REF] Nogami | Development of natural gas ocean transportation chain by means of natural gas hydrate (NGH). 6th Gas Hydrates Int. Conf. [ICGH[END_REF][START_REF] Rehder | Methane hydrate pellet transport using the self-preservation effect: A techno-economic analysis[END_REF]. The hydrate formation suffers from slow kinetics and severe operating condition, especially for pure methane (sI) [START_REF] Bhattacharjee | Rapid methane storage via sII hydrates at ambient temperature[END_REF]. To solve that problem, it is crucial to understand the nucleation process to shorten the induction time. The use of a carefully selected kinetic promoter (KHP) can reduce the lag time and the overall hydrate synthesis duration. In that aspect, the KHP should avoid the drawback of foaming without compromising the gas uptake. In addition to not being expensive, the selected KHP should be also eco-friendly and recyclable or degradable. The promising material in that aspect are nanoparticles [START_REF] Syed | Effect of nanoparticles on the nucleation and agglomeration rates of hydrate growth using THF-water clathrates[END_REF], amino acids [START_REF] Naeiji | Journal of Natural Gas Science and Engineering Amino acids as kinetic inhibitors for tetrahydrofuran hydrate formation : Experimental study and kinetic modeling[END_REF][START_REF] Fakharian | Potato starch as methane hydrate promoter[END_REF], and porous materials at low concentrations [START_REF] Avinash | Clathrate hydrate dynamics with synthetic-and bio-surfactant in porous media: Model formulation and validation[END_REF]. The latter can be also used as the main storage medium allowing clathrates to grow inside pores at mild P-T conditions which is pretty similar to the THP effect [START_REF] Casco | Methane hydrate formation in confined nanospace can surpass nature[END_REF]. Using liquid THP can reduce the hydrate formation requirements and increase the stability of formed hydrates [START_REF] Bhattacharjee | Amino Acids as Kinetic Promoters for Gas Hydrate Applications : A Mini Review[END_REF]. However, the environmental impact of this promoter needs to be carefully assessed.

If used in optimal concentrations, the use of those promoters can compromise between the reduced storage capacity and cooling requirement and hence minimize the overall process cost.

Recently, the use of gaseous THP such as light hydrocarbons (C 1 -C 3 ) [START_REF] Moon | Critical hydrogen concentration of hydrogen-natural gas blends in clathrate hydrates for blue hydrogen storage[END_REF] showed promising results for both methane and blue hydrogen storage. Moreover, one the of the biggest advantages of hydrates is that they are insensi- tive to impurities. On the contrast, acid gases such as CO 2 and H 2 S can also reduce the thermodynamic requirements of methane hydrate formation [START_REF] Ward | Phase equilibrium data and model comparisons for H2S hydrates[END_REF][START_REF] Babu | Hydrate phase equilibrium of ternary gas mixtures containing carbon dioxide, hydrogen and propane[END_REF]. For example, Gudmundsson et al. could store NGH of methane, ethane, and propane in a normal deep freezer temprature (255.2-268.2 K) for 10 days under a pressure [START_REF] Gudmundsson | Storing natural gas as frozen hydrate[END_REF]. Overcoming the slow kinetic problem needs also innovative reactor design to enhance the gas-liquid contact, mass and heat transfer to the extent that industrial-scale application can be feasible. Current research studies in that direction, packed bed reactors [START_REF] Linga | A review of reactor designs and materials employed for increasing the rate of gas hydrate formation[END_REF], horizontal reactors with metallic packing [START_REF] Gaikwad | Effect of Cyclooctane and l -Tryptophan on Hydrate Formation from an Equimolar CO2-CH4Gas Mixture Employing a Horizontal-Tray Packed Bed Reactor[END_REF] showed promising results. So to summarize, research perspectives for methane hydrate studies include but not limited to (1) understanding nucleation, self-preservation, structural transformation and memory phenomena, (2) proper selection of KHP, innovative (3) practical reactor design, (4) removal or optimization of THP , (5) explore the possibility of salty water and increasing pressure conditions toward the atmospheric pressure to improve the process economics and finally (6) perform detailed LCA studies.

In the case of carbon capture and sequestration (CCS), hydrate-based carbon capture and sequestration (HBCS) is a promising technique based on a simple process that is not affected by a pressure gradient, contaminants, and humidity. Moreover, the recovery or regeneration can be achieved simply by depressurization or thermal exchange at ambient conditions. This makes it energy-efficient and thus cost-effective carbon capture technology with estimated energy consumption below 0.60 kWh per ton CO 2 [START_REF] Yu | Natural gas hydrate resources and hydrate technologies: a review and analysis of the associated energy and global warming challenges[END_REF]. Although slow kinetics is still a problem, the thermodynamic requirements are much lower compared to NGH or hydrogen hydrates. Combining carbon capture and sequestration in a single process is a unique feature that favors HBCS over other carbon capture technologies. On the other hand, higher thermodynamic requirements are needed to maintain decent separation efficiency when the feed mixture has a lower CO 2 concentration. There are two possible solutions for that problem: (1) multistage HBCS and (2) hybrid hydrate CO 2 capture methods. The latter is more favored as it takes advantage of both HBCS and the conventional carbon capture method such as membrane or cryogenic separation to lower the energy requirements [START_REF] Feyzi | Hybrid Hydrate-Membrane Post-combustion CO2Capture: A Conceptual Process Design and Analyses[END_REF][START_REF] Surovtseva | Department of Chemical Engineering Clean Gas Technologies Australia CO 2 Separation by Cryogenic and Hydrate[END_REF][START_REF] Surovtseva | Design and operation of pilot plant for CO2 capture from IGCC flue gases by combined cryogenic and hydrate method[END_REF].

Safety and environment are priorities in the hydrogen storage process. In that aspect, hydrogen clathrate has a clear advantage over other physical and chemical storage methods. While storing hydrogen in solid clathrate is compact and needs relatively low storage pressure, storing hydrogen in reasonable amounts at its gaseous form needs a very large volume and/or high-pressure tanks which is a serious safety challenge. Moreover, it shows less CO 2 emission compared to other physical storage in both liquid and gas forms. Both economics studies show the net energy gain from hydrogen storage is competitive with chemical storage due to the less energy required to recover hydrogen [START_REF] Di Profio | Comparison of hydrogen hydrates with existing hydrogen storage technologies: Energetic and economic evaluations[END_REF]. On the other hand, hydrogen clathrate still faces many challenges. First and foremost, it needs very high thermodynamic requirements in terms of high pressure and low temperature. Such a challenge can be solved by blending hydrogen with natural gas to form "Hythane" in which hydrogen storage can be in a reasonable P-T range with multiple hydrogen cage occupancies [START_REF] Ahn | One-step formation of hydrogen clusters in clathrate hydrates stabilized via natural gas blending[END_REF]. However, further investigation is still needed to evaluate that approach especially in terms of kinetic studies and uncertainty of storage capacity.

Natural Gas

Hydrogen CO 2 As mentioned above for desalination, the use of wasted cold energy such as those of LNG facilities can make hydrogen clathrates very competitive with the well-established hydrogen hydride or compressed hydrogen [START_REF] Shibata | Engineering investigation of hydrogen storage in the form of a clathrate hydrate: Conceptual designs of underground hydrate-storage silos[END_REF]. Currently, fuel cells and hydrogen hydride are the most common options for onboard hydrogen storage. While the first requires a low temperature as low as 200 K, the latter assumes a storage capacity of about 5.06 wt% hydrogen. These two conditions can be, at least theoretically, met by hydrogen clathrates [START_REF] Gupta | Hydrogen Clathrates: Next Generation Hydrogen Storage Materials[END_REF]. However, overall cost estimates for onboard hydrogen clathrate are still needed for better evaluation. Figure 10 summarizes future research areas required to enable the industrial application of gas hydrates for the energy transition.

Gas Hydrate Reservoir

One of the strong points of zeolitic ice technologies is their ability to be integrated with existing infrastructure and processes improving them toward greener energy transition. Having already highlighted the role of gas hydrates for methane storage, CCS, and hydrogen storage above, one can suggest an integrated approach that can enhance the environmental feasibility of blue hydrogen production or hydrate-based blue hydrogen (HBBH). Natural gas (composed mainly of methane) is currently the primary source of hydrogen production through catalytic reactions. It is estimated that 75% of the globally produced methane is utilized for hydrogen production via processes such as steam reforming (SRM) [START_REF] Chen | Catalytic hydrogen production from methane: A review on recent progress and prospect[END_REF] or dry reforming (DRM) [START_REF] Omran | Mechanistic insights for dry reforming of methane on Cu/Ni bimetallic catalysts: DFT-assisted microkinetic analysis for coke resistance[END_REF]. Currently, the state of art hydrogen production is "gray hydrogen" which comes from steam methane reforming (SMR). Green hydrogen which refers to the hydrogen produced from clean renewable energy sources still has not had enough supply or competitive cost compared to gray hydrogen despite the rapid decrease of renewables costs [START_REF] Oliveira | A green hydrogen economy for a renewable energy society[END_REF]. To overcome the problem of GHG emissions coming from gray hydrogen, an increasing number of researchers promoted the idea of "blue hydrogen" as shown in Figure 11. The relatively new concept adds CCS to the SMR process and used to be described zero or low GHG emission technology [START_REF] Van Renssen | The hydrogen solution?[END_REF].

A common gap in those 3 hydrogen production approaches (green,gray and blue), the three technologies lack a clear method for safe hydrogen storage. Such a gap is very important as it can be the bottleneck for the hydrogen economy.

To illustrate, Dawood et al. proposed that, in addition to production and utilization, safety and storage are two

Regional or national Gas Grid Shale Gas Biogas Flue Gas Boil-off Gas important corners for hydrogen-based energy systems [START_REF] Dawood | Hydrogen production for energy: An overview[END_REF]. Although blue hydrogen technology is claimed to have a good balance between economic feasibility and GHG emissions, the steps of CO 2 capture and sequestration are two independent sub-processes. In addition, the storage is described to be in geological structures such as a saline aquifer with 800 m depth. However, a recent complete LCA by Howarth & Jacobson showed that blue hydrogen reduces carbon dioxide emission by only 9-12% less than gray hydrogen. The reason behind that is the lower amount of carbon dioxide emissions are compensated by fugitive methane emissions due to the use of natural gas to power for the carbon capture. For heating purposes, it has been found that the greenhouse gas footprint of blue hydrogen is 20% greater than natural gas or coal [START_REF] Robert | How green is blue hydrogen?[END_REF]. A major part of those drawbacks can be avoided if hydrates are utilized for methane and CO 2 capture and sequestration in addition to hydrogen storage as shown in Figure 12. In principle, CO 2 storage can be used to recover natural gas with a double benefit of energy recovery and CCS. Resistant to contaminants, clathrate hydrates can be used to capture flue gas and fugitive methane emissions at a reasonable cost.

Finally, this review demonstrated the potential of HBT integration with existing processes for the efficient energy transition. Being flexible and implementable at a low cost, HBTs can facilitate large scale gas transportation and storage. Moreover, they can provide lower entrance barriers to utilize remote and discrete energy sources which are not feasible to transport through other gas transportation means as illustrated at Figure 13. In analogy to CCS, clathrate hydrates can be also used for methane and other GHGs capture and sequestration. Last but not least, they can be used to safely store hydrogen at a lower cost.

Conclusions

This review sheds light on increasing research interest for hydrate-based technologies (HBTs) in various fields related to energy transition and decarbonization. The main properties of hydrate (both clathrates and semi-clathrates) have been introduced to show their uniqueness and potential for industrial applications. First, we showed the advantages of NGH for methane storage and benchmarked them with existing technologies such as PLG, CNG, and LNG. NGH is suitable for medium-distance transportation, both small and large volume stationary methane storage, especially for long time storage. We concluded that NGH technology is very flexible and can be utilized in synergy with other existing methane storage technology which enables us to make use of the current infrastructure. Hydrates can also be an interesting opportunity for CCS with HBCS combining both carbon capture and sequestration in a single step. Moreover, that technique can be used for methane recovery as we showed in the CH 4 -CO 2 replacement process. Then, we introduced hydrogen clathrate as a compact, safe, and environmentally benign option with a great potential for static hydrogen storage.

We have also shown the role of clathrate in the energy-water nexus with applications such as desalination. We also addressed the engineering and economic challenges that hinder the industrial application of HBTs. In our opinion, future research should focus on improving heat and mass transfer via reactor design, optimum selection and concentration of kinetic and thermodynamic hydrate promoters, and possible hybrid HBTs. Above all, detailed life-cycle economic studies will help evaluate those proposed solutions. Finally, we presented some conceptual examples of possible hydrate technology integration into the existing energy processes to enhance their performance. Presenting 
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 2 Figure 2: Summary of common clathrasil and gas hydrate cage structures.
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 3 Figure 3: Gas hydrates potential technological applications for the energy transition.
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 4 Figure 4: Structure II of pure methane hydrate can be formed at 0.25 GPa [22]. Hydrogen atoms are shown in pink, oxygen in red, carbon is black, and hydrogen bonds are with dashed lines.
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 5 Figure 5: The estimated volumetric and gravimetric storage of common methane clathrate hydrate structures.
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 6 Figure 6: Estimated energy consumption (kw h per ton CO 2 ) of different carbon capture technologies. Hydrate-based technology combines both capture and sequestration methods in a single step. The figure is reproduced from Yu et al.[154].
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 7 Figure 7: Schematic representation of methane clathrate replacement with CO 2 .
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 8 Figure 8: The estimated cost of different hydrogen storage technologies. Clathrat storage cost is assumed with a volumetric capacity of 3.03 wt% [200].
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 9 Figure 9: Schematic illustration of current and possible hydrate-based applications for energy transition.
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 10 Figure 10: Future perspectives of hydrate research toward industrial application.
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 11 Figure 11: Schematic representation of gray and blue hydrogen.
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 12 Figure 12: Schematic representation of possible hydrate-based blue hydrogen.
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 13 Figure 13: Gas Hydrate can make use of discrete gas resources by lowering the investment barrier.
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Table 1 :

 1 Clathrate types of Hydrates and Clathrasils Cages 5 12 , 5 12 6 2 5 12 , 5 12 6 4 5 12 , 4 3 5 6 6 3 , 5 12 6 8

	Clathrate Hydrate Type	I	II	H
	Space group	Pm3 n	Fd 3 m	P6 /mmm
	Hydrate			
	Lattice Param-	a= 1.2	a= 1.73	a= 1.22 , c= 1.01
	eter(n.m)			
	Guests (Hydrates)	CH 4 , CO 2	H 2 , CH 4 (0.25 GPa[22])	CH 4 -Cyclooctane
	Clathrasil IZA code	MEP	MTN	DOH
	Clathrasile			
	Lattice Param-	a= 1.346	a= 1.99	a= 1.378 , c= 1.119
	eter(n.m)			
	Guests (Clathrasils)	CH		

4 , N 2 , CO 2 CH 4 ,N 2 Ar, (CH 3 ) 3 N N 2 , (CH 2 ) 5 NH

In recent decades, gas hydrates showed increasing potential for various industrial applications such as energy storage Small cage (A)
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SF 6 neutral molecule has been shown to form sII occupying the large cages of 5 12 6 4 [77

  ]. On the other hand, some ionic clathrate hydrates show strong or weak basicity by encapsulated cationic guests while the host lattice charge is balanced by anions such as OH -, F -, and Br -. The base-containing semi-clathrate are more diverse than acidic ones with a general formula of R 4 N + X -where (R=CH 3 , nC 3 H 7 , nC 4 H 9 ,

	6 6 8 cages and is distinguished by high melting point and high
	ionic conductivity [77]. Acidic clathrate such as HBF 4 .5.75 H 2 O or HClO 4 .5.5 H 2 O can form the cubic sI clathrate. In
	these structure, the anions can occupy both large and small cages. HPF 6 can also form sI too, but in this case, it occu-
	pies the large cages (5 12 6 2 ), only leaving the small cages empty. In contrast to sVI semiclathrate, sI compounds have
	relatively lower melting points [78]. Similarly,

  and LOHC face common challenges such as safety, eco-toxicity, solid-based or liquid-based infrastructure for transportation, cost of catalyst or metal, and difficulty producing enough pure H 2 over a long life cycle.In 1999, Dyadin et al. could utilize differential thermal analysis (DTA) to prove that pure hydrogen clathrates synthesized at ≈ 15 kbar are of sII clathrate (CS-II). While they anticipated H 2 /H 2 O ratio (R) as high as 1/3[START_REF] Dyadin | Clathrate hydrates of hydrogen and neon[END_REF], Mao et al. 5.3 wt% or 1.8 kW.h/kg[START_REF] Mao | Hydrogen storage in molecular compounds[END_REF][START_REF] English | Intra-cage structure, vibrations and tetrahedral-site hopping of H2 and D2 in doubly-occupied 51264 cages in sII clathrate hydrates from path-integral and classical molecular dynamics[END_REF].H 2 -THF binary clathrates have been widely investigated as THF eases the thermodynamic requirement to acceptable ranges of 7-8 MPa. However, that extra stability was at the expense of a storage capacity that significantly dropped[START_REF] Rasoolzadeh | Hydrogen hydrate cage occupancy: A key parameter for hydrogen storage and transport[END_REF][START_REF] Katsumasa | On the thermodynamic stability of hydrogen clathrate hydrates[END_REF]. Lee et al. suggested tuning the THF concentration to allow hydrogen molecules to be enclathrated in the large cages of sII without compromising the moderate P-T requirements. The systematic reduction of THF concentration from 5.56 mol% to 0.2 mol% resulted in a storage capacity increase from 2.09 to 4.03 wt% at 120 bar and 270 K[START_REF] Lee | Tuning clathrate hydrates for hydrogen storage[END_REF]. However, tuning phenomena is controversial in the literature. While few studies could obtain tuned H 2 -THF clathrates such as Sugahara et al. who modified the synthesis method at ∼ 70 MPa and 255 K[START_REF] Sugahara | Increasing hydrogen storage capacity using tetrahydrofuran[END_REF], many

	characterized sII hydrogen clathrate in situ by different spectroscopic methods at 145 K and 1 atm and proved that R
	can be ∼ 1/2 [180]. Unlike Villard's rule R ∼ 1/6 in which each cage can be only occupied by a single guest[23], those

higher ratios prove multiple hydrogen occupancy in both small and large cages of sII. It has been estimated that a small (5

12 

) cage can hold two hydrogen molecules while the large (5 12 6 4 ) cages can encapsulate 4 hydrogen molecules at high pressures. With such occupancy taken into account, the pure hydrogen clathrate can exhibit a hydrogen storage capacity of