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Recovery factor of methane hydrate in sandy sediments can be enhanced using the 

sensible heat of the hydrate-bearing sediments and the latent heat of ice formation by 

applying deep depressurization. 
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Gas production tests have been conducted on artificial sandy sediments saturated by methane hydrate and 

water using a unique apparatus referred to as High-pressure Giant Unit for Methane-hydrate Analyses 

(HiGUMA), which is the world’s largest reservoir simulating vessel intended for gas hydrate analysis. 

The gas recovery factor was investigated at various depressurization schemes, including one-step 

depressurization, multistep depressurization, and depressurization below the quadruple point of methane 10 

hydrate. The gas production rate increased during the depressurization process with sediment temperature 

reduction; however, the rate decrease and stabilized at a very low level after the temperature reached a 

newly established equilibrium condition. This result indicates that the sensible heat of the hydrate-bearing 

sediments is a crucial factor for driving hydrate dissociation. The potential economic recovery factor was 

14% for 4.6 MPa of production pressure in the one-step depressurization. In the multistep 15 

depressurization, the recovery factor was increased with a reduction in production pressure and showed 

values of 13%, 31%, and 40% for 4.0 MPa, 3.1 MPa, and 2.5 MPa, respectively. However, 

depressurization above the quadruple point could not dissociate all the existing hydrate due to the lack of 

heat. In contrast, it was determined that 65% of the in-place methane could be produced when the 

production pressure was decreased to 2.1 MPa, which is below the quadruple point, because the latent 20 

heat of ice formation was efficiently used for hydrate dissociation. The results show that intentional ice 

formation by adjusting production pressure can potentially enhance methane hydrate recovery at a 

comparable level of conventional natural gas production. 

Introduction 

Gas hydrates are clathrate compounds in which appropriately 25 

sized gas molecules known as guests are trapped inside a cage of 

hydrogen-bonded water molecules.1 Various molecules such as 

methane, nitrogen, and carbon dioxide can become guests; 

however, methane hydrate is the most common hydrate present in 

nature. Methane hydrate is known as a source of abundant carbon 30 

in the geosphere and has potential as an exploitable gas resource.2 

Methane hydrate trapped within sandy sediments in permafrost 

regions and shallow sea beds exhibits promising features for 

commercial gas production. In particular, methane hydrate in 

shallow sea beds represents a potentially enormous source of 35 

methane and motivates large energy consumer countries such as 

Japan, China, India, and South Korea to produce natural gas. 

 Commonly known methods of gas production from hydrate-

bearing sediments include thermal stimulation, depressurization, 

chemical injection, and combinations of these processes.3 40 

Thermal stimulation and depressurization methods were applied 

at the Mackenzie Delta, Northwest Territories, Canada, during 

the winters of 2002, 2007, and 2008.4–6 These field tests revealed 

that depressurization is a promising gas production method from 

the perspectives of energy efficiency and productivity. On the 45 

basis of this knowledge, Japan Oil, Gas and Metals National 

Corporation conducted the world’s first offshore experiment to 

produce gas by depressurization during March 12–18, 2013, as 

part of a program sponsored by the Research Consortium for 

Methane Hydrate Resources in Japan (MH21 Research 50 

Consortium). Provisional results show that a cumulative gas 

volume of approximately 120,000 m3 was continuously produced 

during the test, which lasted approximately six days.7 The test 

demonstrated the technical feasibility of producing gas in 

significant quantities by depressurization from methane hydrate 55 

on a shallow seabed. 

 Figure 1 schematically shows the production behavior of the 

depressurization method when using a single vertical well system. 

Depressurization is a gas recovery method used to dissociate 

methane hydrate by lowering the wellbore pressure to a level 60 

below the hydrate stability pressure. Generally, the production 

pressure is kept above 3 MPa to avoid ice formation. This value 

is slightly above 2.56 MPa, which is the quadruple point of 

methane hydrate. In the early production stage, gas production is 

controlled by the flow properties of hydrate-bearing sediments. 65 

Although the initial permeability of hydrate-bearing sediments is 

relatively lower than conventional oil/gas reservoirs because of 

pore filling by solid hydrates, the reservoir-intrinsic permeability 

(absolute permeability) is sufficiently high to produce gas in the  
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Fig. 1 Schematic of production behavior using depressurization method. 

presence of methane hydrate in unconsolidated sandy sediments. 

Because of the unique features of hydrate-bearing sediments, the 

drainage radius increases with time by hydrate dissociation. 5 

Therefore, the gas production rate is considered to increase in the 

early production stage. 

 While the drainage radius is expanding, methane hydrate 

dissociation is driven mainly using the sensible heat in the 

reservoir. The sensible heat is generated from temperature gaps 10 

between the initial reservoir temperature and equilibrium 

temperature at the decreased pressure. The sensible heat is 

generated in-situ and is used as the latent heat of hydrate 

dissociation. However, the sensible heat is insufficient for 

dissociating all the existing methane hydrate, which is 15 

particularly true for highly hydrate-saturated and lower 

temperature reservoirs. After exhausting the sensible heat, the gas 

production rate turns downward because of the lack of hydrate 

dissociation heat, and hydrate dissociation continues by heat 

conduction from over- and under-burden layers. The gas 20 

production rate at this stage stabilizes at a very low level, which 

would not be economically viable. Thus, the potential of 

economical gas production by the depressurization method exists 

only until the sensible heat is consumed. 

 The fundamental mechanism of the depressurization method 25 

indicates that the method can be applicable to permeable 

reservoirs such as oceanic sandy sediments. Enhanced methane 

hydrate recovery (EMHR) should be developed to increase the 

recovery factor after depletion of the sensible heat. Obviously, 

long-term (more than a few months) production tests in the field 30 

are essential to assess the feasibility of exploiting methane 

hydrate and should be encouraged in the future. However, few 

short-term field tests have been conducted thus far because they 

are generally costly and time consuming. Under these 

circumstances, laboratory tests continue to play an important role 35 

in the investigation of gas production methods. 

 Laboratory experiments of gas hydrates in sediments began in 

the 1990s from so-called core tests using centimeter scales.8 The 

primary motive was to investigate the formation and dissociation 

behavior of gas hydrates in porous media. Modern laboratory 40 

experiments have become larger and more complex in order to 

mimic actual field conditions, and they focus on efficient and 

sustainable gas production methods. At the Oak Ridge National 

Laboratory, USA, Phelps et al.9 developed a seafloor process 

simulator with a volume of 72.2 L for investigating the formation 45 

and properties of gas hydrates at temperatures and pressures 

corresponding to ocean depths of 2 km. Recently, this simulator 

was used to study fines migration during gas production from 

hydrate-bearing sediments.10 Castaldi et al.11–13 built a 72 L scale 

reactor vessel to investigate gas production from methane hydrate 50 

and analyzed the depressurization and thermal stimulation 

methods for producing gas. Yang, Yuan, and Sun et al.14–18 

performed gas production experiments from methane hydrate 

using various methods such as hot-water cyclic injection, 

ethylene glycol injection, depressurization, gaseous carbon 55 

dioxide injection, and liquid carbon dioxide injection. Their 

experiments included a medium-sized cylindrical reactor with a 

volume of approximately 7 L. Li et al.19–22 developed a cubic 

hydrate simulator with a volume of 5.8 L and investigated 

production methods such as hot water huff and puff, 60 

depressurization, and combinations of these processes. Recently, 

Li et al.23, 24 developed a larger cylindrical pressure vessel known 

as the pilot-scale hydrate simulator with a volume of 117.8 L. 

Additionally, within the framework of the German national 

research project, Submarine Gas Hydrate Reservoirs, a 425 L 65 

scale laboratory reservoir simulator (LARS) was developed by 

Schicks et al.25 Thus far, LARS is the largest reservoir simulator 

for hydrate research and is equipped with a unique catalytic 

reactor for heating hydrate-bearing sediments to produce gas. The 

confining pressure enables mimicking of an actual sediment 70 

setting whereby pressure is applied to the sediment via a 

neoprene jacket set inside the pressure vessel. This system gives 

LARS an advantage over other hydrate reservoir simulators. 

 To understand the gas production behavior in actual fields 

using laboratory experiments, the experimental setup should be 75 

designed as per the field conditions. In particular, the rate-

determining factor of gas production at the laboratory must be 

identical to that in the actual field. Generally, the rate-

determining factor of gas production differs depending on the 

reservoir scale.26–29 For example, the rate-determining factors in 80 

centimeter scales are phase change kinetics and heat transfer; 

mass transfer is not a dominant factor in such small scales. 

Conversely, in field scales, mass transfer becomes the 

predominant factor in the early production stage. Phase change 

kinetics is negligible, and heat transfer is a predominant factor in 85 

the late production stage. From this perspective, recent efforts to 

increase vessel size are reasonable measures for investigating gas 

production behavior at the field scale. However, few 

experimental apparatuses are sufficiently large for eliminating the 

boundary effect. Generally, it is difficult to distinguish the flow 90 

control dissociation, or sensible-heat-driven dissociation, from 

the heat-conduction-driven dissociation. As a result, 

investigations of gas recovery factors have been rarely conducted. 

 In this study, we use the world’s largest reservoir simulator, 

the High-pressure Giant Unit for Methane-hydrate Analyses 95 

(HiGUMA) to simulate field-like gas production behavior 

through laboratory experiments. We form methane hydrate in 

artificial sandy sediments within the pressure vessel of HiGUMA 

and perform gas production tests using the depressurization 

method with a vertical well system. To evaluate the feasibility of 100 

the depressurization method, gas recovery factors are investigated 

for different production pressures and pressure reduction 

schedules. Additionally, as an EMHR to assist in the 

depressurization method, that which dissociates gas hydrate  
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Fig. 2 Production behavior during one-step depressurization. 

through the use of ice formation heat is analyzed. 

Results and Discussion 

Production behavior and recovery factor during one-step 5 

depressurization 

To understand the typical production behavior when using the 

normal depressurization method, a gas production test was 

conducted through one-step depressurization. Figure 2 (a) shows 

the experimental results of the time-dependent variations in gas 10 

and water production rates in which the moving average was 5 

min. Production and overburden pressure are also shown in 

Figure 2 (b). The phase saturations in this experiment were 39% 

methane hydrate, 55% water, and 6% gas with a porosity of 43%. 

The production pressure was decreased to 4.6 MPa over 50 min 15 

in one step. After starting depressurization, the water production 

rate gradually increased and was followed by gas production. 

When the production pressure fell below the equilibrium pressure 

of methane hydrate at the initial temperature (6.9 MPa at 283.15 

K), the water production rate showed a rapid increase. After the 20 

water production rate reached a peak rate, the gas production 

started to increase. These results indicate that pore-filling water is 

drained in the first process of depressurization, after which time 

gas decomposed from methane hydrate starts to flow. The 

increasing tendency of the gas production rate lasted during the 25 

depressurization process. In contrast, the water production rate 

decreased rapidly after reaching the peak rate. The reduction in 

the gas production rate occurred after the pressure reached the 

setting value of 4.6 MPa. 

 Temperatures of the sediment are shown in Figure 2 (c). 30 

During the depressurization process, temperatures of the 

sediments decreased owing to the endothermic reaction of 

hydrate dissociation. When the production pressure reached 4.6 

MPa, the temperatures stabilized at approximately 278.8 K, 

which is the equilibrium temperature of methane hydrate at 4.6 35 

MPa. This result demonstrates that the equilibrium condition was 

newly established in the sediments according to the reduced 

pressure. In other words, the sensible heat of the sediments was 

depleted for hydrate dissociation during the depressurization 

process. After depleting the sensible heat, the production of both 40 

gas and water showed stable behavior and lasted approximately 

150 h until all the methane hydrate was dissociated. Hydrate 

dissociation at this stage was driven by the heat conduction from 

the surrounding areas of the vessel. As previously mentioned, 

heat-conduction-driven dissociation would not meet the 45 

economical requirements of gas production. For this reason, the 

potential economic recovery factor should be determined on the 

basis of cumulative gas production before stabilization of the gas 

production rate. The experiment shows that the cumulative gas 

volume before the stabilized period was 3.6 Nm3, which is 14% 50 

of the in-place methane in the sediment (25.7 Nm3). On the 

contrary, 78% of the in-place methane was finally produced after 

all the existing hydrate was dissociated (20.0 Nm3). This result 

indicates that the potential economic recovery factor is 18% of 

the technically viable recovery factor under these conditions. 55 

 Sediment compaction is also an important behavior in 

investigating the feasibility of the depressurization method. 

Displacement of the sediments is shown in Figure 2 (d). 

Compaction occurred after starting depressurization; rapid change 

was especially observed after a decrease in the temperature. This 60 

is because hydrate dissociation caused sediments to lose their 

cementing effect. The compaction strain moderated after the 

hydrate dissociation stabilized. This result indicates that rapid 

sediment compaction occurred mainly during sensible heat-driven 

dissociation. 65 

Production behavior and recovery factors during multistep 
depressurization 

In an actual operation in fields, the production pressure is 

adjusted according to the production rate. In this experiment, the 

production pressure was reduced by following three steps. From 70 

the perspective of the sensible heat generation, the production  
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Fig. 3 Production behavior during multistep depressurization. 

pressure should be reduced as much as possible. Accordingly, the 

production pressure was decreased to the approximate condition 

of the quadruple point of methane hydrate (2.56 MPa, 273 K) at 5 

the final reduction step. Figure 3 (a), (b), (c), and (d) show the 

time-dependent variations in gas and water production rates with 

a 5-min moving average, production and overburden pressure, 

temperatures of the sediments, and displacement of the 

sediments, respectively. 10 

 First, the production pressure was decreased to 4.0 MPa over 

several minutes. The gas and water production in first-step 

depressurization showed similar behavior to that observed in the 

experiment described in the previous section. The water 

production rate reached a peak rate, followed by gas production. 15 

The gas production increased after the depressurization process; 

however, reduction followed because of the sensible heat 

consumption. The sediment compaction occurred rapidly after a 

decrease in the temperature. The well was shut after 

approximately 10 min before the temperatures in the sediments 20 

decreased to the equilibrium temperature (277 K at 4.0 MPa). 

During the 30-min shut-in period, the temperatures increased 

slightly by heat conduction from the areas surrounding the vessel. 

The sediment compaction stabilized after the well was shut; 

however, the change continued during the shut-in period. 25 

 Second-step depressurization was started at approximately 40 

min. The production pressure was decreased to 3.1 MPa over 10 

min. The production behavior showed slight differences in this 

step. The gas production rate increased immediately after 

depressurization, followed by water production, and its gas–water 30 

ratio was obviously higher than that in the first-step 

depressurization. This result occurred because most of the pore-

filling water was already produced in first-step depressurization. 

Additionally, gas saturation increased during the shut-in period 

because the equilibrium condition had already collapsed after 35 

first-step depressurization. These conditions allowed decomposed 

gas to flow easily just after second-step depressurization. This 

phenomenon may be enhanced in laboratory experiments because, 

in actual fields, pore water in deeper sediments flow into the 

surrounding areas of the well. However, over time, a similar 40 

condition occurs in fields. Rapid sediment compaction occurred 

again after a decrease in the temperature, and the change 

stabilized after the temperatures reached the equilibrium. 

 Third-step depressurization was conducted immediately after 

second-step depressurization. The production pressure was 45 

decreased to 2.5 MPa over a few minutes. Although the 

production behavior was similar to that in second-step 

depressurization, the peak rates became smaller because the 

degree of depressurization from the second to third step was 

smaller (0.6 MPa) than that from the first to second step (0.9 50 

MPa). The lower depressurization degree yielded less sensible 

heat generation and less expansion of decomposed gas; thus, the 

production rate became small. The compaction strain was also 

small. The production pressure of 2.5 MPa is just below the 

pressure at the quadruple point of methane hydrate; nevertheless, 55 

sediment temperatures did not show behavior indicating ice 

formation. 

 The phase saturations in the multistep depressurization 

experiment were 64% methane hydrate, 33% water, and 3% gas 

with a porosity of 40%; the total in-place methane was 34.6 Nm3. 60 

The recovery factor achieved after each depressurization step was 

13%, 31%, and 40%, respectively. The production pressure 

decrease was directly proportional to the increase in recovery 

factor. However, methane hydrate remained in sediments even 

after the production pressure was reduced to that near the 65 

quadruple point. These results indicate that the sensible heat 

generated by the depressurization method is insufficient for 

dissociating all the existing hydrate in such a highly-saturated 

reservoir. 

Production behavior and recovery factor by deep 70 

depressurization method 

As mentioned in the previous sections, additional heat is required  
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Fig. 4 Production behavior using the deep depressurization method 

(DDM). 

to enhance hydrate dissociation and to increase the recovery 

factor. The thermal stimulation method, including well heating 5 

and hot-water injection, was introduced as an EMHR; however, 

the efficient transportation of heat to the dissociation zone 

remains a problematic issue. To overcome the heat loss during 

transportation, heat generation near the dissociation zone is 

desirable. As one solution, the deep depressurization method 10 

(DDM) is introduced in this study. In this method, the wellbore 

pressure is lowered below the quadruple point of the hydrate. 

Under these conditions, water generated from hydrate 

dissociation instantaneously forms ice instead of a liquid phase. If  

 15 

Fig. 5 Correlation between the recovery factor and temperature gaps. 

the latent heat of ice formation is used for hydrate dissociation, 

productivity reduction due to lack of heat can be avoided. 

Production behavior below the quadruple point has been studied 

by analytical, numerical, and experimental research thus far, and 20 

the results varied among studies.11, 30–36 In some studies, 

productivity worsened rather than improving because abundant 

ice formed in pore spaces, blocking flow paths. To understand the 

actual effect of ice formation on gas production, an apparatus 

such as HiGUMA is required to mimic field conditions. 25 

 In this study, the DDM was applied just after third-step 

depressurization. Figure 4 (a), (b), (c), and (d) show the time-

dependent variations in gas and water production rates with a 5-

min moving average, production and overburden pressure, 

temperatures of the sediments, and displacement of the sediments, 30 

respectively. The production pressure decreased from 2.5 MPa to 

2.1 MPa over several minutes. During pressure reduction, the gas 

production rate denoted the same increasing tendency as that in 

third-step depressurization; however, the gas production rate 

stabilized at the peak rate for approximately 15 min without 35 

decreasing. Temperatures in the sediments showed small but 

rapid increases after decreasing, although the surrounding 

temperature was constant in this period, indicating ice formation. 

The same phenomenon—rapid increase of temperature during ice 

formation—was observed in other core-scale experiments when 40 

the pressure was lowered below the quadruple point of the 

hydrate.31, 34, 36 Although hydrate dissociation continued, the 

change in sediment compaction was slower than in the previous 

depressurization process. The slowdown may be caused by ice 

formation because the formed ice cemented the sediments instead 45 

of the hydrate. 

 Figure 5 shows the correlation between the recovery factor and 

temperature gaps (the initial temperature minus the dissociation 

temperature) when applying normal depressurization (multistep 

depressurization) and the DDM. The recovery factor of normal 50 

depressurization increased almost linearly with an increase in 

temperature gaps, because the sensible heat used for hydrate 

dissociation increased by increasing the temperature gaps. On the 

contrary, the recovery factor achieved after applying the DDM 

was 65% despite the same temperature gap of normal 55 

depressurization. These results indicate that the additional 

contribution of sensible heat for hydrate dissociation was 

negligible, and it can be concluded that the latent heat of ice 

formation contributes to hydrate dissociation. The gas produced  
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Fig. 6 Schematic of the High-pressure Giant Unit for Methane-hydrate 

Analyses (HiGUMA). 

by the DDM (22.4 Nm3) was 68% of the technically recoverable 

gas (33.0 Nm3) when all the hydrate was dissociated. These 5 

results indicate that ice formation enhances hydrate dissociation 

and has a positive effect on gas production. Therefore, it can be 

inferred that the DDM is an effective EMHR after depletion of 

the sensible heat of reservoirs. Note that the negative effect of ice 

formation may occur in cases where absolute permeability is too 10 

low and ice forms severely around the well. Optimization of the 

DDM is a subject for further study. 

Experimental details 

System overview of HiGUMA 

The HiGUMA was constructed to bridge the scale gap between 15 

conventional laboratory experiments (tens of centimeters in scale) 

and field tests (a few hundred meters in scale). Konno et al. 

showed that the size requirement for flow control dissociation 

was approximately 0.5 m in the case of one-dimensional cores.37 

On this basis, the size of HiGUMA was decided. The detailed 20 

design concept of this facility was described by Nagao.29 The 

HiGUMA was developed as part of a national research program 

sponsored by the Research Group for Production Method and 

Modeling established in the MH21 Research Consortium. The 

HiGUMA was manufactured by Mitsui Zosen Plant Engineering 25 

Inc. in compliance with the criteria laid out in the High Pressure 

Gas Safety Act of Japan and is operated by the Methane Hydrate 

Research Center (MHRC) of AIST, Japan. It is interesting to note 

that the Japanese word “Higuma” means brown bear, which is the 

largest terrestrial animal in Japan and a symbolic animal in the 30 

island of Hokkaido, where the MHRC is based. 

 A schematic diagram of the HiGUMA is shown in Figure 6. 

The HiGUMA consists of a main pressure vessel with a vertical 

well system, two pressure vessels for fluid separation and 

sampling, a gas pod for produced gas, a booster for gas injection, 35 

two pumps for water injection, numerous valves and sensors. The 

operating pressure of the main pressure vessel is 15 MPa (design 

pressure 16.5 MPa) and the operation temperature range is 0–

20 °C (accessible temperature range from −5 °C to 20 °C). These 

ranges satisfy the pressure and temperature ranges of target 40 

reservoirs for resource development at the eastern Nankai Trough, 

offshore Japan. The main pressure vessel was built inside a walk- 

 
Fig. 7 Schematic of the main pressure vessel and the vertical well system. 

in, two-storied, explosion-proof cold room. The data acquisition 45 

and control system was installed in a monitoring room with 

double-entry doors. 

Pressure vessel and vertical well system 

Figure 7 shows schematic diagrams of the main pressure vessel 

and vertical well system. The height of the vessel is 3.2 m, and 50 

the external diameter is 1.4 m at its widest point. The internal 

volume of the vessel is 1710 L, which makes it the world’s 

largest reservoir simulator for gas hydrate analysis. The 

maximum design pressure and minimum and maximum design 

temperatures are 16.5 MPa, −8.0 °C, and 40 °C, respectively. The 55 

vessel is constructed of carbon steel and stainless steel and has 

three sections: the upper cap, sample container, and bottom part. 

Sandy sediment with methane hydrate is formed within the 

sample container. A movable plate located between the upper cap 

and the sample container divides the material inside the vessel 60 

into water and sandy sediment components. The movable plate is 

pressed into the sandy sediment by pressurized water stored 

within the upper cap to mimic the overburden pressure of a 

natural formation. The bottom part is filled by porous bricks and 

gravel to simulate an aquifer. The inner diameter of the sample 65 

container is 1.0 m, and the sample height is 1.0–1.1 m. The 

volume of the sample container is greater than 810 L, depending 

on the sample height and position of the movable plate. Each 

connection of the three sections is sealed by a nitrile butadiene 

rubber (NBR) O-ring and a polytetrafluoroethylene backup ring, 70 

and sections are held in place by 28 alloy-steel bolts (JIS SNB23-

1, size: M60). The weights of the upper cap, sample container, 

and bottom part are 2,210, 3,640, and 3,130 kg, respectively. The 

total weight of the vessel, including the sample, movable plate, 

and well system, is greater than 12,000 kg. The vessel is anchored 75 

on the concrete floor of the cold room, and the upper cap can be 

hoisted and removed with a crane during sample preparation. 

Each section has various openings for sensor insertion and water 

and gas flow lines. The sample container has 50 ports, which are 

mainly used for pressure and temperature sensors, located in four 80 

rows along the direction of the height. Nineteen ports in the 

bottom part are used for water injection and drainage. The ports 

in the upper cap are used for the pressure and temperature 

sensors, water injection to apply overburden pressure, and a 

connection for the vertical well system. The upper cap also has an 85 

optical window for a laser displacement meter to measure the 
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position of the movable plate corresponding to sediment 

compaction. 

 The vertical well system is located at the center of the sample 

chamber. The length of the well is 1.3 m, and the outer and inner 

diameters are 0.132 and 0.100 m, respectively. The well is 5 

composed of stainless steel and has 32 ports, including four in the 

circumferential direction × eight in the vertical direction. Each 

port has an 8-mm diameter hole, which is plugged by an open-

hole cap with a sand screen (aperture 100 µm) or a shut-in cap. 

These configurations are used to mimic the actual wells used in 10 

field tests. The diameter of the well is similar to the size of an 

actual well casing at production intervals in field tests. Although 

the ports system is not being used in field tests, such a system 

enables free selection of production intervals instead of 

perforations in field tests. Sand screens can be replaced to create 15 

coarser or finer apertures on the basis of the grain size of 

sediments. An aperture of 100 µm was selected to prevent 

production of Toyoura standard sand, in which the average 

particle diameter is 220 µm. The well penetrates the movable 

plate and is connected to a guide pipe mounted on the upper cap. 20 

Each connection is sealed by NBR O-rings and can be detached 

easily, which enables replacement of the well with a newly 

designed one if necessary. The well can be used to inject gas 

during the hydrate formation process, and by definition, it is also 

used for production of gas and water during the production tests. 25 

The pressure of the well is controlled by two back pressure 

controller valves set in the production line. These back pressure 

controller valves are connected in a parallel arrangement for 

robust pressure control. 

Separator, sampling pod, and gas pod for production fluids 30 

and sand 

The production line from the vertical well system is connected to 

the separator, which is a small pressure vessel with an internal 

volume of 66 L. A water-level gauge is mounted to measure the 

water volume produced. The lowest portion of the separator is 35 

connected to a sampling pod with an internal volume of 13 L. 

The water and fine sand produced during this process can be 

sampled by the pod during the experiment. The maximum design 

pressure and minimum and maximum design temperatures of 

each vessel are 16.5 MPa, −8.0 °C, and 40 °C, respectively. The 40 

produced gas is stored in the gas pod with an internal volume of 

1606 L before venting. The maximum design pressure of the gas 

pod is 0.8 MPa. The gas stored in the gas pod can be sampled 

through a vacuum pump. 

Sensors and data acquisition and control system 45 

Pressure transducers (Yokogawa Electric Corporation, EJX440J) 

that are explosion proof and have a working range of 0–20 MPa 

with an accuracy ±0.075% are used for the pressure 

measurements of the sandy sediment, production line, water 

stored within the upper cap, separator, and gas pod. The 50 

temperatures of the sandy sediment, water stored within the upper 

cap, separator, and gas pod are measured by explosion-proof, 

type K thermocouples (Yamari Industries, TFTB-316). The water 

level in the separator is measured by an explosion-proof 

differential pressure transducer (Yokogawa Electric Corporation, 55 

EJX130J) with a working range of 0–5.87 kPa at an accuracy of 

±0.1%. The position of the movable plate corresponding to 

sediment compaction is evaluated by a laser displacement meter  

 
Fig. 8 Locations of sensors. 60 

(KEYENCE, Multi-Function Analog Laser Sensor IL-600). The 

gas flow rate is measured by a mass flow meter (Tokyo Keiso, 

EP-TF-5340). Figure 8 shows the locations of sensors used in this 

study. 

 The main valves in the injection and production lines and all 65 

sensors are connected to a distributed control system (DCS) 

manufactured by Yokogawa Electric Corporation (CENTUM VP). 

The DCS is located in a monitoring room with double-entry doors 

separated from the explosion-protection area. All data are 

monitored and recorded at 10 s intervals. Opening and closing of 70 

the main valves, temperature control of the cold room, and 

pressure control of all vessels are controlled remotely through the 

DCS. The DCS constantly monitors the HiGUMA and sends an 

alarm and an e-mail to a predetermined administrator when 

conditions can become catastrophic, such as a methane gas leak, a 75 

high-temperature anomaly suggesting a fire, a strong earthquake, 

or an electrical power outage. In the event of an electrical power 

outage, the DCS automatically shuts down the HiGUMA using 

electricity supplied from an uninterruptible power supply. 

Experimental procedure 80 

Sandy sediments were prepared using Toyoura standard sand 

with an average particle diameter of 220 µm. First, the well was 

mounted vertically at the center of the sample container using a 

centering jig. Then, the sample container was filled with distilled 

water to a predetermined level, and sand was sifted into the 85 

sample container through a movable screen at a constant height. 

Then, the sand was mixed with the distilled water using a vibrator 

to tighten the sediment. This process was repeated several times. 

Approximately 1,300 kg of sand was used, and the resulting 

sediment porosity calculated by material balance was 40%–43%. 90 

 Excess water in the sandy sediment was drained by gravity 

through ports at the bottom of the pressure vessel prior to 

methane gas injection. During the drainage process, to avoid 

hydrate formation in the porous brick and gravel, the water level 

in the pressure vessel was maintained at just above the top 95 

surface of the porous brick. This procedure prevents gas invasion 
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into the porous brick and gravel. Thus, the residual water in 

sandy sediments initially formed methane hydrate. Figure 9  

 
Fig. 9 Temperature and pressure changes during hydrate formation. The 

equilibrium condition of methane hydrate was calculated by CSMHYD, 5 

which is available publicly on the website of the Center for Hydrate 

Research at the Colorado School of Mines.38 

shows the temperature and pressure changes during the hydrate 

formation process of a sample used for the test of one-step 

depressurization. Methane gas with a grade purity of 99.5% was 10 

injected through the vertical well. To avoid contamination, any 

residual air in the sediment was flushed a few times with methane 

gas prior to raising the pressure to 10.1 MPa. The cold room 

temperature was decreased to 276 K to begin the hydrate 

formation. Methane gas was injected a few times during 10 days 15 

while maintaining the system under hydrate formation conditions. 

After the pressure was stabilized between 10.1 MPa and the 

equilibrium pressure of methane hydrate, distilled water was 

injected through the ports at the bottom of the pressure vessel to 

cause residual methane gas to form into hydrate. Then, the 20 

pressure and temperature were set at 10 MPa and 283 K, 

respectively. To ensure that residual gas was removed from the 

pressure vessel, distilled water was flooded through the pressure 

vessel until the outflow rate matched the injection rate. Drainage 

and injection of water were conducted in the vertical direction to 25 

avoid radial distribution of water, which would result in radial 

distribution of hydrate and may influence production behaviors. 

 Depressurization tests were performed by adjusting the back 

pressure controller valves to maintain a constant level of 

production pressure. The ports of the well were plugged by open-30 

hole caps from the second to sixth line in the vertical direction, 

and all others were plugged with shut-in caps (Figure 7). The top 

and bottom ports were plugged to eliminate preferential pressure 

propagation through the upper sand boundary and the lower 

aquifer of porous brick. The overburden pressure was maintained 35 

at 12 MPa during production. The cold room temperature was 

maintained at a constant 283 K. The gas production test lasted for 

approximately 10 days until the temperature inside the sandy 

sediment recovered to the initial temperature of 283 K. At the end 

of the production operation, the system pressure was decreased to 40 

atmospheric pressure to collect residual gas. Finally, phase 

saturations were calculated by solving the volume balance of 

each phase inside the pore volume of sediments at the initial 

pressure and temperature conditions.36 The total amount of water 

was derived from material valance during drainage and injection 45 

of water in the hydrate formation process. The total amount of 

gas, in contrast, was derived from all corrected gas after the 

depressurization test. Assuming that hydrate formed 

homogeneously in sandy sediments, phase saturations were 

determined. 50 

Conclusions 

We repeatedly conducted gas production tests from methane 

hydrate in sandy sediments prepared with HiGUMA, the world’s 

largest pressure vessel. Depressurization was applied to produce 

gas from methane hydrate using a vertical well system. Gas 55 

production at a high rate was achieved during the 

depressurization process, which was driven by consumption of 

the sensible heat in the reservoir. However, the gas production 

rate showed a rapid decrease after depletion of the sensible heat. 

The recovery factor of this high-rate period was 14%, which is 60 

18% of the technically recoverable gas at this production 

pressure. By lowering the production pressure in multiple steps, 

the recovery factor increased with a reduction of production 

pressure to levels of 13%, 31%, and 40% for 4.0 MPa, 3.1 MPa, 

and 2.5 MPa, respectively. However, depressurization above the 65 

quadruple point could not dissociate all the existing hydrate in 

our test conditions. 

 To overcome the productivity reduction due to the lack of heat 

for dissociation, the DDM was applied to enhance ice formation 

by decreasing the production pressure below the quadruple point. 70 

After reaching the production pressure below the quadruple point, 

gas production was sustained at a high rate with an abrupt 

temperature increase of sediments to the ice point. These results 

indicate that the latent heat of ice formation was used efficiently 

for the hydrate dissociation. The negative effect of flow blocking 75 

by ice formation was not observed in our test conditions. The 

recovery factor when applying the DDM was 65%, which is 68% 

of the technically recoverable gas at this production pressure. The 

recovery factor achieved using the DDM was comparable with 
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that in conventional natural gas production. Thus, gas production 

from methane hydrate reservoirs can be competitive to 

conventional natural gas production by developing efficient and 

sustainable gas production methods such as the DDM. 
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