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Research Progress on Methane Production from Natural

Gas Hydrates
Chun-Gang Xu and Xiao-Sen Li't?
®Key Laboratory of Gas Hydrate, Guangzhou Institute of Energy Conversion, Chinese

Academy of Sciences, Guangzhou 510640, People’s Republic of China

Abstract: With the consumption of fossil fuels, an alternative energy becomes necessary for
world’s continuous development. Methane hydrates as a vast energy resource, which exists in
deep-ocean or permafrost sediments contains approximately 10,000 Gt of carbon, is a
potential energy in the future. However, economically and safely producing methane from gas
hydrate deposits is still not on the drawing board. The main reasons include (1) low methane
production efficiency, (2) low methane production, (3) poor production sustainability. Thus, it
is pressing to develop methane production technology and/or approaches and to improve the
methane production efficiency. In this paper, we comprehensively review the research on
methane production from the gas hydrates, including the researches of characteristics of gas
hydrate reservoirs, production methods, numerical simulation and field production tests. The
different researches are interviewed and analyzed, and the relevant comments and suggestion
are proposed accordingly.
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Introduction

As the consumption of fossil fuels, an alternative energy becomes necessary for world’s
continuous development. Natural gas hydrate (NGH) is regarded as a potential future resource
for its wide existence in ocean floor and permafrost zones, containing approximately carbon

of 10,000 Gt**. Presently, the explored NGH reservoirs in the oceanic floor mainly distribute
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in Japan, India, Gulf of Mexico, Bering Strait, South China Sea, Korea, Trinida And Tobago,
and those in the permafrost mainly distribute in Alaska (USA), Mackenzie Delta (CAN),
Qinghai-Tibet plateau (China) and Siberia (RUS)®. NGH is an non-stoichiometric crystalline
compound, which consists of natural gas molecules and water molecules in the condition of
high pressure and low temperature’. The characteristics of the NGH change with the condition
of NGH reservoir. The basis of production of natural gas from the NGH is shifting the
equilibrium condition of the NGH reservoir to the NGH dissociation side® °, Therefore, a
number of the scientific issues concerning NGH decomposition were discussed'®™.

The NGH as a potential energy for future is in solid form and not amenable to the
conventional gas and oil production techniques®. Thus, before the experimental production
simulation, researchers still need to do a large amount of numerical simulation work to
predetermine or evaluate the feasibility of the gas production from the NGH. The key
parameters for preparing the numerical simulation include the properties of the reservoir,
boundary conditions, structure of NGH. The NGH deposits are mainly divided into three
classes™®®. Class 1 is composed of the Hydrate-Bearing Layer (HBL) and an underlying
two-phase fluid zone with free gas. Class 2 consists of an HBL and an underlying zone of
mobile water. Class 3 only contains an HBL, no underlying zone of mobile fluids.
Additionally, there is a forth classification, Class 4. The Class 4 only disperses in oceanic
floor with low hydrate saturation and lacks confining geologic strata®. The different NGH
deposits mean different reservoirs with various properties, resulting in different boundary
conditions for either numerical simulation or experimental production. Presently, the most
popular production approaches involve depressurization, heating (thermal stimulation),
chemical inhibition injection, and their combinations®.

The depressurization is lowering the inside pressure of the well and promoting the NGH
to dissociate, and further lowering the pressure in the free-gas zone rapidly beneath that in the
hydrate stability zone, decomposing the hydrates in the stability zone. The study of
experimental simulation production is conducted in a confined reservoir, and a depressurizing
downhole well is drilled in the reservoir. During the depressurization, the decomposed natural

gases flow from the hydrate deposits to the well*!

. However, the NGH dissociation is an
endothermic process, which results in the decrease of the temperature and even prevents the
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NGH from continuously dissociating. Thus, it is important to maintain the temperature by
heat supply from outside or heat exchange during the depressurization. Additionally, the gas
production from NGH is accompanied by the large production of water, and the spread or the
flow of the water must impact on the properties of the system and the natural gas recovery.

The thermal stimulation is injecting heat source (e.g., hot water, steam) into the hydrate
stability zone to raise its temperature and decompose NGH. The decomposed natural gases
mixed with the hot water or the steam return the surface. For the thermal stimulation, the
diffusion of the heat sources in the hydrate zone and the heat exchange efficiency are
important?2.However, compared to the depressurization, the thermal stimulation is quite
expensive because of the consumption of large amount of heat energy. Researchers are
seeking to a new and economical integrated method which combines the depressurization
with the thermal simulation®*?.

The method of chemical inhibition injection seeks to shift the NGH equilibrium
condition by injecting chemical inhibition into the NGH reservoir. The popular chemical
inhibitions include alcohol (e.g., methanol, glycol) and electrolyte (e.g., Calcium Chloride -
CaCl,)***. The inhibition is injected directly from surface down to the NGH layers. However,
because the chemical inhibition contaminates the environment and the production rate by the
method is slow, the method does not attract more attention instead of CO; injection. Presently,
the projects of injecting CO, into the NGH deposits to replace methane from the NGH are
extensively being studied % After the thermodynamic feasibility of the replacement
between CO, and methane (CH,) in hydrates has been proved®**, the various studies on the
replacement of methane hydrate with CO, have been or are being conducted, including
molecular dynamics simulation®®*®, kinetic model®® *, and experimental replacement®**.
Relative to the other methods, the method of replacement of methane from NGHs with CO,
does not only seek to produce methane from the NGHs but also sequestrate CO, directly.
However, the low replacement rate and low CH, recovery illustrate that the studies are still in
its infancy, and too much work need to be done in the future.

Of all these production technologies, the depressurization is considered as the simplest
one, and it is especially suitable for the zones where free-gas is trapped beneath the methane

hydrates. The method of depressurization combined with heating seems to be the most
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practical. Currently, many countries including USA, Canada, Japan, Russia, China, India, etc.,
have proposed projects on drilling and producing NGHs. In 2002, the First Onshore
Production Test was carried out in Mallik site in the Mackenzie Delta in the Northwest
Territories of Canada. In the test, the “hot water circulation method” - a method of heating —
was adopted for producing methane gas from NGH. This was the first time in the world that
anyone had ever produced methane gas from methane hydrate layers. Five years later, the
depressurization method was used for the tests of producing methane from NGH in the same
site in 2007 and 2008. The tests demonstrated the depressurization is more effective for
producing NGH relative to the heat stimulation ®2. In 2013, Japan said it has successfully
extracted natural gas from frozen methane hydrate off its central coast (Nankai trough) by the
depressurization, and it was the first offshore production *.

However, there is no any large-scale industrial production in the world. In fact, the
methane production from NGH is still a long-term research work. In this paper, the reported
studies are reviewed systematically and comprehensively from the aspects of properties of
hydrate deposits, numerical simulation production, experimental simulation production and
molecular dynamics simulation, etc. And we hope to highlight the focus of the next research

through this paper.

Classification of NGH Reservoirs

NGH is formed if natural gas and water coexist in the low temperature and high pressure
conditions satisfying NGH stability. According to the differences of the places and the forms
of gas and water existing, NGH deposits are defined as three types (as shown in Figure 1),
pore filling type NGH reservoir, naturally fractured type NGH reservoir and massive/nodule
NGH reservoir'®. Figure 2 shows the real NGH deposits with different morphologies which
were drilled out in different areas™. In the first type, NGH, like a typical accumulation of
conventional oil and gas, is contained in pore spaces of porous media such as sandstones and
carbonate rocks. In the second type, NGH is contained in fractures or veins. And in the third
type, NGH is accumulated in the form of lump in fine grained muds, probably because of the
formation of NGH on the surface of sea floor. Among all the presently proven NGH
reservoirs, the Mallik NGH reservoirs in Canada where the onshore production tests were
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carried out with the success of the world first sustainable gas production from NGH reservoirs,
Mt. Elbert NGH reservoirs in Alaska North Slope where the reservoir characteristics were
investigated by analyzing the data acquired through exploratory drilling, coring and well
logging, and reservoirs located in the Eastern Nankai Trough offshore Japan where NGH was
confirmed by 2D/3D seismic and exploratory drilling camps were categorized into the first
type, the pore filling NGH reservoir *>*’. The second fracture type NGH reservoirs were
discovered in offshore India and offshore Korea, and the third massive/nodule NGH
reservoirs were confirmed in Gulf of Mexico and in Japan Sea. However, it is quite difficult
to produce gas from both the second and the third types of NGH reservoirs, probably due to
the relatively low energy efficiency. And as illustrated in Figure 3, the two types reservoirs are
ranked as a few levels below the pore filling type NGH reservoirs as energy
resources>.Figure 3 shows a resource pyramid proposed by Boswell and Collett in 2006,
The resource pyramid displays the relative size and feasibility for production of the different
categories of NGH occurrences in nature. Thus, the following contents focus on discussions
of the pore filling type NGH.

In terms of the conditions of the existence of NGH, free gas and free water, the pore
filling type reservoirs are further divided into four main classes. Class 1 accumulations
comprise two zones: the hydrate interval, which generally exhibits a very low effective
permeability because of the presence of large hydrate saturations in the pore space, and an
underlying two-phase fluid zone with free gas. In this class, the bottom of the hydrate stability
zone usually is consistent with the bottom of the hydrate interval. In the aspect of methane
production, Class 1 is the most desirable class for exploitation owing to the hydrate
thermodynamic proximity to the hydrate equilibrium, in other words, only small changes in
pressure and temperature are necessitated to induce NGH dissociation. Messoyakha Field in
Russia and Sagavanirktok Formation in Alaska are typical examples of Class 1 deposits. Class
2 deposits feature two zones, including a hydrate-bearing interval and a mobile water zone
with no free gas (e.g. an aquifer) overlying the hydrate-bearing interval. Class 3 deposits
include only a single zone, the hydrate interval, and they are typically characterized by the
absence of an underlying zone of mobile fluids. Most of NGH deposits discovered in the
Eastern Nankai Trough, Mallik site and Mt. Elbert are categorized into Class 3 NGH deposits,
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and a part of reservoirs in the Eastern Nankai Trough and the Mallik site are Class 2 NGH
deposits. Different from the above three Class deposits, Class 4 deposits are widespread and
not bounded by confining strata, and they mainly appear as nodules with low saturation over
large areas. Moridis et al.’ defined Class 4 deposits as those NGH deposits containing NGH
sparsely in mud layers. Currently, the Class 4 deposits are generally not regarded as a target
for exploitation. The schematic over Class 1~3 types of the NGH deposits is shown in Figure
4. In Classes 2 and 3, the entire hydrate interval might be well within the hydrate stability
zone, that is to say, the bottom of the hydrate interval does not mark the bottom of the hydrate
stability zone. Relative to the NGH deposit of Class 1, the desirability of Classes 2 and 3
accumulations as gas production targets is not well defined, and it could be affected by many
factors such as thermodynamic proximity to hydration equilibrium, initial conditions of
temperature, pressure and boundary, environ-mental concerns and economic considerations®.

In the four NGH deposits, the NGH dissociation and gas production are highly related to
the properties of the porous media such as sand layers, sandstones and carbonate rocks®® °'.
The parameters, including depth, thickness, porosity, permeability, NGH saturation,
thermodynamic conductivity, initial conditions of temperature, pressure and boundary, are
essential to evaluating the gas producibility from the NGH reservoirs. Besides the parameters,
heterogeneities of the NGH reservoir such as spatial variation of permeability and NGH
saturation, and distribution of impermeable layers are quite important to the gas production
from the NGH reservoir. In the pore filling type NGH reservoir, for example, the properties of
the type reservoirs range widely: the reservoirs with depth from 1000 m to 1500 m, thickness
from a few meters to over 100 m, porosity from a few percent to over 40%, absolute
permeability from a few milidarcy to over 1000 mD, initially effective permeability to water
in the presence of NGH from almost zero to over 10 mD, NGH saturation from almost zero to
over 90%, the total thermal conductivity from 2 W/mK to 4 W/mK, the initial temperature

and pressure from 3°C to 15°C and 5 MPa to 15 MPa, respectively®.

Gas Production Methods
For a certain NGH reservoir, the initial temperature and pressure are in the NGH stability
conditions. To dissociate NGH and produce gas from the NGH reservoir, it is necessary to
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shift the initial temperature and pressure to the NGH dissociation side. As depicted in Figure
5, the depressurization decreases a NGH reservoir pressure below three-phase
(Gas-NGH-Water) equilibrium pressure, while thermal injection increases temperature above
three-phase equilibrium temperature. Inhibitor injection shifts the three-phase equilibrium
conditions to the high pressure and low temperature, thereby, moves reservoir conditions to
the NGH dissociation side. Presently, new methods combined the above three basic methods
are proposed to enhance gas production from a NGH reservoir. Besides, several other
methods such as CO, injection, electrical heating and irradiation of ultrasonic wave are also
investigated especially for the NGH dissociation and gas production®®. Figure 6 shows the
schematic of the three main gas production methods, and in the figure, pictures (a), (b) and (c)
are depressurization, hot injection and inhibitor injection, respectively. The features of these
methods are briefly described in the following.
Depressurization method

For depressurization, the pressure in bottomhole is reduced by a pump installed in the
downhole. As the bottomhole pressure is lower than the three-phase equilibrium pressure, the
NGH in the reservoir dissociates to release natural gas, then, the NGH dissociation starts from
the regions near well. Along with the dissociation of NGH and hence with the decrease in
NGH saturation, effective permeability to fluids increases remarkably, which results in the
low pressure being more easily transferred to the regions more distant from the well. Thereby,
a virtuous cycle is formed as (low pressure transfer— NGH dissociation — increase in
permeability — low pressure transfer to more distant area from well — more NGH
dissociation — more increase in permeability— and so on) in the depressurization method,
and by the cycle, the areas of NGH dissociation and gas production hence increase with time.
However, because the dissociation of NGH is an endothermic reaction, the reservoir
temperature must decrease along with the NGH dissociation. Thus, once the reservoir
temperature is lower than or even identical to the three-phase equilibrium temperature
corresponding to the reservoir pressure, the NGH dissociation stops, and the gas production
hence stops. Therefore, with the depressurization method, the sustainability of gas production
depends on the temperature transfer in the interface of NGH dissociation zone and NGH zone.

Laboratory experiments on methane production simulation based on the depressurization
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have been carried out by many researchers. The experimental reactors with different volumes
have also been developed, and in the early studies, the volumes of the most adopted reactors

were with 1 L %7

. Even recently, the small reactors were extensively used in the
experimental studies ** """, By the method of depressurization, Yousif et al.%® simulated the
gas production from the hydrates in Berea sandstone cores, and they investigated into the gas
production and the position of the hydrate dissociation front as a function of time. Using a
188 mL batch reactor, Kono et al.”* revealed the methane hydrate dissociation rate somewhat
depends on the sediments properties in porous media. In order to validate numerical models
of gas hydrate behavior in porous media, Kneafsey et al.”* ™ " performed a series
experiments and obtained plenty of valuable experimental data by use of a large X-ray
transparent pressure vessel with inner diameter of 76.2 mm and outer diameter of 89.0 mm.
Lee et al.”* built a set of apparatus to analyze the characteristic of hydrate dissociation in
porous rocks by depressurization. The main part of the apparatus is a one-dimensional core
holder, which allows the fluid flow in axial direction. To account for the naturally occurring
sediments in deep sea, the overburden pressure and axial pressure have been applied in
addition to the already existing inner pressure of core sample. By depressurizing to 1.93, 0.93
and 0.1 MPa, Tang et al. “investigated the gas production from the hydrate-bearing cores.
Sun et al.” studied methane hydrate dissociation by depressurization at the temperature above
273.15 K and below 273.15 in a sapphire cell. Our group experimentally investigated the
effects of pore size, temperature, and initial formation pressure on the dissociation kinetic
behaviors of methane hydrates in porous media. In our experiments, the methane production
rate and temperature change were also systematically investigated using a one-dimensional
with about 280 mL". The conclusions from the experiments were drawn as, on one hand,
either the increase of initial pressure or the increase of the mean pore size or the decrease of
the environmental temperature has positive effect on the methane production rate, on other
hand, the system temperature decreases dramatically during the hydrate dissociation process
and then gradually rises to the environmental temperature after it reaches the lowest
temperature point. Our conclusion was supported by Haligva et al. ** who found the initial
rate of methane recovery rate is strongly dependent on the silica sand size in the process of

methane recovery from a variable-volume bed of silica sand/hydrate by depressurization.
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However, to make the experimental simulation of methane production from NGH more
consistent with the actual situation and to know more realistic behavior of gas hydrate
dissociation, the experimental reactor scale is a crucial factor that should be considered in
laboratory experiments. Recently, some hydrate simulation reactors with large volume have
been developed. American scientists at Oak Ridge National Laboratory designed a set of
Seafloor Process Simulator (SPS) experimental platform with a 72 L reactor to study the gas
hydrate dissociation behavior by the method of depressurization ®. In addition, Zhou et
al.®'developed a set of experimental apparatus with an about 59 L reactor to investigate the
methane hydrate dissociation behavior. Chen et al. ® 8 built a cylindrical experiment device
to simulate the behavior of gas hydrate formation and dissociation. The highest operation
pressure for the device reaches 16 MPa, and the reactor in the device has an inner diameter of
300 mm and an effective height of 100 mm. The reactor is separated into two parts by a
stainless steel board with many pores and 3 mm thickness. The steel board can, thereby,
separate porous sediments and free gas during the experiments. There are sixteen thermal
resistances distributed in the reactor with different depth and radius for measuring the
temperature during the hydrate formation and dissociation. Chen et al.** ® found that the gas
production rate changes greatly in different gas production stages by depressurization. In the
initial stage, the gas production rate is the fastest. Besides, the initial temperature decreases
with the decrease of radius of the reactor. Our team developed a three-dimensional cubic
hydrate simulator (CHS) with an effective volume of 5.8 L to study the gas production
behavior of methane hydrate in the porous sediments under depressurization . In the CHS,
the 25X 3 distributed temperature measuring points and 12X 3 resistance measuring points
were designed. By use of the CHS, the conditions of hydrate reservoir in the Shenhu Area,
South China Sea were simulated. And we found the resistances in the hydrate reservoir
change with the hydrate dissociation and the flow of the gas and water during the methane
production process, and the gas production rate as well as the cumulative gas production
increases with the decrease of the pressure. The pressure reduction rate and the heat supplied
from the ambient are the two main gating factors for the NGH dissociation. From the
scientific simulation view point, the more ideal simulation should be based on the conducted
laboratory experiments with a larger reactor to mimic actual field conditions. Nevertheless, to
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design and develop a reactor with larger volume is rather difficult in practical operation.
Moreover, it is quite hard to ensure the synthesized hydrate samples distribute
homogeneously in the larger reactor. Till now, a bigger three-dimensional cubic hydrate
simulator with volume of 117.8 L has been designed and developed by our team. In the big
simulator, which was also called as Pilot-scale Hydrates Simulators (PHS), a 9-spot
distribution of vertical wells, a single horizontal well, and 49-spot distribution of
thermometers and resistance ports are placed in three horizontal layers, respectively. The
schematics of the experimental apparatus and the PHS are shown as in Figures 9 and 10 %,
Compared with the results obtained from the experiment with the 5.8L CHS %, the
experimental results show the gas production process consists of three periods, such as free
gas production, mixed gas production and gas production from hydrate dissociation. The first
and second periods are mainly controlled by the pressure reduction rate while the third period
is mainly driven by the heat conduction from the ambient. The duration for gas production
with the PHS is approximately 20 times as many as that with the CHS during the gas
production. Besides, the system temperature change tendency with PHS is the same with that
with the CHS while the water production behavior with PHS is different with that with the
CHS.

The first production tests using the depressurization method in the world were conducted
in the Mallik production program in April 2007 and March 2008%". The tests not only
successfully attained methane gas from the NGH reservoir, but also revealed the methane
recovery highly depends on the reservoir characteristics. Besides, the methane recovery is
predicted to be up to 60% even in the favorable case by the tests.

Thermal method

Thermal method means promoting NGH dissociation by increasing temperature of the
reservoir. Currently, the general thermal methods include thermal stimulation method and
thermal flooding method. The thermal stimulation method aims at increasing the temperature
in the vicinity of a well by ways such as hot water circulation, wellbore heating and hot water
huff’and puff. The hot water circulation is circulating hot water in a wellbore to increase
bottom hole temperature; the wellbore heating is increasing near wellbore temperature by a
heater or multi-heaters installed in the down hole; the hot water huff and puff can be

10
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described as injecting hot water or steams into the reservoir from a well (huff), then the well
is shut-in for a certain period to sufficiently transfer the heat to a reservoir (soak), and then the
gas and the water are produced from the same well (puff). The thermal flooding method is
depicted as the heat such as hot water or steam is injected from a well and flooded toward
other wells increasing temperature, and hence dissociating the NGH between the wells. The
detail schematic diagram of the thermal method is shown as picture (b) in Figure 6. For the
ways of hot water circulation and wellbore heating, although the NGH dissociation balances
the temperature and even the dissociation reduces the temperature in the dissociation region
below the three-phase equilibrium temperature, the NGH would dissociate continuously and
completely because the heat is continuously supplied. However, because the heat is
transferred by thermal conduction, the expansion of the dissociation region with relatively
high temperature is extremely slow, resulting in the relatively low gas production efficiency.
On the contrary, the ways of hot water huff and puff and hot water flooding induce much
faster propagation of the heat and hence much faster expansion of the NGH dissociation areas
if the hot water can be injected smoothly. However, because the effective permeability to
water is quite low in the presence of NGH with high saturation in the initial stage, it is
difficult to keep the hot water injection at high rate. Moreover, the generated natural gas
associated the dissociation of NGH near the injection well could be cooled again in the course
of the drastic NGH dissociation and reform NGH with free water in the region, which
dramatically reduces the permeability and preventing the further smooth injection of hot
water®’. The advantage of the thermal method is that the hydrate decomposition process and
the gas production rate could be governed by regulating the amount and the rate of the heat
injected. However, from the economic point of view, the method is not suitable for
exploitation of hydrates in the permafrost region where the ambient temperature is low and
the permafrost layer is thick because the hydrate decomposition is controlled by the thermal
characteristics of the hydrate-bearing region.

In 1982, Holder et al.*® carried the simulation of gas production from a reservoir
containing both gas hydrates and free natural gas. In the simulation, they evaluated the
feasibility of the thermal method and considered the thermal method is an effective
exploitation technology. In addition, McGuire considered the thermal method is quite
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effective exploitation technology for the hydrate reservoir with high permeability and for a
Class 2 hydrate reservoir ®. In the past decades, many experimental simulations have been
carried out using the thermal method ®"®. Tang et al. *investigated into the temperature
distribution and flowing characteristics of the dissociated gas and water from hydrates in
porous sediments by using a set of one-dimensional experimental apparatus with an internal
diameter of 38 mm and a length of 500 mm. They found during the experimental simulation
by the thermal method, the higher hydrate content and lower injection temperature and rate,

1% studied the kinetic dissociation behavior of methane

the higher energy ratio. Pang et a
hydrate at 268.15K using thermal stimulation method in a closed quiescent middle-sized
reactor with inner diameter of 200 mm and length of 320 mm. They found that the rate of heat
transfer and the thermodynamic driving force are the key rate-limiting factors for hydrate
dissociation in the closed reactor, and the dissociation rate can be increased by increasing the
temperature of the heating water and lowering the dissociating pressure. Our team
investigated the gas production behavior from methane hydrate in porous sediments by
injecting the brine with salinity of 0~24 wt% and the temperature of -1~130°C in an
one-dimensional experimental apparatus™. The experimental results show the gas production
process consists of three periods, such as the free gas production, the hydrate dissociation, and
the general gas reservoir production. The hydrate dissociation accompanies the temperature
decease with the injection of the brine, and the dissociation duration shortens while the
instantaneous hydrate dissociation rate increase with the increase of the salinity. In addition,
we considered the thermal efficiency and energy ratio for the hydrate production can *°be
enhanced by injecting hot brine.

The experimental studies mentioned above were all limited to one or/and two
dimensional simulations. Recently, the experimental studies based on three-dimensional
simulation were extensively carried out. Yang et al.** performed a three-dimensional
experimental simulation on gas production from methane hydrate-bearing sand by hot-water
cyclic injection. Their experimental results indicated the overall temperature trend increases
with hot-water injection but decreases with gas production. The location of the
injection/producing well as well as the porosity and permeability of hydrate samples dominate

the temperature distribution and fluctuation in the reactor. The energy efficiency ratio is

12
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positively impacted by the saturation of the hydrate-bearing sand and temperature but
negatively influenced by the hot-water temperature and well pressure in the case of other
conditions being similar. Using the CHS, our team devoted ourselves to investigating the
methane hydrate production behaviors in porous sediments by the thermal stimulation with a
five-spot well system *. From the investigation, we found that the hydrate decomposition
boundary gradually moves from the central point to the surroundings and finally covers
almost the entire hydrate field. The heat conduction plays a more significant role than the
convection from the heat diffusion. The increasing injection rate of the hot water enhances the
rate of hydrate decomposition, shortens the production time, and decreases the water
production volumes. We also found the higher the change of the hot water injection rate (Riy),
the higher average production rate and the lower energy efficiency, although the Ry has little
influence on the final gas recovery. Based on the experiments with the CHS, we carried out
more the experiments with a scale-up reactor which was mentioned as the PHS °. The
experimental conditions are designed by a set of scaling criteria for gas hydrate reservoir. By
the comparison the experiments with the CHS with the experiment with the PHS, we found,
on one hand, the gas and water production behaviors are similar, on the other hand, the energy
efficiencies for different processes of hydrate decomposition according with the scaling
criteria which is proven through the experimental results are identical. And more importantly,
the scaling law regulated by the result of the experiments is used for predicting the real-scale
hydrate production behavior. For example, in an real-scale hydrate reservoir with the size of
36 m X 36 m X 36 m, methane of 1.168X10° m* in STP is produced after 13.9 days of
hydrate production, the gas recovery is 0.73 and the final energy efficiency is 9.5. Beside
these work, we also carried out thermal huff and puff experiments by using the CHS and
PHS? 2% %9 Through the experiments, we systematically investigated the change
characteristics of the injection temperature, pressure, resistance ratio and other related
parameters during the thermal simulation gas production process. The injected heat spreads
out from the injection point, forming a heat flux surface, which enlarges as the number of huff
and puff cycles increases, and eventually reaches the surface with the largest impact. Then,
the area of the heat flux surface no longer increases with continuous heat injection. In
addition, the experimental results also prove that the hydrate decomposition process is a
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moving boundary ablation process on a three-dimensional level. We also investigated the
sensitivities of the hydrate dissociation to the initial hydrate saturation, hot water injection
time and hot water initial temperature . The sensitivity analysis indicates the dependence of
the gas production on the initial hydrate saturation, and the temperature and the injection rate
of the injected hot water. Through the experiments carried out in the PHS, we considered, at a
constant hot water injection rate, the range of the thermal diffusion is restricted around the
well, and the depressurization is more advantage to the gas production relative to the thermal
stimulation ¥’. Besides, the experimental results also tell us the gas production efficiency can
be improved by prolonging the hot water injection time although the enhancement is limited
by the stronger pressurization effect.

The production test using the hot water circulation method was firstly conducted at
Mallik site in Canada in 2002. However, since the energy supplied in the thermal method is
quite large, the applicability of the method is disputed from the viewpoint of energy efficiency.
Recently, scientists generally agree to apply the thermal method as a secondary recovery
method after dissociating NGH to some extent by depressurization and making paths for
water movement®,

Inhibitor injection method

For the inhibitor injection method, inhibitors of hydration such as methanol, ethanol,
brine, electrolyte solutions, salt and alcohol are injected into a reservoir to shift the
three-phase equilibrium conditions to the high pressure and low temperature side, in which
the NGH automatically dissociates % However, the shift magnitude is limited, and, the sole
inhibitor injection method could not lead to the significant NGH dissociation. Besides, it is
difficult to inject the inhibitor smoothly into a reservoir because of the very low initially
effective permeability to water. Therefore, the inhibitors are generally injected together with
hot water in applying hot water huff and puff or hot water flooding method to improve the
energy efficiency. Furthermore, the issues of high cost and dilution/dispersion of inhibitors
also limit the application of the inhibitor injection method in gas production.

In addition, the thermodynamic inhibitors can lower the activity of water, making the
hydrate formation condition harsher. Therefore, the thermodynamic inhibitors are used to
promote the hydrate dissociation and enhance the gas yield in the process of methane
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production from the hydrate reservoir. Many valuable studies have been reported on the
investigation into the gas production in the presence of the inhibitors . Through the
studies, the hydrate formation equilibrium conditions as well as gas hydrate
formation/dissociation behaviors in the presence of inhibitors have been achieved
systematically. For volatile inhibitors, Katz et al. **found the inhibiting effect reduces with
the increase of the volatility of the inhibitors. Beside the volatility, the operating pressure also
greatly influences the inhibitor effect. Makogon **found, with the increase of pressure, the
inhibiting effect reduces first and reaches a minimum, then increases slightly when electrolyte

solution (CaCl,) was used as the inhibitor. Sira et al.'®

investigated the hydrate
decomposition process by using methanol and ethylene glycol as inhibitors, and they found
the hydrate dissociation rate is a function of the concentration of inhibitor, injection rate,
pressure, temperature and interfacial area between hydrate and inhibitor. Fan et al. '?® injected
10~30 wit% ethylene glycol into a 3.5 L reactor to investigate the effect of ethylene glycol on
methane hydrate dissociation, and they found the hydrate dissociation rate depends on the
concentration and the flow rate of ethylene glycol. The similar results were obtained by Li et
al.®. They injected ethylene glycol into a one-dimensional device to investigate gas
production behavior from methane hydrate in porous sediments, and found the production
efficiency is affected by the concentration of the ethylene glycol and injection rate. The
highest efficiency is achieved when the concentration of the ethylene glycol is 60 wt%. Yuan
et al."® injected ethylene glycol into a three-dimensional apparatus to investigate gas
production behavior from methane-hydrate-bearing sands. They found an optimal value of
mass ratio of injected ethylene glycol to initial water exists where a maximum gas production
ratio appears. In addition, they found that the concentration of ethylene glycol is positive to
either gas production or gas production efficiency, but the gas production efficiency decreases
with the increase of the EG quantity.

However, as mentioned above, the inhibitor injection method has not ever been used in
field test, because not only the inhibitors are expensive and environment-unfriendly, but also
the diffusion of the inhibitors is hindered by the low permeability of hydrate-bearing
sediments.

Other methods
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Other than the three basic methods introduced above, there are several new methods,
which are investigated for producing methane gas from NGH in laboratory. As same as the
basic methods, the new methods are also based on shifting the gas-water-NGH three-phase
equilibrium conditions to NGH dissociation region. The new methods include gas
replacement, ultrasonic wave irradiation, electrical heating and CO, injection. Gas
replacement is injecting other gas components (e.g. CO,) into a NGH reservoir to displace
methane. Because CO, hydrate is generated more easily compared with NGH in the initial
methane-water-NGH equilibrium conditions, CH, replaced by CO, in the hydrates is
feasible**8, Furthermore, CO, hydrate formation is an exothermal reaction, and the reaction
heat further promotes the NGH dissociation after it transfers to the internal NGH deposits by
heat conductivity. Ultrasonic wave irradiation method can be briefly described as promoting
the dissociation of NGH with vibration of irradiation waves'*. Electrical heating is based on
increasing the reservoir temperature by transmitting the electrical energy such as electrical
current or micro wave to a reservoir through electrical probes*®. Currently, the method of
electrical heating is utilized for heavy oil recovery from crude oil. Since CO, is the preferred
hydrate former below 10 °C relative to CH, at pressure lower than 6.5 MPa it is feasibility to
spontaneously replace CH, in the hydrate without energy introduction® % ** % And the
method is beneficial because it offers long term storage of CO, with the added benefit of

produced methane without dissociating the hydrate™"**®

. CO, injection mainly include
micro-emulsion containing CO, injection, dissolved CO, injection and pure CO, liquid
injection’*®. CO, injection can shorten the gas production time and reduce the quantity of
produced water during the production process, but it also brings potentially detrimental
effects to the deep-sea fishes for the permanence of the injected CO, changing the pH of the
hydrate-bearing region**.

Among the methods, gas replacement, especially CO, replacement, is now studied
extensively because of its functions not only in producing CH, from NGH but also
sequestrating CO, directly into sea floor in form of CO, hydrate. The studies of CO,-CH,
hydrate replacement include thermodynamics, kinetics, molecular dynamics (MD) simulation
and experimental simulation. Dissociation enthalpies of CH, hydrate and CO, hydrate under

different conditions of temperature and pressure are systematically obtained through different
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equations (such as Clapeyron equation, modified Claypeyron equation, Clausius-Clapeyron
equation (C-C eq.), modified C-C eq.,thermodynamics equation) and ways (e.g., Calvet
heat-flow calorimeter, and Calvet heat-flow differential scanning calorimeter), based on the

experimental equilibrium data ***°.Under the condition of 273.15 K and 3.25 MPa, Gibbs
free energy (AQG) of the reaction of CH, replacement by CO; in hydrates is about -3.49 kJ/mol ,

which means the reaction of CO, replacing CH, from hydrate is a spontaneous reaction®®
1> The kinetics of CO,-CH, replacement was also extensively studied. In order to qualify and
guantify the hydrate formation and dissociation kinetics, many analytical techniques have

been proposed, including material balance (MB)™****, X-ray diffraction (XRD)'**'® neutron

167-169 170-174

diffraction’®®, Raman , huclear magnetic resonance (NMR) , magnetic resonance

175-177 157,178, 179

imaging (MRI) , and particle size analysis (PSA)

At present, two big problems block the application of CO, replacement in producing
CH,from a NGH reservoir. On one hand, the micro mechanism of the replacement is still not
proven; on the other hand, the CH, recovery rate and CH, replacement efficiency are

¥ In fact, researchers still not

seriously affected by CO, diffusion in a NGH reservoir
confirm what the detail replacement process is. Is it the process that the methane hydrate
firstly dissociates and the methane releases from the destructive methane hydrate cavities, and
then carbon dioxide hydrate forms? Or is it the process that CO, molecules directly replace
CH, molecules under the condition of keeping the hydrate structure stable? No one has a clear
answer. For the governing factor of CO,-CH, replacement rate and efficiency, the mainstream
view focuses on the kinetics of methane hydrate dissociation and carbon dioxide hydrate
formation, especially on the diffusion of CH, or/and CO, molecules in the hydrates. However,
since the governing factor of the diffusion of gas molecules in the hydrates is confirmed, the
researchers have still not proposed any solutions. Thus, the application of CO,-CH,
replacement in producing CH, from NGH reservoir still has a long way to go.

Molecule dynamics (MD) simulation is one powerful tool to provide molecular level

understanding of microscopic mechanisms. Geng et al.**

investigated the potential of methane
reoccupation during replacement of methane hydrate by CO, by use of MD simulation. Tung

et al.* and Qi et al.’®*investigated the microscopic mechanism of CH, replacement by CO, in
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the hydrate by use of MD simulations. The force fields models TIP4P-Ew*® for water,
OPLS-AA' for methane and EPM2'®* for CO, were adopted in the two studies. In Tung et
al.’s simulation, a two-phase model consisting of a CO, liquid and a solid methane hydrate is
used. The CO, phase contains 320 CO, molecules and the methane hydrate phase consists of a
62X 2 unit cell of sl hydrate with all its cavities filled with methane (1104 water molecules
and 204 CH, molecules), and the initial model size is created as 114.00 AX 23.74 AX
23.74 A. In Qi et al.’s simulation, 336 three-site CO, molecules composes the initial gas
phase, and the hydrate phase consists of a 6 X2X2 unit cell of sl hydrate with 2944 water
molecules and 512 CH,4 molecules. We generally consider that the mechanism of the CO,-CH,
replacement in the hydrate should be stable under a certain condition. Tung et al. found the
replacement occurs either via (1) directly swapping of methane and CO, or via (2) a transient
co-occupation of both methane and CO, in one cavity. Therefore, they considered that, with a
careful design of the operation condition, it is possible to simultaneously recover methane
from methane hydrate and sequester CO, in the solid phase without much change in the
geological stability. But, Qi et al.’s study indicated the replacement process might be
described as: the hydrate cages break firstly, then CH, molecules run out of the cages, and at
the same time, CO, molecules enter into the void cages and further form CO, hydrates. They
also consider that it is necessary to make the hydrate melted once time or increase the
interface area to speed up the replacement. It’s obvious that the results obtained from the two
simulations are not consistent with each other. It is difficult to attribute the different results to
the difference of the initial simulation systems in the two simulations, i.e., the setup of the
initial simulation system should not be the reason of the different results. Thus, what we can
suggest is that, till now, the micro-mechanism of the CO,-CH, replacement in the hydrate is
still not clear, and researchers should further investigate how to use MD simulation to draw a

consistent conclusion.

Numerical Simulations and Field Production Tests
Numerical Simulations

Numerical simulation is utilized to assess the hydrate production potential for various
NGH deposits with different production methods, which are mentioned above and predict the

18
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complex system behaviors. It gives specific data for the design of laboratory and field
experiments. Over the past 10 years, the numerical simulation has been well developed based
on the improved sources of code availability. Currently, there are several numerical models
that can simulate the system behavior in NGH deposits. The most commonly used simulators
are shown as follows:

(a) The Hydrsim simulator, which is developed by the University of Calcary'®.

(b) The MH 21 code, which is developed by a team including the Japan Qil Engineering
Company, the National institute for Advanced Industrial Science and Technology,
and the University of Tokyo®®.

(c) The STOMP-HYD code, which is developed by the Pacific Northwest National
Laboratory™®’.

(d) A hydrate-specific variant of the commercial simulator CMG-STARS™®,

(e) The TOUGH+HYDRATE code, and its earlier version®® 1%,

These simulators are based on the consideration of both fluid flow and heat transfer while the
solid phase is assumed to be immobile. Besides, there are other simulators. Kimoto et al.**!
proposed a chemo-thermo-mechanical finite element model to investigate the geo-mechanical
effects of hydrate dissociation, and in the model, the effect of convection in the energy
conservation equation was ignored. Another geo-mechanical model in FLA2D code was

I 192

developed by Ng et al.”™ to investigate the wellbore stability during the gas production. In
2008, Rutqvist et al.'®®* proposed a numerical method by coupling the simulator
TOUGH+HYDRATE with the geo-mechanical code FLAC3D to investigate the coupled
thermal, hydraulic and geo-mechanical behaviors of the hydrate reservoirs. In 2009, a fully
coupled thermo-hydro-mechanical model was proposed to predict the complex behaviors of
NGH reservoirs during the gas production'®. The model was based on the fully coupled
theories of multiple-phase fluid flow, heat transfer and deformation in hydrate media.
However, how to establish a mathematical modeling is a crucial issue to further discuss
the prediction of gas production from NGH reservoir. Generally, to develop a mathematical
model includes the development of the governing equations, constitutive equations, boundary
and initial conditions, and numerical techniques. Meanwhile, in order to reflect the rules of

hydrate dissociation, including the flow of gas and liquid, the heat transfer in a multiphase
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and multiple components in the system, it is necessary to formulate the mass balance equation,
the momentum equation, the energy balances, and the mass balances for each component and
each phase. For establishing a mathematical modeling, specific phases and components need
to be defined in advance. Figure 7 shows a schematic of phases and components in a kinetic
model. It is noted that, the phases do not necessarily exist independently. In other words, there
can be two phases coexist or three phases coexist. The formulation of the equations is based
on series assumption, i.e., (1) hydrate is assumed to be immobile, (2) the flow of gas and fluid
in the system follows Darcy’s law, (3) the heat transfer is governed by the energy
conservation equation including conduction and convection, (4) the equilibrium equation with
fast convergence is necessary. The mathematical model generally includes kinetic and
equilibrium sub-models. After the establishment of the sub-models, the governing equations
for each component and for each phase, thereby, must be confirmed, such as mass balance
equation, energy balance equation, momentum equation. For all the equations, the primary
variables must be chosen. In general, all these variables are known at time t, and the goal is to
calculate these variables at the next time t+ At. Certainly, the choice of the primary variables
must follow such principle that other variables occurring in the equations can be expressed as
functions of the primary variables. The determination of the governing equations is crucial for
establishing the mathematical model. However, the governing equations are not sufficient to
fully describe a multiple-phase system, and they must be supplemented with equations that
describe the constitutive behavior of the individual phases. At last, it is necessary to determine
the boundary and initial conditions, including initial temperature, initial pressure, boundary
pressure, size of the simulated zone, initial water saturation, initial gas saturation, initial
hydrate saturation, intrinsic permeability, specific heat capacity, porosity, sand thermal
conductivity, relative permeability.

Then, a computation domain consisting of a two-dimensional uniform N XM grid with
given 4x and Ay or a three-dimensional uniform N XM XK grid with 4x, Ay and 4z
must be determined for an numerical simulation. In fact, all of the simulations were based on

a laboratory-scale experiment™®

. The mesh size is varied in the x, y and z directions until the
simulations reach a numerical asymptotic solution with the meshes'®. The convergence
criteria need preset before a numerical simulation and an initial time step are carried out.
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Different governing equations used in the numerical calculation determine the features of the
correspondingly different simulators and the accuracy of the prediction. Thus, if you want to
go for a perfect simulation result, you need carefully consider all kinds of problems as much
as possible and adopt variety governing equations into the simulation. It is noted almost all
the equations are established based on certain assumptions. However, the certain assumptions
may be inconsistent, and the inconsistencies may lead to the equations divergence. That is to
say, it is impossible to adopt all equations in a simulation or a simulator. Therefore, almost all
the simulators including those mentioned above have their individual shortcomings.
MH21-HYDRES can simulate the CH,; production by thermal stimulation,
depressurization, and/or combination method. It is able to deal with three-dimensional,
five-phase, six-component problems. The three-dimensional (3D) Cartesian and
two-dimensional (2D) radial coordinates can be applied with local grid refinement. However,
to reduce the computational complexity or to cut down the amount of calculation, the meshes
used in the simulator are generally coarse. Thereby, it is prone to causing numerical errors.
STOMP-HYD is used to reveal the laws of motion and changes of the multi-phase fluids. The
hydrate formation and dissociation can be simulated by the STOMP-HYD in the equilibrium
models and kinetic models by use of four mass conservation equations and one energy
conservation equation. It is noted that hydrates, ice, precipitated salts and guests are assumed

as immobile phase™’

. However, the assumption is in contradiction to the realities, for example,
the real guests dissociated from the hydrates are mobile. Therefore, the STOMP-HYD
simulator has its limitations. The CMG-STARS is specially designed for simulating the flow
of multi-component fluids. The TOUGH+HYDRATE can simulate the NGH formation and
dissociation with multi-components (including hydrate formation additives) and multi-phases.
With the development of simulation technology, TOUGH+ series simulator has gone through
different stages, such as TOUGH]1, TOUGH?2, TOUGH+EOSHYDR,
TOUGH-Fx/HYDRATE, TOUGH+HYDRATE. Currently, the TOUGH+HYDRATE becomes
the most popular hydrate simulator because more complicated components and phases can be
simulated and more accurate results can be obtained *** '*. The TOUGH+HYDRATE
requires a large number of parameters for support. However, not all the physical parameters

are known for a certainly new simulation, and in this case, it is difficult to run the
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TOUGH+HYDRATE.

Field Production Tests

Numerical simulation is considered as doing experiments by using computers, and its
intentions include index prediction and economic evaluation, new technology evaluation,
methane production reveal, potentiality evaluation and development prediction. Based on the
different production methods and simulators, a lot of numerical simulations have been carried
out, and a lot of valuable simulation results are obtained.

However, the simulation results do not equate to field production. In fact, before the field
production or commercial NGH production, there are many problems need overcome®®.The
first national NGH program was initiated by Rodney Malone at the U.S. department of
Energy research center (now National Energy Technology Laboratory) in Morgantown, West
Virginia. The program brought forth a body of work that stimulated others to see NGH as a
potential resource that could have economic value rather than as a geochemical oddity *. Up
to now, NGH has been found in more than 120 sites over the world, but the physical NGH
samples were successfully drilled in only two dozen sites. In the aspect of the research of the
field NGH production, only 4 drilling tests were carried out, 3 in permafrost regions
(Messoyakha hydrate gas field in Western Sibria, Alaska’s north slope area, and MacKenzie
Delta) and 1 in seafloor (Eastern Nankai Trough, Japan)®?%. Compared to the NGH in the
seafloor, the NGH in the permafrost regions can be more easily produced with more simple
process. In 1998, the first NGH field production research was carried out by a consortium
between the Geological Survey of Canada, the Japan National Oil Corporation, Geo
Forschungs Zentrum Potsdam, the U.S. Geological Survey, the U.S. Department of Energy
and the Gas Authority of India Ltd/Oil and Natural Gas Corporation Ltd. The Geological
Survey of Canada coordinate the science program for the project and JAPEX Canada Ltd is
the designated operator for the fieldwork in Mallik gas hydrate field. The Mallik gas hydrate
field, located at the northeastern edge of Canada’s Mackenzie Delta, occurs within a sequence
of Tertiary sediments in an area underlain by over 600m of permafrost. With data obtained
from the original discovery well in 1971/72 and a scientific research well program in 1998,
gas hydrate occurrences have been well documented. Quantitative well log determinations
and core studies reveal at least 10 discrete gas hydrate layers exceed 110 m in total thickness
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from 890 m to 1106 m depth. High gas hydrate saturation values, which in some cases exceed
80% of the pore volume, determine the Mallik gas hydrate field as one of the most
concentrated gas hydrate reservoirs in the world. In the period of December 2001 to March
2002, a production research well program was completed that include drilling of a 1200 m
deep main production research well and two nearby science observation wells. Primary
objectives of the Mallik 2002 production research well program are to advance fundamental
geological, geophysical and geochemical studies of the Mallik gas hydrate field and to
undertake advanced production testing of a concentrated gas hydrate reservoir. Full-scale field
experiments monitor the physical behavior of the hydrate deposits in response to
depressurization and thermal stimulation. The observation wells facilitate cross-hole
tomography experiments (before and after production testing) as well as long term monitoring
of in situ formation conditions. A wide ranging science and engineering research program
include collection of gas-hydrate-bearing core samples and downhole geophysical logging.
Laboratory and modeling studies undertaken during the field program, and subsequently as
part of a post-field research program document the sedimentology, physical/petrophysical
properties, geochemistry, geophysics, reservoir characteristics and production behavior of the
Mallik gas hydrate accumulation.

Besides the gas hydrate scientific drillings in the Mallik gas hydrate field, there are many
other gas hydrate scientific drillings which have been carried out or will be carried out over
the world. Figure 8 shows an outline of international gas hydrate research, including the
international gas hydrate research projects and the completed/future gas hydrate scientific

drillings®®*.

For example, in May of 2007 and June of 2009, Chinese scientists have
successfully drilled out NGHs in Shenhu area of South China Sea and Qilianshan Mountain
region of China Qinghai-Tibet plateau. The northern slope of the South China Sea is one
important area for China to exploit and investigate NGH. According to the report of the China
Geological Survey, among the total 8 drilled wells in the South China Sea, the NGH was
found in the cores obtained in the three wells (SH2, SH3 and SH7), and core studies revealed
the discrete gas hydrate layers with hydrate saturation of 0 ~ 48 % from 1108 m to 1235 m
depth, exceeding 40 m in total thickness. It was proven the total NGH distribution area in the

Shenhu area of the South China Sea was about 15 km? and the methane resource in the NGH
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was about 1.60X10°m**®.In the period of 2008 ~ 2009, the Scientific Drilling Project of
Natural Gas Hydrate in Qilianshan Mountain Permafrost Region was carried out by the China
Geological Survey. In the project, total 4 wells (DK-1, DK-2, DK-3, DK-4) were drilled, and
the NGH samples from 133 ~ 396 m depth were obtained in DK-1, DK-2 and DK-3,

respectively?®

.However, according to the plans made by the China Geological Survey, the
field methane production test is not carried out in the above two areas in China until 2016.
Japan is currently leading NGH development. Since 1995, Japan has maintained a
focused, well-founded program. This program marked a milestone in March 2013 when about
a week technical production test of the 40 TCF Nankai Trough NGH deposit was successfully
carried out by JOGMEC. However, we do not consider that the project means the coming of
the time of the methane production from the NGH because there are no enough further detail
information and data about the project. It was the first technical production test of oceanic
NGH according to a planned timeline of JOGMEC?”’. JOGMEC, the Japanese operator, has
reaffirmed the aim of the second phase of the Japanese NGH program that is to continually
produce natural gas for their home market by 2018. It is a near-term development timeline
consistent with the conventional deep water field development. The commercial production of
NGH of Japan is likely due to the natural gas produced from the Nankai NGH deposit should
compete well with the rather high delivered price of liquefied natural gas (LNG) that has been
in the range of $ 15 - $ 18 MMcf in the period of 2011 — 2013. With the improvement of
NGH exploration and production techniques, the cost of the exploration and production must
decrease gradually, and it is possible that the oceanic NGH may compete on a produced cost

with other natural gas resources.

Conclusion

In this paper, we comprehensively review the studies on producing methane from NGH.
The NGHs as alternative energy for future extensively distribute oceanic floor and permafrost
areas. Among all the NGH reservoirs, the reservoirs of Class 1 are considered to be of
exploitation value under the present technique. The reservoirs of Class 2, 3 and 4 are
unrecoverable because the reservoir features go against defining gas production targets. The
mechanism of methane production from the NGH is based on shifting the condition of the
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NGH reservoirs to NGH dissociation. Relative to the other two conventional methods, the
depressurization is considered to be the most effective. However, the methane production rate
and efficiency by single depressurization are restricted because of the issues such as diffusion
and temperature. Thus, the method combined depressurization with thermal stimulation
and/or the method combined thermal stimulation with inhibitor injection are developed. The
combined method does be benefit to enhance gas production, increase gas production rate and
improve the gas production efficiency. The commercial methane production from NGH is still
not realized although some field production tests were carried out in Mallik and Nankai
Trough, the most important restraint is the issue of the sustainability of the gas production.
Till now, no enough information and data prove that the methane production from NGH can
be sustainable for more than one month. Therefore, the main studies still focus on the
simulations of methane production from NGH. By the simulations, researchers expect to find
the key restraints and resolve them. However, there is a lot of work to be done. As a new gas
production method, CO,-CH,; replacement in NGH attracts many people’s eyes for its
function of not only recovering CH, from NGH but also sequestrating CO, directly in the
form of CO, hydrates. However, the new method also faces the issues of low CH, recovery
rate and low CH, production efficiency. In order to eliminate the issues, it is necessary to
confirm the mechanism of the CO,-CH, replacement in NGH and find out the governing
factors. Currently, there are some disputes on the mechanism. MD simulation is a good way
to resolve the disputes. MD simulation helps to reveal the CO,-CH,4 replacement process in
molecular level. But, how to construct a MD simulation model becomes a crucial problem

because the difference models can lead to different results.
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FIGURE AND TABLE CAPTIONS
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Maranori Kurihara (Department of Resources and Environmental Engineering, Waseda
University 3-4-1 Okubo, Shinjuku-ku, Tokyo 169-8555, Japan)

Extracts from: Gas production from methane hydrate reservoirs (by Masanori Kurihara,
Hisanao Ouchi and Hideo Narita), from Proceedings of the 7" International Conferences on
Gas Hydrates (ICGH 2011)

Ray Boswell (US DOE/NETL) and Tim Collett (USGS)
Extracts from: The gas hydrates resource pyramid (by Ray Boswell and Tim Collett), from
Fire In the Ice, edited US DOE.

Yi Wang, Xiaosen Li, Gang Li, Jinchun Feng, Zhaoyang Chen, Yu Zhang (Key laboratory
of Gay Hydrate, Chinese Academy of Sciences, Guangzhou 510640, PR China)

Extracts from: 3-D experimental investigation of heat transfer during gas production form
hydrate pilot-scale hydrate simulator, from Proceedings of the 8" International Conference on
Gas Hydrates (ICGH-2014).

S. Hancock (SPE, RPS Energy Canada), G. Moridis (SPE, Lawrence Berkley National
Laboratory), S. Wilson (SPE, Ryder Scott Company), A. Robertson (SPE, RPS Energy
Canada)

Extracts from: Well design requirements for deepwater and arctic onshore gas hydrate
production wells, from OTC 21015, edited by Offshore Technology Conference

Timothy S. Collett (USGS)
Extracts from: International Gas Hydrate Research (March 2014) from
http://energy.qov/sites/prod/files/2014/04/f14/International Review USGS Collett%5B1%5D.pdf

Figure caption

FIGURE 1.Type of NGH reservoir
Figure reproduced with permission from reference 60

FIGURE 2.NGH deposits in the world
Figure reproduced with permission from reference 54

FIGURE 3.The hydrate resource pyramid modified from Boswell and Collett (2006)
Figure adapted with permission from reference 59

FIGURE 4. Schematic over class 1~3 types of the NGH deposits
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Figure reproduced with permission from reference 60

FIGURE 5. Principle of NGH dissociation
Figure adapted with permission from reference 60

FIGURE 6. Schematic of three main gas production methods
Figure adapted with permission from references 60 and 208

FIGURE 7. Schematic of phases and components in a kinetic model

FIGURE 8. Outline of International gas hydrate research in the world
Figure adapted with permission from Reference 204

FIGURE 9. Schematic of experimental apparatus with PHS
Figure reproduced with permission from reference 25

FIGURE 10. Schematic of layers and well design of PHS
Figure reproduced with permission from reference 25

Table caption

Table 1. List of the studies of methane production from natural gas hydrate by different

methods
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Table 1. List of the studies of methane production from NGH by different methods

Item  method literature Subject
Depressurization induced gas production from
1 Depressurization Li et al.”®® hydrate deposits with low gas saturation in a
pilot-scale hydrate simulator
5 Depressurization Shahbazi et al 2 Behavior of Depressurization in Type III Hydrate
Reservoirs
Simulations of long term methane hydrate
3 Depressurization Chejara et al.* dissociation by pressure reduction using an
extended RetrasoCodeBright simulator
s ) Gl » Increased Gas Production from Hydrates by
4 il liGetis Falser et al. Combining Depressurization with Heating of the
Wellbore
s ) Gl s Evolution of Hydrate Dissociation by Warm Brine
5 FTITEETE Feng et al. Stimulation Combined Depressurization in the
South China Sea
6 Thermal stimulation Fitzgerald & Thermal Stimulation Based Methane Production
Castaldi®* from Hydrate Bearing Quartz Sediment
7 e il Recovery of Methane from a Variable-Volume Bed
of Silica Sand/Hydrate by Depressurization
3 e 3i et al. 215 Natural gas production from hydrate
decomposition by depressurization
9 e ki) 2218 Sensitivity analysis of gas production from Class I
hydrate reservoir by depressurization
10 Thermal stimulation Kawamura et al. 2" Experimental study on steam injection method
using methane hydrate core samples
T S G Dissociation Behavior of Hydrate Core Sample
1 combined with Kawamura et al 28 Using Thermodynamic Inhibitor-Part 3. Inhibitor or
depressurization Steam Injection Combined with Depressurization
and High-Concentration Inhibitor Injection
12 Inhibitor injection Kawamura et al 2 Dijssociation experim.er.wt o.f hydrate core sample
using thermodynamic inhibitors - Part 2
Depressurization experiment of pressure cores
13 Depressurization Kim et al.?? from the central Ulleung Basin, East Sea: Insights
into gas chemistry
1 Depressurization Konno et al 22 Key Factors for Depressurization-Induced Gas
Production from Oceanic Methane Hydrates
An experimental study on the productivity of
15 Depressurization Leeetal.” dissociated gas from gas hydrate by
depressurization scheme
16 Inhibitor combined with Li et al 2 Gas Production from Methane Hydrate in a

Depressurization

Pilot-Scale Hydrate Simulator Using the Huff and
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17

18

19

20

21

22

23

24

25

26

27

28

29

Depressurization

Steam injection combined
with depressurization

Steam injection combined
with depressurization

Steam injection combined

with depressurization

Steam injection

Depressurization combined
with heat injection

Depressurization combined
with heat injection

Depressurization

Depressurization

Depressurization, inhibitor,
heat injection

Depressurization and
combined method

Depressurization

Solar energy heating and
depressurization

RSC Advances

Li et al.??

Li et al.%®

Li et al.?®

Li et al.?

Li et al.?®

Li et al.??®

Lietal.”’

Li etal.

Li et al.®*

Liu et al.??’

Liu et al.??®

Moridis et al.*°

Ning et al.??®
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Puff Method by Experimental and Numerical
Studies

Experimental and Numerical Studies on Gas
Production from Methane Hydrate in Porous Media
by Depressurization in Pilot-Scale Hydrate
Simulator

Production behavior of methane hydrate in porous
media using huff and puff method in a novel
three-dimensional simulator

The use of dual horizontal wells in gas production
from hydrate accumulations

The use of huff and puff method in a single
horizontal well in gas production from marine gas
hydrate deposits in the Shenhu Area of South
China Sea

Experimental Investigations into Gas Production
Behaviors from Methane Hydrate with Different
Methods in a Cubic Hydrate Simulator
Experimental study on gas production from
methane hydrate in porous media by SAGD
method

Experimental study on gas production from
methane hydrate in porous media by huff and puff
method in Pilot-Scale Hydrate Simulator
Experimental investigation into gas production
from methane hydrate in sediment by
depressurization in a novel pilot-scale hydrate
simulator

Experimental Investigation into the Production
Behavior of Methane Hydrate in Porous Sediment
by Depressurization with a Novel
Three-Dimensional Cubic Hydrate Simulator
Experimental Simulation of the Exploitation of
Natural Gas Hydrate

Experimental Study of Gas Production from
Methane Hydrate by Depressurization and
Combination Method under Different Hydrate
Saturations

Gas production potential of disperse
low-saturation hydrate accumulations in oceanic
sediments

A Method to Use Solar Energy for the Production
of Gas from Marine Hydrate-Bearing Sediments: A

Case Study on the Shenhu Area

44



Page 45 of 50

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Depressurization

Depressurization

Hot water injection

Depressurization

Thermal stimulation

Depressurization

Steam injection

Depressurization

Depressurization

Inhibitor injection

Depressurization

Depressurization

Depressurization and
heating

Depressurization

Depressurization

Molecular dynamics
simulation/depressurization
Numerical

RSC Advances

Oyama et al.?*°

Oyama et al.?*

Phirani et al.*

Sakamoto et al. >

Schicks et al.?**

Su et al.>*®

Su et al.=¢

Sunetal.”

237
l.

Sung et a

Sung et al.®

Tang et al.”

Waite et al. >

Wu et al.2*

Xiong et al

Yamamoto et a

Yan et al.

Yang et al.2®

242
l.

Dependence of Depressurization-Induced
Dissociation of Methane Hydrate Bearing
Laboratory Cores on Heat Transfer

Depressurized dissociation of
methane-hydrate-bearing natural cores with low
permeability

Warm water flooding of confined gas hydrate
reservoirs

Field scale simulation for the effect of relative
permeability on dissociation and gas production
behavior during depressurization process of
methane hydrate in marine sediments

A Counter-Current Heat-Exchange Reactor for the
Thermal Stimulation of Hydrate-Bearing Sediments
Evaluation on gas production potential from
laminar hydrate deposits in Shenhu Area of South
China Sea through depressurization using vertical
wells

A huff-and-puff production of gas hydrate deposits
in Shenhu area of South China Sea through a
vertical well

1-D modeling of hydrate depressurization in
porous media

Experimental investigation of production behaviors
of methane hydrate saturated in porous rock
Numerical study for production performances of a
methane hydrate reservoir stimulated by inhibitor
injection

Control mechanisms for gas hydrate production by
depressurization in different scale hydrate
reservoirs

Physical property changes in hydrate-bearing
sediment due to depressurization and subsequent
repressurization

Effect of rapidly depressurizing and rising
temperature on methane hydrate dissociation
Experimental Study on Methane Hydrate
Dissociation by Depressurization in Porous
Sediments

Gas Hydrate Production from Geological
Formations as Transport Phenomena

Molecular dynamics simulation of methane hydrate
dissociation by depressurisation

Numerical simulation of Class 3 hydrate reservoirs

45



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

simulation/depressurization

Depressurization

Hot-water cyclic injection

Numerical
simulation/depressurization

CO; replacement

Heat and inhibitor injection

CO, replacement

Mathematical model and
simulation/depressurization

Numerical
simulation/depressurization

Numerical
simulation/depressurization

Depressurization

Numerical
simulation/depressurization
, inhibitor or heat injection
Numerical
simulation/depressurization
Numerical
simulation/depressurization
, inhibitor or heat injection
Depressurization and
thermal injection

Numerical
simulation/depressurization

Numerical

RSC Advances

Yang et al.®

Yang et al.”

Yu et al.>*

Yuan et al.®

Yuan et al.?*®

Yuan et al.?*

Zhao et al.?*’

Zhao et al.?*®

Zhao et al.?*®

Zhao et al.?*°

Kurihara et al.*®

Liang et al.”**

Liu et al.??

Liu et al.®

Mori dis*’

Moridis et al.®

Page 46 of 50

exploiting using horizontal well by depressurization
and thermal co-stimulation

A three-dimensional study on the formation and
dissociation of methane hydrate in porous
sediment by depressurization

Experimental Study on Gas Production from
Methane Hydrate-Bearing Sand by Hot-Water
Cyclic Injection

Numerical Simulation on Natural Gas Production
from Gas Hydrate Dissociation by Depressurization
Methane recovery from natural gas hydrate in
porous sediment using pressurized liquid CO>
Experimental study of gas production from hydrate
dissociation with continuous injection mode using
a three-dimensional quiescent reactor

Recovery of methane from hydrate reservoir with
gaseous carbon dioxide using a three-dimensional
middle-size reactor

Mathematical Model and Simulation of Gas
Hydrate Reservoir Decomposition by
Depressurization

Numerical Simulation and Analysis of Water Phase
Effect on Methane Hydrate Dissociation by
Depressurization

Numerical simulation of gas production from
hydrate deposits using a single vertical well by
depressurization in the Qilian Mountain
permafrost, Qinghai-Tibet Plateau, China

Analysis for temperature and pressure fields in

process of hydrate dissociation by depressurization

Prediction of Gas Productivity From Eastern Nankai

Trough Methane-Hydrate Reservoirs

Numerical simulation for laboratory-scale methane

hydrate dissociation by depressurization

Numerical simulation of methane production from

a methane hydrate formation

Simulation of Methane Production from Hydrates
by Depressurization and Thermal Stimulation
Numerical studies of gas production from Class 2
and Class 3 hydrate accumulations at the Mallik
site, Mackenzie Delta, Canada

Numerical studies of gas production from several

46



Page 47 of 50

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

simulation/depressurization
and thermal stimulation

Numerical
simulation/depressurization

Computational

modeling/depressurization

CO; replacement

Depressurization

Numerical
simulation/depressurization

Numerical
simulation/depressurization

Numerical
simulation/depressurization

Numerical
simulation/depressurization

Computational
modeling/depressurization

Numerical simulation/CO,
injection
CO, replacement

Molecular dynamics
simulation/depressurization

Depressurization

CO; replacement

CO; replacement

Numerical
simulation/depressurization

RSC Advances

Myshakin et al.**

Nazridoust &
Ahmadi®®®

Ors & Sinayuc®®

Peters et al. >’

Ruan et al.>®

Ruan et al.?®®

Ruan et al.?®°

Sakamoto et al.*®*

Sean et al.?®

White et al.?%®

Jun9264

Yan et al.*®®

Toki et al.?%®

Seo et al. %’

PohIman et al.?®®

Li et al.?®®

CH4 hydrate zones at the Mallik site, Mackenzie
Delta, Canada

Numerical simulations of depressurization-induced
gas production from gas hydrate reservoirs at the
Walker Ridge 313 site, northern Gulf of Mexico
Computational modeling of methane hydrate
dissociation in a sandstone core

An experimental study on the CO»-CH4 swap
process between gaseous CO; and CH4 hydrate in
porous media

Hydrate dissociation in pipelines by two-sided
depressurization - Experiment and model
Numerical Simulation of the Gas Production
Behavior of Hydrate Dissociation by
Depressurization in Hydrate-Bearing Porous
Medium

Numerical Simulation of Methane Production from
Hydrates Induced by Different Depressurizing
Approaches

Numerical studies of hydrate dissociation and gas
production behavior in porous media during
depressurization process

Numerical Study on Dissociation of Methane
Hydrate and Gas Production Behavior in
Laboratory-Scale Experiments for Depressurization:
Part 3-Numerical Study on Estimation of
Permeability in Methane Hydrate Reservoir

CFD and experimental study on methane hydrate
dissociation. Part II. General cases

Numerical studies of methane production from
Class 1 gas hydrate accumulations enhanced with
carbon dioxide injection

Entrapping CO2, while recovering methane
Molecular dynamics simulation of methane hydrate
dissociation by depressurization

Methane production and accumulation in the
Nankai accretionary prism: Results from IODP
Expeditions 315 and 316

Experimental Verification of Methane Replacement
in Gas Hydrates by Carbon Dioxide

Methane sources and production in the northern
Cascadia margin gas hydrate system

Numerical Simulation of Gas Production from

Natural Gas Hydrate Using a Single Horizontal Well

47



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

CO; replacement

CO; replacement

CO; replacement

CO; replacement

CO; replacement

Depressurization combined
with heat injection

Thermal huff’n puff

Numerical
simulation/depressurization

CO; replacement

Depressurization

Hot water injection

Heat stimulation

Thermal stimulation

Depressurization

CO,/CO,-N; replacement

Thermal stimulation

Depressurization

Mathematical modeling

RSC Advances

Lee et al.?"°

Lee et al.?"*

Jung et al.?"?

Espinoza &
Santamarina®”®

Deusner et al.?"

Wang et al.**

Wang et al.*"

Temma et al.?"®

Taboada-Serrano et
a|.277

Su et al.®

Sasaki et al.?"

Sakamoto et al.*™

Pang et al.*®

Link et al.®

Koh et al ¥

Gong et al.?*!

Gerami &

Pooladi-Darvish®?

Gamwo & Liu*®

Page 48 of 50

by Depressurization in Qilian Mountain Permafrost
Thermodynamic and C-13 NMR spectroscopic
verification of methane-carbon dioxide
replacement in natural gas hydrates

Quantitative measurement and mechanisms for
CH4 production from hydrates with the injection of
liquid CO;

Properties and phenomena relevant to CH4-CO>
replacement in hydrate-bearing sediments

P-wave monitoring of hydrate-bearing sand during
CH4-CO> replacement

Methane Production from Gas Hydrate Deposits
through Injection of Supercritical CO>
Experimental investigation into scaling models of
methane hydrate reservoir

Experimental study on the hydrate dissociation in
porous media by five-spot thermal huff and puff
method

Numerical simulation of gas hydrate dissociation in
artificial sediment

Multiphase, Microdispersion Reactor for the
Continuous Production of Methane Gas Hydrate
Experimental investigation of methane hydrate
decomposition by depressurizing in porous media
with 3-Dimension device

Gas Production System From Methane Hydrate
Layers by Hot Water Injection Using Dual
Horizontal Wells

Gas hydrate extraction from marine sediments by
heat stimulation method

Methane hydrate dissociation experiment in a
middle-sized quiescent reactor using thermal
method

Methane hydrate research at NETL, research to
make methane production from hydrates a reality
Recovery of Methane from Gas Hydrates
Intercalated within Natural Sediments Using CO;
and a CO/N; Gas Mixture

Simulation experiments on gas production from
hydrate-bearing sediments

Predicting gas generation by depressurization of
gas hydrates where the sharp-interface assumption
is not valid

Mathematical Modeling and Numerical Simulation

48



Page 49 of 50

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

and numerical simulation

Thermal stimulation

Depressurization

Computation modeling

Numerical simulation

CO; replacement

CO; replacement

CO, replacement

CO2 replacement

CO2 replacement

CO; replacement

Molecular dynamics
simulation/replacement

CO; replacement

Molecular dynamics
simulation/replacement

CO; replacement

CO; replacement

CO; replacement

CO, replacement

CO; replacement

CO; replacement

RSC Advances

Castaldi®®
Ahmadi et al.*
Ahmadi et al.”®*
Ahmadi et al.
Uchida et al.?°

Zhou et al.*®

Zhou et al.*®

Yoon et al.?®’

Yezdimer et al.?%®

Voronov et al.*®

Tung et al.*

Qi & Zhang®®
Qi etal. ™
Ota et al."*®
Otaetal.”

Ota et al.*®

Martos-Villa et al.?**

Li et al.?*

Lee et al.?*®

of Methane Production in a Hydrate Reservoir
Down-hole combustion method for gas production
from methane hydrates

Production of natural gas from methane hydrate by
a constant downhole pressure well

Natural gas production from hydrate dissociation:
An axisymmetric model

Numerical solution for natural gas production from
methane hydrate dissociation

Replacing methane with CO; in clathrate hydrate:
Observations using Raman spectroscopy
Replacement of methane from quartz sand-bearing
hydrate with carbon dioxide-in-water emulsion
Determination of appropriate condition on
replacing methane from hydrate with carbon
dioxide

Transformation of methane hydrate to carbon
dioxide hydrate: In situ Raman spectroscopic
observations

Determination of the Gibbs free energy of gas
replacement in SI clathrate hydrates by molecular
simulation

Experimental Study of Methane Replacement in
Gas Hydrate by Carbon Dioxide

In Situ Methane Recovery and Carbon Dioxide
Sequestration in Methane Hydrates: A Molecular
Dynamics Simulation Study

MD Simulation of CO,-CH4 Mixed Hydrate on
Crystal Structure and Stability

Molecular dynamics simulation of replacement of
CHs in hydrate with CO;

Macro and microscopic CH4-CO; replacement in
CH4 hydrate under pressurized CO;

Replacement of CH4 in the hydrate by use of liquid
CO;

Methane recovery from methane hydrate using
pressurized CO;

Characterization of CO, and mixed methane/CO;
hydrates intercalated in smectites by means of
atomistic calculations

Exploitation of methane in the hydrate by use of
carbon dioxide in the presence of sodium chloride
Experimental Verification of Methane-Carbon

Dioxide Replacement in Natural Gas Hydrates

49



116

117

118

119

CO; replacement

Molecular dynamics
simulation/replacement

Molecular dynamics
simulation/replacement

CO; replacement

RSC Advances Page 50 of 50

Lee et al.?*

Iwai et al.*?

Geng et al.*

Bai et al.*®®

Using a Differential Scanning Calorimeter
Replacement of methane hydrate by carbon
dioxide: C-13 NMR study for studying a limit to the
degree of substitution

Molecular dynamics simulation of replacement of
methane hydrate with carbon dioxide

Molecular Simulation of the Potential of Methane
Reoccupation during the Replacement of Methane
Hydrate by CO,

Replacement mechanism of methane hydrate with
carbon dioxide from microsecond molecular

dynamics simulations

50



