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Even in the carbon-neutral age, natural gas will be valuable as environment-friendly fuel that can fulfill the gap between the energy demand and supply from the renewable energies. Marine gas hydrates are a potential natural gas source, but gas production from deposits requires additional heat input owing to the endothermic nature of their dissociation. The amount of fuel needed to produce a unit of energy is important to evaluate energy from economic and environmental perspectives. Using the depressurization method, the value of the energy return on investment or invested (EROI) can be increased to more than 100 for the dissociation process and to approximately 10 or more for the project life cycle that is comparable to liquefied natural gas (LNG) import. Gas transportation through an offshore pipeline from the offshore production facility can give higher EROI than floating LNG; however, the latter has an advantage of market accessibility. If the energy conversion from methane to hydrogen or ammonia at the offshore facility and carbon capture and storage (CCS) can be done at the production site, problems of carbon dioxide emission and market accessibility can be solved, and energy consumption for energy conversion and CCS should be counted to estimate the value of the hydrate resources.
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INTRODUCTION
Unlike conventional oil and gas that can be produced by natural flow, combustible hydrocarbon gas extraction from naturally occurring gas hydrates, ice-like solid in the earth crust and stable under high pressure and low temperature, requires some sort of production technology that can consume energy. To bring fuel gas from gas hydrates in geological formation, the solid form hydrocarbon should be dissociated into fluid phase (gas and water) that can move in porous geological formation and in the tubing, but gas hydrate dissociation is an endothermic phenomenon, and thus, the process needs continuous thermal energy input (Makogon, 1997; Sloan, 1998). Even using depressurization method that does not require input of thermal energy, work to bring water from deep underground to surface is required, and energy to operate a pump is required. Those points are different from conventional fluid hydrocarbons (natural gas or oil) that are pressurized and move up to surface as natural flow. If other methods such as thermal stimulation are used, the energy return on investment (EROI) would be much lower than conventional oil and gas. The methane (CH4) produced from the gas hydrate is relatively low carbon emission fuel than other fossil energies; however, it is a fossil energy that emits carbon dioxide (CO2) on combustion. Therefore, the EROI value of gas hydrate production is important from the economic and environmental viewpoints.
Naturally occurring gas hydrate is found in several forms, such as pore-filling hydrates in sandy sediments, bulky hydrate nodules on the seafloor or near the surface, and fault- and fracture-filling hydrates in clayey sediments. Among these, the hydrate deposits in sandy formation in either onshore permafrost or offshore deepwater environments could be the closest target for commercial gas production because currently available technologies for the conventional petroleum productions can be applied (Boswell and Collett, 2006). Moreover, its continuous and concentrated occurrences can give large production volumes from single production and transport facilities such as an offshore platform, well clusters, and a gas pipeline to the shore. Therefore, offshore gas hydrates in deepwater sandy sediments are the highest priority target for resource development from quantity and accessibility viewpoints.
The in-place volume of naturally occurring gas hydrates has been estimated worldwide or regionally. The early estimation counted 1015–1018 m3 in the methane gas volume under the normal condition (Kvenvolden, 1988), but recent estimations are in the range of 1014–1017 m3 (Boswell and Collett, 2011; Johnson, 2011). In the case of the eastern Nankai Trough area in the Pacific coast of Japan, 1.1 × 1012 m3 of methane gas was delineated by seismic surveys with borehole data support (the mean value of a stochastic analysis), and half of the methane was highly concentrated in turbidite sand sediments (Fujii et al., 2008). In the case of Outer Continental Shelf of Gulf of Mexico, among 607 × 1012 m3 of estimated methane volume (mean estimate) in the gas hydrate form, 190 × 1012 m3 was evaluated to reside in the sandstone reservoir (Frye, 2008). In the Alaska North Slope, the methane gas volume within gas hydrate reservoirs was estimated as 2.42 × 1012 m3. The gas hydrate deposits in the South China Sea has unique features in which gas hydrates exist in the pore spaces of finer silty sediments and the estimated gas volume is 64.6 × 1012 m3 (Zhu et al., 2021). Recoverable reserves from the in place gas volume would be limited by technical, economic and environmental reasons. EROI is one of the dominant factors to estimate the value of gas hydrates as a fuel resource. The value of EROI depends on the production technique and systems to realize the technique.
Even in the carbon-neutral age, natural gas will be valuable as an environment-friendly fuel that can fulfill the gap between the energy demand and supply from the renewable energies. In this article, how much EROI can be expected for each type of production method and system, and its ecological value in the future carbon neutral society are discussed.
HEAT DEMAND AND OUTPUT BY GAS PRODUCTION METHODS
Production Techniques and Theoretical and Laboratory Evaluation
To produce methane from the marine gas hydrate in sandy sediments, in situ dissociation via depressurization or thermal stimulation can be the most realistic method, because the existing techniques and equipment used in deepwater petroleum production can be applied, and environmental footprints at the seafloor are limited within the vicinity of the drilled borehole. However, due to the endothermic nature of gas hydrate dissociation, difference of two methods can be regarded as the difference of heat source; the thermal stimulation needs an artificial heat source, but the depressurization uses sensible heat of sediments. Figures 1, 2 illustrate the basic concept of two methods with heat and mass fluxes. We try to calculate the energy consumption necessary for each method.
[image: Figure 1]FIGURE 1 | Phase equilibrium line and PT changes during the application of the “depressurization method (blue arrows)” and the “thermal stimulation method (red arrows).”
[image: Figure 2]FIGURE 2 | Thermal energy injection for the “thermal stimulation method” (Einj) and work to displace water to realize the “depressurization method” (Etrans). In the case of the “depressurization method,” the necessary thermal energy is supplied from the explicit heat of the initial and phase equilibrium temperature, as shown in Figure 1.
The 1-kg structure I methane hydrate [nCH4⋅5.75H2O or CH4⋅m5.75H2O, where n is a cage occupancy and has a value around 0.95, and m is a hydrate number and its measured value from the natural sample is 6.1 (Kida et al., 2015)] contains 8.47-mol CH4, and the latent heat of gas hydrate dissociation ΔMHH is approximately 437 kJ (Anderson, 2004); depending on cage occupancy conditions, gas hydrates were formed. This value is the minimum thermal energy demand for dissociating the unit mass of the gas hydrate. When the produced gas is combusted, the enthalpy of the combustion ΔcH° is 6,800 kJ; therefore, the maximum ratio of producible energy to the heat demand ΔcH°/ΔGHH is around 15.6.
If the thermal stimulation method is applied, the necessary thermal input is not only the dissociation heat but also the heat to increase the formation temperature that contains sand particles and pore fluids as well as gas hydrates. The heated region can extend beyond the targeted gas hydrate-bearing sediment, and the heat can escape to the surrounding formations by conduction and advection, so more heat input should be necessary. The necessary energy input Einj can be written as follows:
[image: image]
where φ is the porosity, VMH is the dissociated hydrate, ΔSMH is the change in the gas hydrate saturation (volume fraction of the gas hydrate in pore space), ρMH and ρbulk are densities of the gas hydrate and bulk sediment (sand, pore fluid, and gas hydrate), [image: image] is the dissociation enthalpy of the gas hydrate per mass, cpbulk is the specific heat of the bulk sediment, ΔT is the temperature change in the formation, VMH is the domain of gas hydrate dissociation, and VT is the temperature change. Any energy loss in the heating system is not considered here. Owing to the second term on the right-hand side of Eq. 1, EROI of the thermal stimulation method will be far lower than 15.6. Siažik et al. (2017) proposed an experimental system to measure the EROI directly and predicted the value as 10.6.
The volume of the influenced domain VT highly depends on the process of thermal stimulation, and to maximize EROI of thermal stimulation, VT should be minimized by reducing the escaping heat from the gas hydrate dissociation domain VMH. There can be three different schemes of thermal stimulation, namely, 1) single borehole conduction type, 2) single borehole huff and puff type (a method of cyclic hot fluid injection and gas production), and 3) multi-well hot water flooding type (Figure 3). The simplest single borehole conduction type stimulation has a problem that the direction of heat flow is opposite to the fluid flow direction so the heat transport far away from the borehole is difficult. Other two methods can be regarded as a combination of the depressurization and thermal stimulation techniques; they can be used for sorts of enhanced recovery measures and depressurization is the primary recovery measure with natural thermal energy. It is important to apply an effective heat source and to reduce loss in the heat generation process. Electrical heating (Callarotti, 2011; Minagawa et al., 2018), an application of heat pump to collect sea water temperature (Mori et al., 2012), geothermal energy (Japan Drilling Company, 2009), and backfilling of chemical heat sources (Xu et al., 2021) have been proposed. Among those techniques, Callarotti (2011) estimated EROI of the thermal stimulation with electric heating using analytical solutions and obtained as in the range of 4–5 without considering the efficiency of power generation. For the hot water injection, the estimation of EROI by Callarotti (2012) began at a value of 28 as the water starts flowing and reduced to a value of 2.8 after fifty years of production. Alternatively, if the reservoir pore pressure can be dropped by displacing water from the reservoir to the surface through a borehole, the phase equilibrium temperature of the gas hydrate and vapor methane is dropped, and explicit heat between the original formation temperature and phase equilibrium temperature (ΔT = T0−Teq(P′), where Teq(P′) is the phase equilibrium temperature after depressurization from the original pressure P0 to P′) can be used for the gas production. The necessary artificial energy input to realize the depressurization method Etrans is the work needed to displace water from the reservoir to the surface to establish the depressurized situation and can be written as follows:
[image: image]
where Vw is the volume of the produced water, ρW is the density of water, Δz is the head of the displaced water that is equivalent to the degree of depressurization ΔP at the bottom of the well, and g is the gravitational acceleration. This equation is based on the idea that all of the water should be transported by a pump, but natural gas lift effect (buoyancy of the produced gas bubbles hold up liquid) can reduce the value of Etrans can be reduced. Such phenomena were observed in some field cases, as stated later.
[image: Figure 3]FIGURE 3 | Possible thermal stimulation options with heat and fluid flows involved. To minimize the heat that is not involved into the gas hydrate dissociation is the key to maximize EROI of the depressurization method.
From 1-kg gas hydrate (methane hydrate), 0.95 × 10–3 m3 of water is produced, and if the degree of the drawdown is 10 MPa, the energy necessary to transport the water from the reservoir to the surface is Etrans = 9.31 kJ, and EROI of the depressurization method, which is written as ΔcH°/Etran, is approximately 730. In the real situation, water from the gas hydrate dissociation and associated original pore fluid should be produced, so EROI should be less than the theoretical value of 730. This means that EROI of the depressurization method is governed by the gas to water volume ratio (GWR), and GWR should be less than the theoretical value (approximately 200) due to the water from the original pore fluid. Therefore, how to reduce the excess water production will be the key technology, but the situation of water production highly depends on the geological conditions such as the existence of low gas hydrate saturation streaks, and fluid conduits such as faults and fractures. The current Japanese gas hydrate resource research and development plan gives the study on the excess water management high priority (Yamamoto et al., 2021a). Some physical barriers to stop the migration of unnecessary water are possible ideas, and biotechnical barriers using in-situ microble (Hata et al., 2020) and waterglass (sodium silicate, Ito et al., 2014) may reduce the permeability in the broader domain far away from the borehole because the treatment media do not contain solid particles and then penetrate the formation easily. As a different idea, Gao et al. (2021) proposed to manage the water production by optimizing the depressurization process using data from laboratory experiments. Guo et al. (2020) proposed that the stepwise control of the depressurization process can decrease the water production, with enhancement of gas production by thermal stimulation. For the actual field development, both soft (operational) and hard (physical) measures to control water production should be quite important for maintaining high EROI. Moreover, geophysical techniques to identify the water-bearing zone is necessary. The combination of the seismic and geophysical log was useful to identify the water-producing streaks during the offshore production test (Yamamoto et al., 2019), and this knowledge should be useful for the design or production process and application of countermeasures.
In the case of the depressurization method, methane productivity from gas hydrate deposits solely depends on its natural condition and is hardly controllable. Kurihara et al. (2004) conducted a parametric study on gas productivity using a numerical simulator and revealed that the formation temperature and intrinsic and initial effective permeability (permeability of the sediment without gas hydrate and permeability before hydrate dissociation, respectively) with initial formation temperature are the dominant factors that control the effectiveness of the depressurization method.
In both thermal stimulation and depressurization cases, the real energy efficiencies in the reservoir are dominated by the heat transport in the formations and highly dependent on the employed technologies and reservoir characters, and detailed numerical modeling works are required to obtain the values. Kurihara et al. (2008) and Nagao (2015) provided a comparison of EROIs and recovery rates among three production techniques using numerical simulation applied to model three Nankai Trough gas hydrate reservoirs and found that the thermal situation that could give relatively high recovery rate could realize EROI less than 1 so the energy deficit should happen (Figure 4). On the contrary, the depressurization technique could bring positive energy from the output to the input, and a combined technique of depressurization and thermal stimulation (huff and puff technology, or recurrent cycles of hot fluid injection and pressure drawdown) was at the intermediate position. In the calculation, some energy losses of each production technique were assumed. Other main factors that governed the efficiency and recovery rates were reservoir temperature and formation permeabilities.
[image: Figure 4]FIGURE 4 | Estimated recovery rate and energy return on investment of each of the production technologies (depressurization, combination method, and thermal stimulation) at three Nankai Trough gas hydrate reservoirs with different temperatures and pressures evaluated by numerical simulations (Kurihara et al., 2008; Nagao, 2015). The recovery rate by the depressurization method was governed by the formation temperature along with permeability of the formations.
Because the calculation of the energy input necessary for the production is complicated coupled phenomena of mass and heat flow happening in heterogeneous geological formation, the reliability of the result depends on the accuracy of the numerical method, kinetic and reservoir characteristics models applied. Intensive model comparison efforts have been conducted as international efforts (Wilder et al., 2008; White et al., 2020) and by Yin et al. (2016). Song et al. (2016) made laboratory observation of each process using magnetic resonance imaging (MRI), and the combined method of both depressurization and thermal stimulation establishes both recovery rate and productivity.
Field Records
The world’s first intended gas production from gas hydrate deposits was made in the Mallik site, Mackenzie Delta, Northwest territories, Canada, in 2002, and 468 m3 of gas was produced during the five-day thermal stimulation operation with hot fluid circulation (Dallimore and Collett, 2005; Hancock et al., 2005), and slightly positive energy return was observed.
Two onshore gas production projects by depressurization were conducted in the arctic area of North America. One was done in the same site of 2002 project in Canada in 2007–2008 (Dallimore et al., 2012; Ashford et al., 2012). The other project done in Alaska North Slope in 2012 (Iġnik Sikumi) consists CH4–CO2 exchange trial and depressurization (Boswell et al., 2017). The twice offshore gas production tests were conducted in the eastern Nankai Trough of Japan (the first in 2013 and the second in 2017) and the produced gas and water volumes were recorded with a degree of depressurization. The values of EROI of each depressurization operations were calculated applying production histories (gas and water production rates and pressure drawdown records) into Eq. 2 and combustion heat of the produced methane, and it was found that the range of EROIs was between 250 and 600 in offshore test cases and 600 to 1,300 in the onshore test cases (Figure 5). However, any loss because of pump efficiency, hydraulic friction in the flow line, and enhancement of liquid transport by the gas lift effect was not counted in the calculation. On the other hand, energy input for water transport Etrans of Mallik 2008 and Nankai Trough AT1-P and AT1-P2 cases could be less than the value in Eq. 2 because of unintended gas lift effects that were observed as gas flow from water production line of water production from the gas flow line.
[image: Figure 5]FIGURE 5 | Energy return (combustion heat from the produced gas, Eout) on investment as a work of the pump to displace water (Ein) of the offshore production test wells (AT1-P, P2, and P3) in the eastern Nankai Trough (after Yamamoto et al., 2019).
The main reason for the difference between the onshore and offshore cases is different GWRs. In the offshore test cases, GWRs were less than 100, but onshore test data gave from 100 to 200 of GWR so that works needed to bring water to surface were relatively small. The fact shows that the energy efficiency of gas production from the gas hydrate reservoir relies on how water production volume is limited.
LIFE CYCLE EROI
Gas Production System Scenarios
Energy consumption for the gas production stated in the former section (HEAT DEMAND AND OUTPUT BY GAS PRODUCTION METHODS) did not consider any indirect energy demand for exploration, construction of facilities, indirect operational demands such as utility for the production facilities, transport of gas from the production site to shore, and treatment and disposal of produced water, plug and abandonment of boreholes, and decommissioning of the facilities that are required in the entire life cycle of the commercial gas production.
A Japanese research team of MH21 tried counting all those demands to evaluate the life cycle of EROI of the gas production system (Research Consortium for Methane Hydrate Resources in Japan, 2019) and to evaluate the economic conditions that allow the commercial production of gas from gas hydrates. For the evaluation, the considered gas production system contains boreholes; subsea facilities such as electric submersible pumps, subsea well heads, manifold, topside facilities of the offshore production platform (semi-submersible is assumed), and devices on it for liquefaction; and gas pipelines and compressors. The considered system terminal is at the shore where gas is handed to the consumers, and thus, the energy demand and loss during the energy conversion (power generation, etc.) and delivery to final consumers were not counted.
In the study, three offshore gas production and transport systems, namely, 1) offshore platform, 2) floating LNG (FLNG), and 3) long tie-back from the subsea production system to the shore (LTB), were modeled (Figure 6). Three scale reservoir models (A (small, 0.83 trillion cubic feet (tcf) of gas in place), B (large, 2.73 tcf), and C (medium, 1.02 tcf)) represent some existing gas hydrate-concentrated areas around Japan. The MH21-developed numerical simulator (MH21 Hydres; Masuda et al., 2005 and Kurihara et al., 2009) could give the gas and water production rates from single borehole in each reservoir considering site-specific reservoir data such as resource volumes, temperature, and permeability. For users, the gas supply should be at a stable rate for a sufficiently long term. To realize this situation under the condition of gas hydrate wells with relatively short lifetime and small drainage area, well clusters should be drilled repeatedly to make the plateau of the gas production rate. This situation is illustrated in Figure 7 (Research Consortium for Methane Hydrate Resources in Japan, 2019). Figure 7A illustrates an example of calculated gas and water rates from single borehole using the numerical simulator MH21 Hydres and one of the assumed reservoir models mentioned above. The produced gas was combined well to well and time to time into total gas supply to match with the gas demand as shown in Figure 7B.
[image: Figure 6]FIGURE 6 | Three concepts of offshore gas production and the transport system. (A) Offshore platform; (B) floating LNG (FLNG); (C) long tie-back from the subsea production system to the shore (LTB)
[image: Figure 7]FIGURE 7 | (A) Example of gas and water production behavior calculated by the numerical simulator MH21-Hydres and an assumed reservoir model, and (B) schematic of the well drilling plan to make the plateau of the total production rate. (Modified from Research Consortium for Methane Hydrate Resources in Japan, 2019).
Calculation of the Energy Return on Investment
For the above situation, EROI for each scenario was calculated and was compared with other energy sources. The gas and energy produced by combustion and the EROI numerator were given from the numerical simulator. The energy consumption of the life cycle is the sum of the total energy demand that is divided into the capital energy demand (exploration, manufacturing, and construction of whole facilities such as an offshore platform, subsea devices, pipeline, transportation of the devices from factory to the site, drilling of wells, plugging and abandonment of the wells, and decommissioning of the facilities) and operational demand (which includes electricity to operate pumps and any facilities such as the platform itself and liquefaction facility, and gas compressor to transport gas to shore). Consumed fuels, energy to create materials, and other operational and capital energy demands are counted to produce a unit energy output.
Figure 8 shows the structure of energy demand for energy production from various fuels. According to the figure, major portions of the energy demand of the gas hydrate case are for production operations (depressurization) and transportation (compression of gas). To calculate the energy demand, the systems for conventional resources were used for reference, but optimization for the gas hydrate should be necessary, and the current estimations have room for improvement.
[image: Figure 8]FIGURE 8 | Energy input structure to produce each energy (coal, heavy oil, crude oil, natural gas (NG), LNG imported to Japan, and gas hydrate with offshore platform option). (Toyota Motor Corporation and Mizuho Information and Research Institute, Inc., 2004; Research Consortium for Methane Hydrate Resources in Japan, 2019).
Total energy outputs of gas hydrate cases are calculated from the produced gas volume estimated by numerical simulation. Figure 9 shows the comparison of EROI among energy sources. The data of other energies were obtained from the published data. The figure shows that EROI of the gas hydrate can be more than one and in the range 5–17. In the case of pipeline transport (floating platform or LTB scenarios), the values of more than 10 were expected; these values were higher than those of imported LNG and comparable with heavy oil. The main reason that EROI of gas from gas hydrates can be higher than LNG is that the resource existing at the site near the Japanese coast did not require energy demand for transportation and liquefaction. In the case of FLNG, this advantage in the value of EROI was lost. Gas production from gas hydrates needs more energy than from conventional natural gas. Transporting these gases requires energy for compression because pressure of the gas produced by the depressurization method was low and gas compression was necessary. Interestingly, the reservoir size does not have the grave effect on EROI. The total carbon intensity and portion of the production process and combustion of the product are shown in Figure 10.
[image: Figure 9]FIGURE 9 | Energy return on investment of each energy source consumed in Japan. Toyota Motor Corporation and Mizuho Information and Research Institute, Inc., 2004, Central Research Institute of Electric Power Industry (1991), The Institute of Applied Energy (1994).
[image: Figure 10]FIGURE 10 | Carbon intensity of each energy—emission from the production process and combustion of products.
DISCUSSIONS AND CONCLUSIONS
Gas production from gas hydrate-bearing underground sediments is an energy-consuming process owing to its endothermic nature, resulting in low EROI. The theoretical value of the EROI of the production process is more than 100, and the actual values measured during gas production tests in the eastern Nankai Trough proved the value. However, along with the energy necessary for gas production, other processes in the reservoir life cycle, such as construction of offshore production systems, processing on the surface and gas transportation to the shore, and produced water disposal, require additional energy input. If the gas production rate predicted by numerical models can be realized in the real reservoir, a higher EROI than the imported liquid natural gas can be expected under certain reservoir conditions. Among offshore production systems, long tiebacks to shore or offshore platforms are a better choice than floating LNG; however, floating LNG has an advantage of market accessibility, so it is an option in the early stage of gas production.
Those values mean that the net CO2 emission from the gas hydrate production can be comparable or even lower than the conventional oil and gas. To bring the CO2 emission lower and close to zero, a combination of gas production with CO2 capture and storage should be considered. Energy conversion from methane to the “blue” hydrogen or ammonia with CO2 capture at offshore facilities and CO2 storage in deepwater gas hydrate reservoirs or aquifers may extend the chance to reduce the net CO2 emissions and contribute to the carbon-neutral society. Moreover, if the gas is transformed into liquid fuel, the problem of market accessibility can be solved; however, such additional process for energy conversion can reduce the value of EROI. As another idea, conversion of methane into electricity on the platform (gas-to-wire, or GTW) is possible, too (Yamamoto et al., 2021b). Fortunately, a CO2 storage site can be planned around gas hydrate deposits because gas hydrate reservoirs have been developed in geological conditions where sandy sediments could be developed and the area is favorable for CO2 storage, so the combination of gas production from hydrate and deepwater CO2 storage can be a reasonable option (Figure 11). The remaining problems are the cost and technical difficulty in constructing and operating such a processing facility on a floating offshore platform.
[image: Figure 11]FIGURE 11 | Schematic of the integration of offshore gas hydrate production, energy conversion, and CCS (modified from Yamamoto et al., 2021b). There can be options to transport converted fuels from offshore to land by pipelines or as electricity (gas-to-wire, GTW).
Another idea of CO2 utilization is CH4–CO2 exchange for gas production, which is an idea since CO2 is more favorable to form gas hydrate than CH4 in a certain pressure and temperature range (Ohgaki et al., 1996). This idea was applied and verified in the early stage of the Iġnik Sikumi field experiment in 2012 (Boswell et al., 2017) but is not viable in high pressure and condition in which CO2 is in liquid form. However, the idea is still valid for a possible mitigation measure of gas hydrate leakage from the seafloor and enhanced recovery measure for cooled reservoir after the depressurization. Chen et al. (2015) proposed a combination of methane gas production using CO2 and gas hydrate technology applications for separation, storage, and transportation as “Hydrate Chain Energy System.”
Methane has another face as a strong greenhouse gas, which has 28 times larger global warming potential than CO2 (IPCC Fifth Assessment Report, 2014). Using the depressurization method, methane cannot be discharged into the sea floor or atmosphere, except in accidental situations. If any trouble or damage of subsea and subsurface production facilities such as the well structure, subsea pump, and manifold and flow line lead to the flow-in of cold sea water into the well that affects the pressure and temperature of the borehole, gas hydrate dissociation will be terminated immediately. However, any injection activities for well stimulation or enhanced recovery may create a gas leakage pathway. Furthermore, gas leakage is possible because of the damaged surface facility and flow line through accidents or natural disasters. Therefore, activities and facilities should be carefully designed to minimize the chance of any unintended greenhouse gas release.
All the values of EROI presented here and field development scenarios are based on the gas production behavior predicted by numerical simulators. Until 2021, there are a few attempts to produce gas from marine gas hydrate deposits in Japanese (Yamamoto et al., 2017; Yamamoto et al., 2019) and Chinese (Li et al., 2018; Ye et al., 2020) waters, and long-term behavior of the gas production, specifically stability of them, is not verified in real fields, and gravest uncertainty lies there. Currently, Japanese phase four research program of gas hydrate is focusing on the validation of the long-term gas production concept by depressurization and evaluation of its performance and modeling technologies through an on-shore long-term (one year) production test in Alaska (Yamamoto et al., 2021a).
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