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Methane gas hydrate is a potential energy reserve that would supplement the current energy supply in the world.
This study presents a review of methane hydrate production through various simulations and field trial tests. The
simulated production data of three classes of gas hydrate reservoirs were evaluated and compared. In line with
that, factors such as porosity, permeability, gas saturation, pressure, temperature, surface area were discussed
and analyzed. It was revealed that in all methane hydrate reservoirs classes, production factors such as injection
rate, temperature, and pressure drop, as well as reservoir parameters suit of permeability, porosity, and surface

area show substantial gas production. On the contrary, CMG STARS and TOUGH + HYDRATE have better
prediction results than other studied simulators. Methane hydrate reservoirs classes 1, 2, and 3, depressurization
and thermal techniques have a recovery rate of 75% and 49.06%, respectively while CO5 injections and com-
bination methods have a recovery rate of 64%, and 87.5%. Reformation of hydrate near the wellbore, sand
production, the rise of bottom well pressure, and geomechanical effects are methane production challenges.

1. Introduction

Gas hydrate was first reported in 1811 (Davy, 1811), whereas hy-
drates clogged oil and gas pipelines were first published in 1934
(Hammerschmidt, 1934). It is found in permafrost (areas with the
permanently frozen ground) 0-900 m depths and marine regions in
depths ranging from 300 to 500 m (Makogon, 1965; Bily and Dick, 1974;
Sloan and Koh, 1998). Worldwide, the quantity of carbon found in
methane hydrates is approximate twice the amount of fossil fuel reserves
in the globe (Collett, 2001; Walsh et al., 2009). Thus, the extraction of
methane from hydrates is considered a promising way to resolve po-
tential shortages of energy in the world. Methane hydrates are crystal-
line clathrates formed by water and gas interactions at relatively low
temperatures and high pressures. (Vysniauskas and Bishnoi, 1983; Kim
etal., 1987). The formation of methane hydrate is an exothermic process
that releases heat while the decomposition of hydrate into gas and water
is an endothermic process (Zhao et al., 2012).

Natural gas hydrates are mostly composed of methane, however
other components such as hydrocarbons, HsS, and CO; have been
discovered in high-pressure and low-temperature gas hydrates. (Mako-
gon, 2010). After decomposition, 1 m® of hydrates yields 164 m® of gas
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and 0.8 m® of water (Makogon and Omelchenko, 2013). Natural gas
exploration from methane hydrate is considered an important energy
source due to the increase in energy demand in the world. However, the
study and exploitation of methane hydrate have always presented eco-
nomic challenges (Moridis et al., 2011; Ruppel, 2011). Field tests trial
was done in a different area in the world but faces many challenges
(Makogon and Omelchenko, 2013; Kurihara, Sato, 2010; Garapati et al.,
2013; Konno et al., 2017; Yamamoto et al., 2014; Chen, Feng, 2018a,
2018b). Such challenges that have limited the full exploration of
methane gas hydrate include sand production together with methane,
the rise of bottom well pressure, geomechanical effects, reformation of
gas hydrate near the wellbore, and so on. Different numeric reservoir
simulators are developed to model the methane production of gas hy-
drate, among them are TOUGH + HYDRATE (Moridis et al., 2005a),
MH-21 (Oyama and Masutani, 2017), HydrateResSim (Moridis, Kowal-
sky, 2005b, 2005c), CMG-STARS (Stars, 2007), STOMP (White and
Oostrom, 2006). This review compares hydrate production feasibility
based on reservoir simulation in different reservoirs. In addition, a few
field case studies are discussed. This review is presented in the following
layout: first is an introduction of the study, and distribution, second
classification, methods of production gas hydrate, experimental

Received 26 August 2021; Received in revised form 7 January 2022; Accepted 24 January 2022

Available online 29 January 2022
1875-5100/© 2022 Elsevier B.V. All rights reserved.


mailto:wangjinjie06-2@163.com
www.sciencedirect.com/science/journal/18755100
https://www.elsevier.com/locate/jngse
https://doi.org/10.1016/j.jngse.2022.104441
https://doi.org/10.1016/j.jngse.2022.104441
https://doi.org/10.1016/j.jngse.2022.104441
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jngse.2022.104441&domain=pdf

P.E. Chibura et al.

production, numerical simulation prediction of methane production.
This is followed by field case production, and finally is the conclusion of
the study.

1.1. Distribution of gas hydrate

Estimates of methane hydrate levels in permafrost and oceanic de-
posits range from 1.4 x 103 to 3.4 x 10'® m® and 3.1 x 10*° t0 7.6 x
108 m3, respectively (Kvenvolden, 1988). Fig. 1 is a map showing areas
where gas hydrate has been recovered, where gas hydrate is considered
to be present. Based on seismic evidence, gas hydrate drilling expedi-
tions in permafrost or deep marine environments have been conducted
and often have contributed to gas hydrate recovery. Globally gas hy-
drate supplies are valued at between 2.83 x 10' to 8.5 x 10'® m®
(Collett, 2001; Makogon et al., 2007). Approximately, 99% of the
world’s methane hydrate is found in marine deposits at depths of 300 to
over 2500 m (Kumar and Linga, 2017).

1.1.1. Permafrost gas hydrates

Permafrost is about 20% of the northern hemisphere’s land area and
is associated with the onshore and nearshore gas hydrate reserves.
Permafrost deposit data are of good quality due to comparatively easier
access and signifies a large share of the whole hydrate database. Four
permafrost reserves are under consideration in the world as targets for
development, first is (a) Mackenzie Delta, Canada Mallik Methane Hydrate
Deposits. The approximate volume of methane hydrates in the accumu-
lations of hydrate is about 2.8 x 10'°-2.8 x 10! m® at standard tem-
perature and pressure (STP) that makes the Mallik area be most
concentrated methane hydrates accumulations in the world (Major-
owicz and Osadetz, 2001; Osadetz and Chen, 2005). (b) Deposit of
Alaska’s Northern part, Eileen USA methane hydrate. Several publications
detail the geology and geochemistry of rocks on the northern slope of
Alaska and the measurement of the sub-surface temperature needed to
evaluate the stability of methane hydrate distribution (Bird and
Magoon, 1987; Collett, 1993). The amount of methane hydrate in the
Eileen methane hydrate deposit is about 1.0 x 10'2-1.2 x 102 m® STP
(Collett, 2007). Collett (1993) estimated double the amount of identified
conventional gas at a field of the Prudhoe Bay area. (c) West Siberia,
Russia the Messoyakha area with 24 x 10° m® methane hydrates reserves.
The Messoyakha area of the north slope in the West Siberian Basin
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remains an example of a deposit of gas hydrates that had already been
commercially extracted. It is approximated that 36% (5 x 10 ° m® STP) of
the overall gas output comes from gas hydrates (Makogon, 1981). (d)
Qilian Mountains, China, with permafrost area 1 x 10" m? (ZHU, ZHANG,
2010) this form of methane is described as having a thinner permafrost
zone, a shallower buried depth, a more complicated gas component, and
a coal-bed origin. Also, high electrical resistivity and sonic velocity are
also seen in the logging profile.

1.1.2. Oceanic deposits/marine hydrate

Owing to the higher cost of deep-water activities, the problems fac-
ing the commercialization of marine hydrate are possibly greater than
the amount in the Arctic. The following are examples of Marine Hydrate:
Offshore Japan-Nankai Trough, which was the first offshore natural
hydrate discovery undertaken in Japan. The presence of hydrate in pore
spaces of several layers of sand between 1135 and 1213 m was recog-
nized (Takahashi et al., 2001). Although the net amount of the hydrate
at this location was very limited, a method was established for quanti-
fying the hydrate in the deepwater sediment. Takahashi and Tsuji
(2005) conducted a multi-well development project at 16 locations in
three separate sites selected under the bottom simulating reflector
signature at 720-2033 m water depths. 32 wells were drilled and an
assessment was carried out (Fujii et al., 2008; Kurihara et al., 2008;
Saeki et al., 2008).

Gulf of Mexico - Oligocene Frio Formation, Tigershark accumula-
tions, is another example of marine methane hydrate. This is the first
recorded high-Sy hydrate-bearing sand described in the Gulf of Mexico
at Alaminos Canyon Block 818. Log results from an exploration well are
estimated to be 2750 m of site HyO. Reported that the sandy hydrate-
bearing layer (HBL) presence (3210-3228 m drilling depth) of 18.25
m thickness at a comparatively high temperature (around 21 °C), a large
porosity of approximately 0.30, range of intrinsic permeability, and a
stability zone at slightly below the hydrating base of the gas hydrate
(Moridis and Reagan, 2007). Preliminary synthetic data simulations
show that the gas output level of these systems can well exceed 2.8 x
10° m®.

Shenhu Area, South China Sea (Ye et al., 2020) the reservoir occurs
in shallow, loose, soft, unconsolidated sediments at a depth of fewer
than 400 m beneath the seafloor, where the ocean is more than 800 m
deep and sand makes up a minor percentage of the total volume. The
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Fig. 1. Map of gas hydrate drilling in the world.
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depressurization thermal techniques and Horizontal well drilling were
used. 30 days of continuous gas production were achieved in the South
China Sea’s 1225.23 m deep Shenhu Area, with total gas production of
86.14 x 10* m>. As a result, daily gas output averages 2.87 x 10% m?,
which is 5.57 times higher than the initial production test of 5 x 10°
m®/day.

1.2. Structure of gas hydrates

The three most prevalent crystalline structures of gas hydrates are
structure I (sI cubic), structure II (sII cubic), and structure H (sH hex-
agonal) as shown in Fig. 2 (Sloan and Koh, 1998, 2007). The structure I
(sI) is a mixture of HoO and hydrocarbons with a molecular weight less
than C3Hg as well as various inorganic gases. This contains 46 water
molecules and two small pentagonal dodecahedron (5'2) cavities with a
radius of 3.95, which can be occupied by CH4 with a stabilized crystal
size of 4.36, and six large tetrakaidecahedron (5'262) cavities with an
average radius of 4.33, which fit for smaller molecules than 6 in diam-
eter, such as CO (5.12) (Sloan and Koh, 2007; McMullan and Jeffrey,
1965). Structure II (sII) is larger than ethane but smaller than pentane,
containing 136 water molecules and 16 small (5'2) and 8 large hex-
akaidecahedron (5'26%) cavities with sizes ranging from 6 to 7
(McMullan and Jeffrey, 1965). Structure H (sH) comprises 34 H,0
containing 3 smaller (5'%) cavities, 2 small (435%°) cavities, and 1 large
(51268) cavities (Ripmeester et al., 1987).

2. Classification and production methods for methane from
methane hydrates

2.1. Four class of gas hydrates reservoirs

Deposits of methane hydrates are classified into four principal groups
(Table 1 and Fig. 3) which are class 1, class 2, class 3, and class 4
building on basic geological features and the conditions of the initial
reservoir (Moridis and Collett, 2003; Moridis, 2008).

2.2. Methods of production methane from methane hydrates

Methane is produced from methane hydrates by depressurization [9,
57-70, thermal (Holder et al., 1982; Bayles et al., 1986; Selim and Sloan,
1989, 1990; Ullerich et al., 1987; Tsypkin, 1992, 2001; Xu, 2004; Islam,
1994; Jamaluddin et al., 1989; Merey and Longinos, 2018a), Chemical
Injection (Sung et al., 2002; Kamath et al., 1991; Kamath and Godbole,
1987), CO2 Swapping (Merey and Longinos, 2018a; Ohgaki et al., 1996;
Nakano et al., 1998; Smith et al., 2001; McGrail et al., 2004; Ota et al.,
2005; White and McGrail, 2008; Deusner et al., 2012; Handa, 1986;
Kang et al., 2001; Janicki et al., 2014; Duan et al., 2016; Merey et al.,
2018), or a combination of either method. But depressurization has
become more common due to many advantages to all classes of methane

Water molecule 'cage’
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Table 1
Four classes, features, and examples of hydrate reservoir.
Class  Features Examples Reference
1 - Contain overburden, Mallik field in Canada’s (Moridis and Collett,
hydrate, free gas, Mackenzie Delta, Eileen 2003; Moridis, 2008;
and underburden field in Russia’s North Moridis et al., 2007;
layers Slope, Alaska, USA, and  Bhade and Phirani,
- sandstones and Messoyakha site in 2015; Kurihara et al.,
carbonate rocks West Siberia. Nankai 2011, Lin et al.,)
Trough offshore in
Japan and offshore in
the Gulf of Mexico
2 - Comprise Mallik site, Eastern (Lin et al., Xu and Li,
overburden, Nankai trough, Ulleung ~ 2015)
hydrate, water, and Basin East Sea Korea (Kurihara et al.,
underburden layers and Shenhu in China 2011; Su et al., 2012)
- formations of
fractures/vugs
- sandstones and
carbonate rocks
3 - contains Qilian Mountain (Bhade and Phirani,
overburden, permafrost in China 2015, Lin et al.,).

Kurihara et al.
(2011).

hydrate, and
underburden layers
- sandstones and

carbonate rocks
4 - No geological strata
sandstones and
carbonate rocks
containing scattered
low-saturation
hydrate (S < 10%)

Krishna Godavari basin
in India, Gulf of Mexico
in the USA

(Moridis and Sloan,
2007; Bhade and
Phirani, 2015; Lin
et al., Xu and Li,
2015; Konno et al.,
2010)

hydrate reservoirs. To summarize the methods identified to recover
methane from the below-discussed class Table 2 presents advantages
and conditions involved for every respective process.

2.3. Experimental production

Many studies have been reported on laboratory productions of
methane from methane hydrate reservoirs (Zhao et al., 2020). Fine
marine sediments hinder the synthesis of methane, resulting in an un-
controlled pressure decrease and gas emission, according to laboratory
studies on methane production performance from methane hydrate
reservoirs sediments by depressurization. In addition, gradual depres-
surization causes a temperature reduction in the reservoir, which leads
to rehydration formation (Liang et al., 2021). studied the reaction rate
constant of hydrate formation by using X-ray. From 5.3 10 to 1.65,10°
m/s, the reaction rate constant increased as the temperature raised.
Also, experiments carried by (Vysniauskas and Bishnoi, 1983) show that
temperatures change from 274 to 284 K, with pressures change from 3 to
10 MPa affects the hydrate equilibrium curve (Ruan and Li, 2021).
compared experimental and computational data on the effect of
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Fig. 2. Hydrate structures: sl, sII, and Sh modified from (Sloan and Koh, 2007).
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Fig. 3. Hydrate Deposit: (a) Class 1, (b) Class 2, (¢) Class 3, (d) Class 4 modified (Moridis and Collett, 2003; Moridis and Sloan, 2007).

Table 2
Comparison production methods of methane from methane hydrates.
Methods Action Advantages Disadvantages References
Depressurization Decreases the pressure beneath Is cheaper than thermal stimulation -Slow in production, sand (Kim et al., 1987; Merey and Longinos,
the hydrate balance. due to endothermal, production, geomechanical risks. 2018a; Yousif et al., 1991; Yousif and
Sloan, 1991; Sung et al., 2000; Goel
et al., 2001; Khataniar et al., 2002;
Ahmadi et al., 2004; Hong and
Pooladi-Darvish, 2003, 2005; Ji,
Ahmadi, 2001, 2003; Bai et al., 2012;
Zhao et al., 2015; Moridis, 2002)
Thermal Increasing temperature above Simple, renewable, rapid, easy to Is expensive due to the amount of (Holder et al., 1982; Bayles et al., 1986;
Stimulation the temperature of the hydrate control, high efficiency, no pollution. energy needed, the heat lost in Selim and Sloan, 1989, 1990; Ullerich
equilibrium. non-hydrated sections, and low et al., 1987; Tsypkin, 1992, 2001; Xu,
injection rates, weather-sensitive, 2004; Islam, 1994; Jamaluddin et al.,
kill aquatic animals. 1989; Merey and Longinos, 2018a)
Chemical Lower permeability of hydrate- Low energy injection, simple and Is very expensive, the reaction is (Sung et al., 2002; Kamath et al., 1991;
Injection bearing regions by Salts, convenient due to shifting the hydrate  slow and inefficient dissociation of =~ Kamath and Godbole, 1987)

CO, Swapping

alcohols, and glycols.

Due to Molecular structure and
size, quadruple moment, and
diffusion rate, CH, is replaced by
COs.

The heat required to create CO,
hydrate (57.9 kJ/mol) is more
than the heat required to
dissociate CH4 hydrate (54.5 kJ/
mol) in an exothermic reaction.

equilibrium between pressure and
temperature, resulting in a rapid
dissociation of gas hydrates.

Reduced geomechanical hazards,
lower water output, low injection rate,
and low replacement rate are all
factors that influence competitive
adsorption. CO, storage is important
for environmental conservation.

hydrate in the reservoir, causes
pollution in the environment.

CO, hydrate that forms prevents
further interaction between the
CO; and CH4 hydrates, preventing
methane hydrate dissociation.
Due to the poor effective
permeability of gas hydrates and
the sluggish rate of replacement,
the injection rate is slow.

(Merey and Longinos, 2018a; Ohgaki

et al., 1996; Nakano et al., 1998; Smith
et al., 2001; McGrail et al., 2004; Ota

et al., 2005; White and McGrail, 2008;
Deusner et al., 2012; Handa, 1986; Kang
et al., 2001; Janicki et al., 2014; Duan
et al., 2016; Merey et al., 2018)

methane

hydrate

surface area in

porous

surfaces on

program to implement a mathematical model of a physical system

depressurization-induced methane dissociation. After numerical simu-
lations and laboratory work under the same series of conditions, the
surface area of hydrate is expressed as a function of porosity, hydrate
saturation, and average diameter of sediment particles (Nakayama et al.,
2007). Also, a study by (Lee et al., 2003) reports 64% CHy4 to recover
from class 3 methane hydrate reservoir when CO; is injected. Although
much work has been done, further research should be done on reservoir
permeability, preventing sand production in conjunction with methane,
controlling bottom well pressure, and controlling gas hydrate reforma-
tion near the wellbore.

3. Numerical simulation

A numerical simulation is a computer-based calculation that uses a

(Zakharov et al., 2002). Because their mathematical models are too
complex to provide analytical answers, most nonlinear systems require
numerical simulations to analyze their behavior. Reservoir simulation is
a computer technique to model the fluid flow in porous media over a
period of time. Such simulators are focused on considering both fluid
flow and heat transfer while presuming the solid phase is immobile. The
simulator is based on various scientific models that describe the petro-
physical characteristics of a deposit. Various simulators are developed
and various methods are used to model the dissociation actions of the
gas hydrate (Swinkels and Drenth, 2000). Studies reported on simula-
tion of methane hydrate reservoir production that deals with the solu-
tion of a complex combination of highly coupled fluid, heat, and mass
transport equations combined with the potential for the formation
and/or disappearance of multiple solid phases in the system (Wilder
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et al., 2008). Numerical simulation depends on (1) the existence of
vigorous simulators describing the processes that dominate (2) Aware-
ness of the parameters and their relationships that determine all com-
ponents of the simulated scheme’s physical processes and
thermophysical properties (3) Accessibility of field and laboratory data
for the validation of a numerical model (Wilder et al., 2008; Sun et al.,
2019). Also, the equilibrium model, thermal conductivity model, Kinetic
model, Permeability model, and mechanical model were reported on the
numerical model by (Ruan et al., 2021). Each of the five simulators has
an equilibrium and kinetic model for hydrate production and dissocia-
tion (Moridis et al., 2005b; Moridis et al., 2005¢; White and Oostrom,
2006; Moridis, 2014a; CMG, 2015; ; Moridis et al., 2005d; White, 2006).
But each simulator work under specific assumptions and conditions. The
equilibrium hydration model accounts for heat as well as up to four mass
components, namely H,O, CHy4, and water-soluble inhibitors like salts or
alcohols; the kinetic model adds the fifth component, the CH4-hydrate,
which is now treated as a separate component rather than a state of the
H20-CH4 system (Moridis, 2014a). The hydrate dissociation reaction is
expected to proceed at equilibrium in simulation (Moridis, 2014a). The
viability of hydrate production in different reservoirs is compared using
reservoir simulations that look at various characteristics like perme-
ability, porosity, temperature, pressure drops, surface area, injection
rate, and well pattern.

3.1. Simulating methane production from class 1 methane hydrate
reservoirs

TOUGH + HYDRATE (T + H) is a gas hydrate simulator, with code
FORTRAN 95,2003 (Moridis et al., 2005a; Zhang, 2009). This simulator
incorporates models that describe mass and energy balance, mass
accumulation, heat accumulation, fluid flow, source and sink, and in-
hibitor (Table 3) (Moridis, 2014b; Moridis and Kowalsky, 2006a). All
possible mechanisms of hydrate dissociation, such as depressurization,
in which the release of gas is accomplished by decreasing the pressure
under the stability of methane hydrate, thermal stimulation, in which
the release of gas is effected by heating the hydrate above the temper-
ature of dissociation at a specified pressure, salting effects and
inhibitor-induced effects, in which the hydrocarbon is generated after
injection (Moridis, 2014b; Grover et al., 2008).

(Grover et al., 2008) used (T + H) to predict methane production at
Messoyakha reservoir (class 1) by considering depressurization as a
primary mechanism for recovering gas. Porosity, absolute permeability,
relative permeability, initial gas saturation, capillary pressure, thick-
ness, gas production rate, water saturation, and irreducible water satu-
ration were studied using various TOUGH + HYDRATE equations
(Table 3). When other sedimentary materials are kept constant, an in-
crease in permeability and heat flow led to an increase in CH4 produc-
tion. Their estimate was 36% of gas produced from hydrates after about
20 years of production. Similarly, studies from (Moridis et al., 2007;
Moridis and Kowalsky, 2006a; Alp et al., 2007) employed the same
simulator and considered factors like porous medium, porosity, relative
permeability, capillary pressure, a saturation of gas hydrate, gravity
equilibrium, and temperature is studied by different scholars to evaluate
their impact on methane production from class 1 methane hydrate
reservoir. Permeability (management of gas flow), capillary pressure
(pressure drop that disturbs hydrate equilibrium), and heat flow (well-
bore control of gas hydrate reformation) are few factors that contribute
to CH4 production from methane hydrate reservoirs. The first is water
and hydrate in the hydrate zone (Class 1 W), while the second is gas and
hydrate in the gas zone (Class 2 W) (Class 1G) (Moridis et al., 2007).
Class 1 W hydrates donate up to 65% of the production rate and up to
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45% of the total volume of gas produced, whereas Class 1 G hydrates are
75% and 54%, respectively (Moridis et al., 2007; Alp et al., 2007). Class
1 G has a higher production rate than class 1 W due to the current
accumulation of free gas, which reacts slowly but increases methane
productions over time. In addition, a study combining experimental and
theoretical results on the influence of surface area on cumulative gas
output in methane hydrate porous media by depressurization discovered
that the surface area of hydrate dissociation has a significant impact on
cumulative gas output (Ruan and Li, 2021). Their findings suggest that
the grain-coating surface area model achieves well for hydrate dissoci-
ation simulation at lower hydrate saturations, but the hydrate dissoci-
ation simulation by Clarke and kim-Bishnoi equation (Clarke and
Bishnoi, 2001a, 2001b) helps to calculate hydrate dissociation kinetic
reaction. Although the use of the pore-filling surface area model per-
forms better at higher hydrate saturation (Moridis, 2008; Moridis et al.,
2007). Among all major methods of dissociation, depressurization tends
to be ideally suited for class 1 deposit conditions due to its ease, meth-
odological and economic efficiency, and rapid hydrate response to
quickly decreasing pressure (Moridis, 2008; Moridis et al., 2007). In all
these case studies their models assumed 1) Zero salinity because of
uncertainty, 2) Early pressure at the hydrate-gas interface and the
temperature equilibrium. Despite a promising recovery factor through
depressurization in class 1 methane hydrate reservoir, the remaining gas
amount in the reservoir suggests the consideration of combination
methods with other techniques like thermal, inhibitors to maximize
production. Also, more study is needed on the application of dual ver-
tical wells, horizontal wells, and fracking (which increases permeability
and improves gas flow) to enhance methane output from methane hy-
drate reservoirs.

Several studies have utilized the STAR (Steam Thermal and
Advanced Processes Reservoir simulator) simulator to investigate
methane productions from class 1 methane hydrate reservoirs (Stars,
2007). It is a package in the Computer Modeling Group Limited (CMG)
simulator capable of measuring the flow of multiphase fluids, thermal,
steam additives, and geomechanical analysis as shown in Table 3 (CMG,
2015; Howe et al., 2009). STAR contains the kinetic parameters of the
Kim-Bishnoi equation Table 3 (Kim et al., 1987) that can establish
dissociation of heat and thermodynamic stability of hydrate, which is a
core mechanism for hydrate simulation (Howe, 2004).

Considering reservoir and production parameters such as porosity,
permeability, pressure, temperature, saturation, wellbore, overburden,
underburden, heat flow, CO; injection rate, and well bottom-hole
pressure, scholars (Walsh et al., 2009; Uddin and Coombe, 2007; Lla-
medo et al., 2010) incorporated a multi-phase and multi-component gas
model in the STAR simulator to assess methane production when CO3 is
injected into the hydrate formation. Their findings show that cumulative
methane gas produced using thermal and depressurization methods was
3.7 x 106 m® in 8000 days. Also, the result shows that the cumulative
methane produced from methane hydrate was 77% while 23% come
from free gas in Class 1 (Lin and Hsieh, 2020; Wu and Hsieh, 2020).
considered a geomechanics-methane hydrate reaction-multiphase fluid
flow model to study the possibility of carbon dioxide enhanced gas re-
covery (CO2-EGR) in Class-1 methane hydrate reservoir. In Fig. 4 there is
also a dramatic drop in methane gas output, which could be attributed to
a decrease in free gas available in class one, sand formation, or gas
hydrate regeneration in the pipe. Parameters like viscosity, porosity
permeability, saturation temperature, pressure stress (c), strain (¢), and
displacement (u) that affect the production of methane were analyzed. It
was observed as the pressure drops further towards 70%, the total re-
covery factor increased towards 64%. In addition, the increase of suc-
cessful formation stress as the reservoir pore pressure decreased, induces
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Table 3 (continued)

Model name and Factors Equations Simulator References
Capabilities
absolute permeability
Relative permeability 5 — 57"
kyq :min{ [M} s 1} (10)
I = Sira
k,G:min{[m] ,1} an
1 = Sira
inhibitor
U =Xuf + X3 () + Ugyy) + X, () + Uiy a2
Equilibrium and Kinetic mass and heat balance HydrateResSim (Moridis, Kowalsky, 2005b, 2005c)
Model (CH4 hydrate) d
$/M‘dV:/F“-nd, + /qde 13)
Vi m Va
mass accumulation terms
= oSy a®
B=AG.I
Heat accumulation term
M'=(1— @)PeexT+ > @Spp,Us + DPudsudH’ (15)
p=A.G.H.I
Mass flux
FF=>"F (16)
B=A.G
Equilibrium and Kinetic Energy conservation STOMP-HYD Phale et al. (2006)
Model Model (CH4—
. 7 )
CO2 mixed hydrate) 2.5 ( >N (op,suy) +(1- Q))P,us) ==Y "1v(hFy)
\=lgnhip =
=Y (VO -VEID) + 3 (hymy) +q an
c=wao Y=lgn
Mass conservation
a 0,5, 3
a3, 0) =~ B () -2 (0()
+ Z (wﬁnu) Where ¢=w,a,o0,s (18)
y=lgn
diffusion-dispersive
flux and advective Pk, k;
F,= y#'y * (Yo, +p,82;) Where y=1l.g.n (19)
14
Diffusive mass flux
m§
J=— @’ypysy—y -D (fo) fory=land c=w,a,0,s fory=gandc=w,a,0 (20)
m
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Table 3 (continued)

Model name and Factors Equations Simulator References
Capabilities
Equilibrium and Kinetic Heat balance MH-21 HYDRES (Sasaki et al., 2014; Kurihara, 2005).
Model (CH4 hydrate) Hy=(To — Tpp)(C,(1 — @) + Cio Sio + Cw?S,0) (21
initial saturation MH layer
absolute permeability (Too — Ton) (C,( 1- @)+ Cu vg)
relative permeability Sho — opt = BAH(Too~Tan—AT)(Cr—Co )] 22
ko =kpo(L = Su)" (23)
kg =k.g°(1— Se) (24a)
Where
Sm — Siw
S, = 2w
1= S — Siw
Equilibrium and Kinetic Rate of hydrate formation CMG STARS (Stars, 2007; CMG, 2015; CMG,
Model (CH4/CO, ac, £ 1 2017)
H
— =A-exp| —— | (@Sap,)(®S Vi, (1 — 7) (24b)
hydrates) ar | P( RT) (9S:Pa) (@Supy) (Vi) kR.T)
Rate of hydrate decomposition
dCy E 1
= =B(1 + ¢Sy)-exp( —— | (@S.P.) (yipe) (1 - —— 25
T oo () 0200 (1 175) @)
Kim-Bishnoi Kinetic (Kim et al., 1987; Lin and Hsieh,
Geomechanical Model Force equilibrium. dCH 2020;
Strain-displacement relation. Total and effective stress a aAd (Pe —P s) (26) Wu and Hsieh, 2020)
relation.
Kinetic model
r :lim~cxp(7E,‘k ) cik
/RT 1}
Where  Ci=qp;Six;, j=w,0,8 27)
V-6—B=0 (28)
e=12(Vu+(Vu)") (29)
6=0 + apl (30)
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Fig. 4. Production of CH, in class 1 methane hydrate reservoir by depressur-
ization (Lin and Hsieh, 2020).

compression in the reservoir rock, resulting in vertical subsidence.

On the other hand (Bai et al., 2020), utilized the STAR simulator by
incorporating the impact of the presence of interbeds to evaluate the
production of gas hydrate. Interbed model and non-interbed model were
used in their analysis. Interbed clay was observed to disrupt the trans-
mission of pressure, temperature, and materials in the class 1 methane
hydrate reservoir, and the effect was noticeable to occur mostly near the
inflection point of the cumulative methane production curve.

HydrateResSim (HRS) is another simulator applied to predict
methane production from class 1 methane hydrate reservoirs (Moridis,
Kowalsky, 2005b, 2005c¢). HydrateResSim simulations can be sustained
by depressurization, thermal injection, and chemical injection tech-
niques. Recovering methane through CO2/N; injection HydrateResSim
is modified to Mix3HydrateResSim. The original code (T + H) allows for
heat distribution and up to 3 components (H;0, CH4, and inhibitors),
while the improved code (HydrateResSim) allows for heat distribution
and up to 4 components (H,0, CH4, CO5/No, and inhibitors) between 4
possible phases (gas, aqueous, ice, and hydrate) (Garapati et al., 2013).
HydrateResSim is either performed by employing an equilibrium model
and the kinetic model is shown in Table 3. The application of both
equilibrium and kinetic models in depressurization with/without well-
bore heating methods to predict methane production (Merey and
Longinos, 2018a, 2018b; Merey and Sinayuc, 2016). (Garapati et al.,
2013) studies simulations by injection of a COy and Ny mixture on a
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Fig. 5. Cumulative CH, produced in MH deposit classes (Konno et al., 2010).
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Fig. 6. MH21-HYDRES (Kurihara et al., 2011).

simple 1-D methane hydrate followed by output using a single well by
depressurization. It is observed that CHy is released from the hydrate
and CO2/Ny gases are absorbed to form hydrate whereby hydrate is
released during depressurization.

Factors like porosity, permeability, temperature, saturation, relative
permeability capillary pressure, the thickness of hydrate, and the
thickness of free gas were evaluated. Their results show that more
methane is produced when the pressure is reduced, but hydrate refor-
mation along the wellbore during production is prevented by wellbore
heating until a certain value is reached (Liu et al., 2019). utilized a
modified HydrateResSim that incorporated Kim-Bishinoi kinetic model
(Kim et al., 1987) and Vysniauskas-Bishinoi kinetic model (Sloan Jr and
Fleyfel, 1991). Their simulations considered temperature, pressure,
intrinsic permeability, porosity, saturation, geothermal gradient, and
Water injection rate. Results show that the cumulative gas output due to
depressurization is 2.88 x 107 m® while that of geothermal
energy-assisted natural (GEAN) maximum approximately up 4.72 x 107
m®, with an increase of 63.9%. Despite the good predictions with
different production methods, HydrateResSim is not capable of pre-
dicting geomechanical changes during gas production because it pre-
sumes that sediments are stationary (Merey and Longinos, 2018a).

Furthermore, CH4 production from Class 1 methane hydrate reser-
voirs can be simulated by using STOMP-HYD (White and Oostrom, 2006;
Phale et al., 2006). STOMP-HYD solves masses of H,O, CHy4, CO,, in-
hibitor (salts or alcohols), and thermal energy equations indicated in
Table 3 (White et al., 2011). Also, STOMP-HYD can distinguish different
mobile phases that may exist in the reservoir (such as gas, aqueous, and
liquid) and immobile phases (like ice, hydrate, precipitated salt, and
geological media). To solve the dominant conservation equations, the
STOMP-HYD simulator solves by integral volume differentiation with
orthogonal grids for spatial discretization (White et al., 2011). In the
simulation process parameters: pressure, temperature, COy-m-
icroemulsion injection rate, and the concentration of injected CO2-m-
icroemulsion on methane hydrate dissociation are considered. The
injection of CO2-microemulsion for CH4 recovery from methane hydrate
reservoirs was observed using the multifluid transport equation (17)—
(20) from Table 3 in this work.

Results from on dimension (1-D) simulations show that CO,-micro-
emulsion injection produces more methane than hot water injection
alone, and also show that liquid CO2-microemulsion injection facilitates
the early and substantial production of methane as compared to CO»-
microemulsion vapor injection (Phale et al., 2006). Due to its molecular
structure and size, quadruple moment, and diffusion rate, CO2 has a
thermodynamic advantage over CHy in hydrates; also, the heat emitted
during the creation of CO hydrate is 20% higher than the heat necessary
to dissociate CH4 hydrate (Phale et al., 2006).

(White et al., 2011; White and McGrail, 2009) used CO2 swapping
considering permeabilities, capillary pressure, porosity, liquid CO5
effective saturation, gas effective saturation, and aqueous effective
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Table 5
Simulators with maximum cumulative in class 1.
Simulator Parameter methods Effects References
CMG STAR porosity, permeability, pressure, temperature, Depressurization The maximum (Walsh et al., 2009; Uddin and
saturation, wellbore, CO, injection rate, and well cumulative 70% Coombe, 2007; Llamedo et al.,
bottom hole pressure 2010; Uddin et al., 2008; Sun
et al., 2016)
TOUGH + porosity, absolute permeability, Initial gas saturation, Depressurization The maximum (Moridis et al., 2007; Moridis and
HYDRATE relative permeability, capillary pressure, thickness, gas cumulative 75% Kowalsky, 2006a; Alp et al., 2007)
production rate, water saturation, and irreducible water
saturation
HydarteResSim porosity, permeability, temperature, saturation, relative ~ Thermal, with total heat of 5400J/  The maximum Merey and Sinayuc (2016)
permeability capillary pressure, the thickness of s was applied, at a pressure of cumulative is 52%.
hydrate, and thickness 2700 kPa for 8.4 years
STOMP-HYD permeabilities, capillary pressure, porosity, liquid CO, depressurization Add 10% cumulative White et al. (2011)

effective saturation, Gas effective saturation, and
aqueous effective saturation

CO, injection

after depressurization

MH-21 HYDRES pressure, temperature, absolute permeability, effective Depressurization The maximum Kurihara et al. (2008)
permeability, porosity, well type, thickness saturation, cumulative is 74.8%
and clay content

Table 4
Parameters and simulator in class 1 methane hydrate.

Parameter Moridis and Kowalsky Konno et al. Moridis et al. Bai et al. (2020) White et al. (2011) Merey and Longinos (2018a)

(2006a) (2010) (2007)

Porosity 0.3 0.4 0.3 0.35 0.3 0.5

Permeability (mD) 1000 500 1000 500 1000 1000

Initial pressure 10670 6790 10670 7920 10670 23970

(kPa)
Initial temperature 13 (9-14) 13.5 10.79 13.5 13.8
(9]

BHP (kPa) 4000 4000 4000 5000 4000 3000

Gas saturation 0.3 0.4 0.3 0.5 0.395

Hydrate saturation 0.7 0.6 0.7 0.5 0.37

Well radius 0.1

salinity 0.015 0.0386

Simulator TOUGH-Fx/HYDRATE (MH21- HYDRES) TOUGH-Fx/ CMG-stars STOMP-HYD HydrateResSim

HYDRATE
Methods depressurization depressurization depressurization depressurization ~ Depressurization/CO» Depressurization/CH4-CO2/N2
injection replacement

saturation. Their findings show that CO5 injection can only generate
methane around 10% of the original reservoir amount after the 80
d o . . . e (C a5 1

epressurization stage which is mainly due to the replacement of G
methane gas saturation in the gas zone. The mechanism of CO,-CHy4 70 = Class 3

replacement is based on the ratio of CO, molecular diameter to cavity
diameter of the sI hydrate structure, which is 1.0 for small cages and
0.834 for large cages, with CHy filling both small and large cages easily
(Sloan Jr and Koh, 2007). As a result, CH4~CO; replacement in small
cages is exceedingly poor due to low permeability, and most CH4 mol-
ecules remain in the small cages of sI hydrate. To increase the effec-
tiveness of CO; injection and eliminate the difficulty of CO; injection at
high pressures, a 77 percent N3 and 23 percent CO, mixture was advised
to inject into CH4 hydrates (Schoderbek et al., 2013; Kvamme, 2015).
Large cages of sI hydrate are filled with primarily CO2 during replace-
ment processes in experimental experiments, while tiny cages are filled

with Ng (Merey et al., 2018; Xu et al., 2018).

STOMP-HYD takes into consideration mass and energy transfer in 3
mobile phases: aqueous, gaseous, and liquid CO,, as well as 4 static
phases: hydrate, ice, precipitated salt, and geologic medium (White and
Oostrom, 2006; White et al., 2011). STOMP-HYD reveals that the higher

[}
(=]

(%3
(=3

CH, Recovery rate (%)
g 3

permeability of the gas zone decreases CO, interaction with CHy-hy-
drates to the boundary of the hydrate-bearing regions (White et al.,

2011). Also, CO> injection at high pressure causes subsequent hydrate

development and pore blockage (White et al., 2011).

10

Time years

Fig. 7. CH,4 recovery % of the methane hydrate reservoirs (Xia et al., 2017).



P.E. Chibura et al.

MH-21 HYDRES is another commercial simulator that can be used to
predict methane production from a class 1 methane hydrate reservoir
(Kurihara, Ouchi, 2005, 2011; Masuda et al., 2008). MH-21 HYDRES can
model three-dimensional (3D) Cartesian and two-dimensional (2-D)
radial coordinates. Also, MH-21 HYDRES can distinguish six different
components (methane, carbon dioxide, nitrogen, water, methanol, and
salt), five phases (gas, water, ice, MH, and salt) during simulations.
MH-21 HYDRES uses the Darcy equation to calculate permeability, gas,
and water flows, and the Kim-Bishnoi equation to analyze MH dissoci-
ation kinetics as shown in Table 3 (Kim et al., 1987). Under different
conditions of depressurization, thermal stimulation, thermal flooding,
inhibitor injection, nitrogen injection, and combinations technique, the
MH-21 hydrate simulator can predict methane production (Narita,
2003).

Fig. 5 depicts methane production from class 1-3 reservoirs using the
MH-21 HYDRES model by depressurization, which takes into account
saturation, absolute permeability, relative permeability, temperature,
and bottom hole pressure (Konno et al., 2010). Their findings demon-
strate that increase in permeability led to an increase in CH4 production
when pressure is reduced. When other elements such as sediment
characteristics remain constant, an increase in temperature boosts
methane production in the reservoir due to an increase in flowability.
The overall amount of output of gas from the class 1 methane hydrate
deposit is approximately 240 million Sm® that is higher than class 2 and
3 methane hydrate deposits due to the free-gas zone below the MH zone
and the gas-bearing MH zone (Konno et al., 2010). It is followed by
production from deposits of class 2 that contain hydrates and water
zone, and class 3 which contains hydrate zone only as shown in Fig. 3.
For hydrate dissociation, only little changes in pressure and temperature
are required and the presence of a free gas layer assurances methane
production even when the hydrate dissociation is low (Moridis et al.,
2007; Xu and Li, 2015; Moridis et al., 2013).

(Kurihara et al., 2008; Kurihara et al., 2011) evaluated production
methane by considering factors such as pressure, temperature, absolute
permeability, effective permeability, porosity, MH saturation, water
saturation, and clay content as observed in Fig. 6. Results show gas
output from Class 1 methane hydrate reservoir to be more than 70%,
mostly contributed to the presence of free gas. Sparse distribution of the
original MH in the reservoir was considered as a limiting factor to
maximize its production Table 5 (Sasaki et al., 2014). applied heating
methods from a power plant and hot water, and an integrated thermal
system, called *Gas to Wire System, to predict gas production from
methane hydrate (MH) during simulations. Parameters considered were
well type, thickness, porosity, saturation, pressure, temperature,
permeability. Their results of cumulative methane production for 15
years were 1.3 x 108 Sm®. In the discussion above, all studies do not
consider salinity factors that may affect the production of CH4 from the
Class 1 methane hydrate reservoir. The presence of gas hydrate can
benefit from low salinity in this area because salt is an inhibitor of gas
hydrate (Jenkins and Williams, 1984).

In all studies above none of the researchers have studied on com-
parison of these five simulators in Class 1 methane hydrate reservoir
under different parameters shown in Table 4 well radius and salinity are
not considered by all researchers. Hance no commonality between re-
searchers on choosing parameters for the simulation. The different
techniques discussed above could also be combined to evaluate their
impact in recovering methane, however, this approach is not consid-
ered. Furthermore, research on methane hydrate production should
concentrate on the use of dual wells to maximize production, increasing
methane permeability in the reservoir to allow easy flow of methane in
reservoirs, limiting the rise of the bottom well pressure to disrupt CH4
equilibrium productions, and determining the critical surface area for
methane hydrate dissociation kinetics.
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Fig. 8. Cumulative volumes of CH4 and CO, form class 2 methane hydrate
(Sridhara et al., 2018).

3.2. Simulating methane production from class 2 methane hydrate
reservoirs

Class 2 gas hydrates are the most problematic targets for methane
production due to their poor permeability and thermal characteristics.
Therefore, depressurization and thermal combination techniques are the
current mechanisms for recovering gas hydrates from class 2 methane
hydrate reservoirs (Moridis, 2004a). High hydrate saturation, heat, and
limited permeability are common in Class 2 gas hydrates. Increasing the
permeability of the reservoirs via enhancing fracking enhances the flow
of gas in the reservoirs (Moridis, 2004a). With the increase in the
amount of heat available for dissociation, gas release in the reservoir
increases with the relative heat of the injected water in class 2 (Moridis,
2004a). Reagan (2009) utilized T + H to simulate methane production
from a Class 2 methane hydrate reservoir. In hydrate formation and
dissociation, it combines an equilibrium and a kinetic model (Moridis
and Kowalsky, 2006b). simulated Class 2 methane hydrate gas output
with a solid aquifer and suggested that for successful gas production
from gas hydrate reservoirs depressurization process is not suitable. The
combination methods (depressurization and thermal) showed that pro-
duction rate and efficiency strongly lead to a higher production over a
short period depend on formation porosity, formation anisotropy, and
short well spacing (Moridis and Reagan, 2011) considered Hydrate zone
thickness, pressure, temperature, gas, and hydrate phase saturations (SG
and SH), thermal conductivity, Relative permeability, Intrinsic perme-
ability to predict methane gas through (T + H) simulator. They observed
a large volume yield of gas at high rates over the entire production
period, which was in parallel with the decline of water production.
“Original Porous Medium” (OPM) model was used with the following
common assumption 1) The development of hydrates does not affect the
medium porosity), 2) During the production of solid phases, the intrinsic
permeability of the porous media does not alter and 3) The increase of
relative permeability improves production, 4) The fluid flow is regulated
by the saturation of the different phases in the pores. During the
2400-5860 days of production, gas yield rapidly increased first due to
depressurization, then became constant that was followed by a slow
decline mostly contributed by pressure reduction in the reservoir that
affected gas dissociation. The use of horizontal wells will significantly
increase the output of gas from these sources’ deposits.

(Xiaetal., 2017) used a combination of depressurization and heating
approaches to investigate CH4 production from class 1, 2, and 3 hydrate
reservoirs. Bottom-hole pressure, reservoir temperature, hydrate satu-
ration, intrinsic permeability, and heating power were all taken into
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Table 7
Simulators with maximum cumulative in class 2.
Simulator Parameter methods Effects References
CMG STAR porosity, permeability, pressure, temperature, saturation, wellbore, Depressurization and The maximum (Xia et al., 2017; Li et al.,
CO,, injection rate, and well bottom hole pressure thermal cumulative is 87.8% 2021)
Depressurization & CO4 The maximum
swapping cumulative is 72.4%
TOUGH + porosity, absolute permeability, initial hydrate saturation, relative Thermal depressurization ~ The maximum Song et al. (2015)
HYDRATE permeability, capillary pressure, thickness, gas production rate Combination method cumulative is 49.06%,
61.99%,
74.87%
HydarteResSim porosity, permeability, temperature, saturation, relative permeability = Depressurization The maximum Sridhara et al. (2018)
capillary pressure, the thickness of hydrate, and thickness cumulative is 10.0%.
MH-21 HYDRES pressure, temperature, absolute permeability, effective permeability, Depressurization The maximum (Kurihara et al., 2008;

porosity, well type, thickness saturation, and clay content

cumulative is over 36% Kurihara et al., 2011)

account. Fig. 7 show that the CH,4 production rate for a class 1 methane
hydrate reservoir is high early in the production time when the majority
of the CHy4 is produced; for a class 2 methane hydrate reservoir, the CHy
production rate is high throughout the entire production period; and for
a Class 3 methane hydrate reservoir, the CH4 production rate varies
periodically. During three production years, class 1 recovery efficiency
was 49.1% but assisted by 31.3 percent, class 2 recovery efficiency was
72.4 percent but enabled by 74.6 percent, and class 3 recovery efficiency
was 7.7% but aided by 8.3 percent methane hydrate dissociation as
indicated in Fig. 7.

Furthermore, another alternative method like CO; injection is rec-
ommended for future studies to evaluate its potential to recover
methane from class 2 methane hydrate reservoirs. CO is stabler than
CH,4 hydrate in a particular temperature and pressure range only (Jemai
et al., 2014). The most stable hydrate would fill CO; into most of the
major holes while CH4 takes up small spaces until CO; is no longer
present in the end, at which point CH4 hydrate is formed. CO5 has a
molecular weight of 44 g, which is higher than the 16 g of CHy, and a
kinetic diameter of 0.33 nm, which is smaller than the 0.38 nm of CHy4
(Li et al., 2004). CO4 is heavier and has a smaller kinetic diameter than
CHy, resulting in a quicker diffusion rate in reservoirs and the ability to
be competitively adsorbed into (tiny) pores due to its higher adsorption
affinity (McGrail et al., 2004; Cui et al., 2004; McGrail et al., 2007).
Also, the study by (Busch and Gensterblum, 2011; Ruthven, 2008) re-
veals that CO; has greater sorption than methane and water, thus its
injection can facilitate methane displacement from class 2 methane
hydrate reservoirs through chemisorption and physisorption.

Furthermore, while CO3 is thermodynamically preferable to CH4 in
CHy-hydrate, the heat generated by the formation of CO5-hydrate is 20%
higher than that required to dissociate CH4-hydrate, and it is assumed
that the mechanical stability of the hydrate-bearing formations will be
maintained during the development by refilling pore space with CO»-
hydrate. Also, studies though in shale gas indicate essential factors that
control CH4 recovery and CO, storage, reservoir pressure gradient,
competitive adsorption, flow dynamics, and shale properties were
established (Iddphonce et al., 2020) could be replicated in the study of
the contribution of CO>-CH4 competitive during the production of

Table 6
Parameters and simulator in class 2 methane hydrate.

methane hydrate.

Furthermore, methane production from class 2 methane hydrate
reservoirs can be simulated by using STARS, whereas, changes in in-
jection pressure, temperature, reservoir properties, hydrate blocking
models, intrinsic kinetic rates for CO5 hydrate formation, and numerical
parameters are considered to perform sensitivity analysis on CH4 output.
Huneker (2010) applied STARS simulation and found that CO; injection
increases CHy4 production by 50-60% (through hydrate dissociation and
depressurization) when reservoir temperature is in the range of
1.4 °C-18 °C (Li et al., 2021). considered porosity, intrinsic perme-
ability, pressure, temperature, saturation, layer thickness, and
bottom-water volume to simulate methane production of class 2
methane hydrate through depressurization and heat transfer mecha-
nisms. In this model, the total gas recovery in 2000 days was about
87.8% (Sun et al., 2016). observed that perforation intervals, bottom
hole pressure, and well spacing are the key factors to be considered in
the prediction of methane production from the class 2 reservoir (Liu
et al., 2018). illustrate that the higher reservoir conductivity leads to
more gas output during the depressurization process, but less in the hot
water flooding process due to lower remaining natural gas hydrates
reserves and bottom water coning.

Despite promising predictions, STARS is only capable of using kinetic
equations and cannot integrate equilibrium line changes. Also, no re-
searchers suggest the use of the CO, swapping technique in a CMG STAR
simulator using a horizontal well to recover methane from Class 2
methane hydrate. CO, swamping has additional benefits of CO;
sequestration that may improve methane production and formation
stability.

On the other hand, the use of HydarteResSim (HRS) in class 2
methane hydrate reservoirs is reviewed with various scholars (Sridhara
et al., 2018). used CO; injection to improve methane recovery from
Class 2 hydrate by considering some petrophysical parameters: satura-
tion, porosity, pressure, temperature, intrinsic permeability, initial
effective permeability, thermal conductivity, pore compressibility, rock
specific heat, and rock grain density. Their results of cumulative
methane volume production for 15 years were 2.25 x 107 m® and for
CO; 2.75 x 107 m® as indicated in Fig. 8. HydarteResSim simulation

Parameter Moridis (2004a) Xia et al. (2017) Moridis and Reagan (2011) Li et al. (2021) Sridhara et al. (2018)
Porosity 0.28 0.35 0.35 0.21 0.35

Permeability (mD) 20-1000 1000 1000 10

Initial pressure (kPa) 10000 10670 10670 9000 6494

Initial temperature (°C) 7.5 13.3 13.3 7.55 4.48

BHP (kPa) 9000-10270 3000 12240 4000 3500

Water saturation 0.2 0.3 0.3 0.5 0.3

Hydrate saturation 08 0.7 0.7 0.5 0.7

Salinity 0.015 0.035 0

Simulator TOUGH2 family HydrateResSim TOUGH + HYDRATE CMG-STARS HydrateResSim
Methods Depressurization/thermal Depressurization/thermal Depressurization/thermal depressurization CO2 swamping/depressurization

12
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Fig. 9. Production of CH4 and H,O in fracture with different permeability modified from (Zhong et al., 2020).

involves three steps that are vertical well, which serves in the first step as
an injector, and the third step as a maker, while the intermediate step is
for harmonization. CO; is first pumped into the underlying aquifer,
followed by the well shut down to allow injected carbon dioxide gas to
transform into CO; - hydrate. During the depressurization process (third
step) CH,4 hydrate is decomposed, facilitating gas and water production.
Over 15 years of operation, results show that a rise in temperature
ranges from 5.0 °C to 7.5 °C represents the theoretical (adiabatic) shift in
recovery from 4.4% to 10.0%.

MH-21 HYDRES is another simulator utilized for predicting methane
production from a class 2 methane hydrate reservoir (Kurihara et al.,
2008D). considered pressure, temperature, saturation, and permeability
on the prediction of methane production to evaluate methane recovery
from Mallik gas hydrates reservoir. Results show that the cumulative
output of gas and water over the entire test period is estimated at 830 m>
and 20 m°, respectively. During testing, the presence of sand in the
reservoir was observed to improve permeability that significantly
increased gas production rates (Khetan et al., 2013). applied MH-21
HYDRES simulations to predict the production of methane through
depressurization and COs injection techniques. They considered the
Darcian theory, multiphase, unstable, non-isothermal, and kinetic
model that incorporates mass, momentum, and energy conservation in a
porous reservoir. The results confirm a rise in the rate of methane re-
covery due to CO injection, which is primarily due to the displacement
of CH4 by CO». Table 7 shows the percent of CH,4 generation from several
simulators in class 2 methane hydrate reservoirs using various produc-
tion strategies.

Despite the consideration of several parameters as discussed for class
2 gas hydrates, future studies are recommended to account for reservoir
fracking before methane production to improve reservoir permeability.
In addition, Table 6, shows differences in methane generation that can
be attributed to differences in permeability, BHP, initial pressure, and
temperature in between researchers. Although many researchers
employed combination methods (depressurization/thermal or COy
swamping/depressurization) in this class and had good results. Geo-
mechanical stability is important because it influences vertical
displacement “down” (subsidence) at the reservoir’s center or top, as
well as sea bed stability. Increasing reservoir pressure has an impact on
methane gas output (CMG, 2017). The salinity should be observed in the
reservoir because it can affect inhibitors when combining with depres-
surization techniques due to the formation of precipitation that hinders
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the permeability of gas (Moridis and Reagan, 2007). Furthermore,
additional enhancement studies on control sand generation and rehy-
drate development during methane production from methane hydrates
should be conducted.

3.3. Simulating methane production from class 3 methane hydrate
reservoirs

Owing to the high saturation of the hydrate, flow in class 3 is unlikely
without fracturing due to low fracture permeability that poses produc-
tion challenges. The method of depressurization is the most achievable
and efficient related to other methods. Increasing hydrate temperature is
a determinant factor that affects the stability of a given pressure and
intrinsic permeability, and enhances gas production. The depressuriza-
tion method is only capable of producing 7-36% of the total gas in place,
and this has led previous studies to the conclusion that Class 3 deposits
have low potential and are therefore un-economical targets for devel-
opment (Konno et al., 2010; Moridis, 2004a; Xia et al., 2017; Moridis
et al., 2004). Fracturing increase the permeability that enhances gas
dissociation which collectively improves methane production due to the
following factors; (i) The increased surface area exposed to hot water,
and (ii) the Increase gas release pathway system (Moridis, 2005). The
rate of CHy generation is determined by saturation. Lower saturations
result in a higher production rate due to a bigger effective initial
permeability to water and, as a result, faster depressurization and hy-
drate dissociation. As a result, when SHO = 0.5, the production rate is
higher than when SHO = 0.7, and it is highest when SHO = 0.3 in the
early phases of production (Moridis and Reagan, 2007). On the other
hand (Li et al., 2011), investigated the impact of the fracking process
through the use of injected brine in a huff and puff process facilitated by
depressurization and thermal mechanisms. Production was found to
depend on the length of huff and puff, the temperature of brine, and the
rate of production.

(Chen, Feng, 2018b) utilized a multi-layer model with the following
assumptions, utilized (T + H) to forecast methane production (1) Dar-
cy’s Law and the capillary effect were used to investigate multi-phase
flow. (2) The methane hydrate is stationary, (3) Permeability changes
with porosity, (4) The bearing layer does not reform, and (5) The kinetic
dissociation model follows Kim’s law (Kim et al., 1987; Clarke and
Bishnoi, 2001a, 2001b). The following parameters were considered:
Hydrate layer height, hydrate saturation (SH), porosity, permeability,
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Fig. 10. Maximum gas production from class 3 methane hydrate reservoir as
predicted by simulators (Anderson et al., 2011).

pressure, temperature, gas saturation in class 3 methane hydrate reser-
voir to estimate methane production from Class 3 methane hydrate
reservoir (Chen, Feng, 2018b; Chen, Yamada, 2016, 2017; Jin et al.,
2016). Their findings show that the output increases considerably with
the rise of the initial reservoir temperature. Hydraulic fracturing boosts
methane output via increasing fracture permeability, well spacing, hy-
drate exploitation, and the enhancement effect (Chen, Feng, 2018b;
Chen, Yamada, 2016, 2017; Jin et al., 2016). Fig. 9 shows the rate and
cumulative production of CH4 and H2O in reservoirs with no fractures
and with fractures were observed as 61.6%, to 80.6%, and the recovery
ratio increased as fracture permeability increased (Zhong et al., 2020).

Furthermore, the use of a combination of depressurization and
thermal techniques reveals that CH4 production performance is influ-
enced by the hydrate deposits’ intrinsic permeability, the porosity of the
sediments, the rate of injection and output, the temperature of the
injected water, and the water’s irreducible saturation (Moridis and
Reagan, 2007; Li et al., 2012a; Moridis et al., 2013). Furthermore,
findings show that when initial reservoir temperature and permeability
increase by a similar factor, the cumulative output increases by one
order (Chen, Feng, 2018b). However, permeability and porosity show
that: 1) the heterogeneity of the hydrate stability zone affects the
movement of methane within it and affects the formation and deposition
of hydrate, 2) in a heterogeneous layered reservoir, there are stratified
variances in gas lateral migration, hydrate formation in the sediment,
and the horizontal distribution range of the sediment (Bei et al., 2019).

The combination of depressurization and thermal, or depressuriza-
tion and CO; injection methods under consideration of the geo-
mechanical process is highly recommended in future studies. Also,
evaluation of the effects on methane recovery of factors like well type,
well spacing, bottom hole pressure, and perforation intervals should be
assessed to analyze how they affect methane production in class 3
methane hydrate reservoir.

(Zatsepina et al., 2011) used STARS in the prediction of CH4 pro-
duction from class 3 methane hydrate reservoir by considering the
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following factors: Porosity, permeability, saturation, pressure, temper-
ature. Results show that the recovery factor is 35% in 7.5 years facili-
tated by equilibrium reaction and depressurization mostly affected by
permeability, Heat, and fluid flow. Finding from (Huang et al., 2016)
indicated that when the pressure drops by 70%, the recovery factors for
a 20-year operating period are 0.37, 0.47, 0.49, 0.51, and 0.13 for initial
hydrate saturation of 30%, 40%, 50%, 60%, and 70% respectively. The
low permeability limits the amount of decomposing hydrates due to the
reduction in pressure, affecting the heat transfer surface area.

Furthermore (Yang et al., 2014), adopted HydrateResSim to study
methane production from Shenhu site SH7 in China through depres-
surization and thermal methods in a horizontal drilled well. Results
show that at 42 °C well temperature and 1.383 x 10° Pa, 2.766 x 106 Pa
well strain pressure, more than 20% of hydrates in reservoirs are
dissociated within 450 days. Similarly (Merey and Sinayuc, 2017),
applied HydrateResSim, considering three assumptions as proposed by
(Moridis et al., 2005b) in porous media, the Darcy law is valid, the
geological medium is stable, porosity variation is a pressure and tem-
perature phenomenon, and output takes place when pressure is below
10000 kPa. Factors such as intrinsic permeability, temperature, pressure
aqueous saturation, hydrate saturation, and gas saturation were
considered in the simulations. Gas recovery was performed through the
depressurization process. According to (Merey and Longinos, 2018b)
once the pressure is lower leads to more methane production. However,
the use of the depressurization process will lead to the formation of ice
(due to the endothermic nature of the dissociation of gas hydrates) and
the production of sand that can affect the production of gas (Merey and
Sinayuc, 2016; Uchida et al., 2016).

HydrateResSim shows that the Class 1 hydrate reservoir has a high
rate of methane production in the initial time due to the free gas layer.
Whereby the Class 2 methane hydrate deposit, the rate of methane
production remains maximum during the entire production era, while
for the Class 3 methane hydrate reservoir, the rate of methane produc-
tion has varied regularly (Merey and Longinos, 2018a; Xia et al., 2017).
Despite these predictions, HydrateResSim lacks geomechanical codes,
and so does not evaluate the geomechanical effects during methane gas
production (Merey and Longinos, 2018a).

MH-21 HYDRES is another simulator that is utilized to estimate gas
recovery from methane hydrate reservoirs (Anderson et al., 2011).
assessed class 3 methane hydrate reservoir from Mount Elbert using
MH-21 HYDRES. In the simulations, they considered parameters such as
reservoir thickness, porosity, hydrate saturation, intrinsic permeability,
the salinity of pore water, intrinsic permeability, bottom-hole pressure,
and temperature. Over 50-year of operation, the methane gas produc-
tion rate continued to increase to the maximum rate of about 10,000
Sm®/day due to depressurization that enhanced methane dissociation.
Initial reservoir temperature, intrinsic reservoir permeability, and rela-
tive permeability in the presence of hydrate, as shown in Fig. 8, are the
most critical parameters affected by gas production (Kurihara et al.,
2011). predicted methane production through MH-21 HYDRES with
production efficiencies showing 30-60%, assuming depressurization is

Table 9
Simulators with maximum cumulative in class 3.
Simulator Parameter Methods Effects References
CMG STAR Porosity, permeability, saturation, pressure, temperature Depressurization, The maximum cumulative is 35% Zatsepina
et al. (2011)
TOUGH + porosity, absolute permeability, Initial gas saturation, relative Depressurization, Thermal, Ranges of maximum cumulative in a Zhong et al.
HYDRATE permeability, capillary pressure, thickness, gas production and hydraulic fracturing reservoir that has no fracture and which (2020)
rate, water saturation, and irreducible water saturation have the fracture were 61.6%, to 80.6%,

HydarteResSim porosity, permeability, temperature, saturation, relative Depressurization, Thermal The maximum cumulative is more than Yang et al.
permeability capillary pressure, the thickness of hydrate, and 65%. (2014)
horizontal well

MH-21 HYDRES pressure, temperature, absolute permeability, effective Depressurization The maximum cumulative is 60% Kurihara et al.
permeability, porosity, well type, thickness saturation, and (2011)

clay content
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Table 8

Parameters and simulator in class 3 methane hydrate.
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Parameter Merey and Longinos (2018a) (Xia et al., 2017; Li Zatsepina et al. (2011) Yang et al. Sun et al. (2016) Vishal et al. (2020)
et al.,, 2012) (2014)
Porosity 0.5 0.3 0.3 0.41 0.083 0.5
Permeability 1000 1 1000 75 17.73 100
(mD)
Initial pressure 24180 2930 10000 13830 1000 29000
(kPa)
Initial 13.8 1 12 14.15 10 4
temperature
(9]
Well spacing (m) 1000
BHP (kPa) 3000 400 2800 1000 3000
Water saturation 0.6 0.3 0.56
Hydrate 0.374 0.4 0.7 0.44 0.5
saturation
Perforated 13
intervals
Well type Vertical
Simulator HydrateResSim TOUGH + HYDRATE CMG Star HydrateResSim CMG Star TOUGH + HYDRATE
Methods Depressurization/CH— CO2/ depressurization and depressurization and depressurization depressurization and depressurization and
N, replacement thermal thermal and thermal thermal thermal
Table 10
Summary of field case methane production.
Field case Methods CH4 Produced Challenges References
Messoyakha Depressurization, Thermal, and Average production rate ranged 18,000 to - Increase reservoir pressure Makogon and Omelchenko (2013)
Chemical injection 98,000 m®/day
Mallik Combination of depressurization and methane production ranged from 2000 to - Sand production (Kurihara, 2010)

thermal with
Combination of depressurization with
CO; and N Injection

3000 m>/day in 6 days
Ignik Sikumi

Nankai Depressurization with sand-proof 2.0 x 10* m%/day in 6 days
Trough designs
Shenhu Combination of depressurization and maximum 3.5 x 10* m®/day declines

thermal

methane rates improved from 566.41 m>/
day to 1274.43 m®/day in 30 days

below to 2.2 x 10° m®/day in 60 days

- methane hydrate re-formation
Fine sand and water production (Chong et al., 2016; Boswell,
Schoderbek, 2017a; Boswell, 2012)
(Konno et al., 2017; Yamamoto et al.,

2014)

- Sand formation

- potential increase in bottom
well pressure

- CH, - hydrate re-formation

re-formation effects of methane

hydrate

inflow hot water changed the

temperature of reservoirs

Chen, Feng (2018a).

applied for 8 years with a bottom hole pressure of 3000 kPa. The total
amount of CHy generated in the horizontal well over the first ten years
and the subsequent twenty years is 2.65 x 10° and 2.41 x 10° ST m?,
respectively, with average methane production rates of 0.74 x 10 and
0.38 x 10® ST m®/day, which are both less than 0.3 percent of the
rule-of-thumb for commercially viable gas well production rates (3.0 x
10° ST m3/day) (Li et al., 2012b). show the results of the cumulative
amount of methane produced in the horizontal well throughout of 1st 10
years then 20 years later are 2.65 x 10° and 2.41 x 10° ST m® by the
consistent average methane gas production rates of 0.74 x 10% and 0.38
x 10° ST m3/day, respectively, that are less than 0.3% of the
rule-of-thumb which are (3.0 x 10° ST m3/day) for commercially gas
well production rates.

Collectively, compared to all simulators (discussed), CMG STARS
and TOUGH -+ HYDRATE have a higher prediction for methane pro-
duction (Fig. 10) and Table 9. To reflect the production efficiency of
CMG STARS hydrate deposition in porous media, several researchers
have validated its accuracy and suitability (Uddin et al., 2008; Uddin
et al., 2011; Hong et al., 2003). HydrateResSim has a limitation of not
predicting geomechanical changes with distinct production methods
during gas production, it assumes that sediments are stationary (Merey
and Longinos, 2018a). TOUGH + HYDRATE, On the other side, it in-
volves both equilibrium hydrate formation and dissociation, as well as a
kinetic model for heat and 4 mass components (gas, water, hydrate, and
inhibitor) divided into 4 phases (gas, liquid, hydrate, and ice phases) (Yu
et al.,, 2020). Their result shows that apart from depressurization,
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thermal injections increase production by 31.9% in 20 years. Both lab
and field test data have validated the efficiency of this simulator (Chen,
Feng, 2018a, 2018b; Sun et al., 2016; Li, Li, 2014a, 2014b, 2014c; Feng
et al., 2019; Yu, Guan, 2019a, 2019b; Sun et al., 2019).

In view of the discussed methods for producing methane from class 3
gas hydrate reservoirs, a lack of common understanding exists among
scholars particularly on which process is suitable for methane produc-
tion. Many parameters were investigated with many scientists like
porosity, absolute permeability, Initial gas saturation, relative perme-
ability, capillary pressure, thickness, gas production rate, water satu-
ration, and irreducible water saturation. In various studies, absolute
permeability, BHP, the thermal conductivity of the rock, porosity,
sediment particle density, and surface area were the parameters that
showed the most recovery of methane from gas hydrates (Giraldo et al.,
2014).

As can be observed in Table 8, there was no consensus among the
researchers on the parameters to use, for example, perforated intervals,
well spacing, and well type, which some scholars did not consider in
simulation. Furthermore, the scarcity of knowledge for several simula-
tors in class 3 necessitates additional research for example (STOMP-
HYD). In addition, the conditions applied to produce methane from the
identified methods are not clearly explained, and literature on the
identified methods is scarce. Furthermore, more research is needed on
the combination of depressurization and CO3 injection using a dual well
and horizontal well to boost methane output while also storing COs.
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Fig. 11. Cumulative H;0 intrusion into the formation and H,O produced from the deposit (Makogon and Omelchenko, 2013).
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Fig. 12. Record related with pressure in the isothermal model.

4. Field case production

There is scarce literature on-field methane production from methane
hydrate reservoirs leading to limited information on the real experience
encountered during production shown in Table 10.

4.1. Messoyakha

The Messoyakha gas field with 24 x 10° m® methane hydrates in
place. December 1969 started a field test trail; 57 wells were drilled. The
depressurization methods, thermal techniques, and inhibitors such as
calcium chloride and methanol were used to produce methane from
methane hydrate (Makogon and Omelchenko, 2013). However, the
pressure and local temperature fluctuations caused the gas hydrates to
self-preserve. Messoyakha is a class 1 methane hydrates reservoir with
contains sandstone, interbed shale, porosity 0.16 to 0.38 and a mean of
0.25, initial temperature T = 8-12 °C mean 10 °C, irreducible water
saturation 0.29 to 0.50 with a mean value of 0.40, hydrate saturation
0.20, gas saturation 0.4, permeability 203 mD, perforation interval 16
m, preliminary reservoir pressure 7700 kPa reduced to 3039.75, and
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water salinity not exceeding 0.015 (Makogon and Omelchenko, 2013;
Collett and Ginsburg, 1998). To check the presence of CH4 — hydrate, an
inhibitor method was used (Makogon and Omelchenko, 2013). The
bottom hole temperature increase caused by mixing water and methanol
will be reported as negative enthalpy when methanol is injected into the
aquifer. Until 2011, 4 wells and 10 control wells operated through an
average production rate of 1.8 x 10* to 9.8 x 10* m%/day and Mes-
soyakha was the only gas hydrate field that produces methane for
commercial (Makogon and Omelchenko, 2013). Fig. 10. Show the total
amount of CH, released by this reservoir as 12.9 x 10° m>. Since the
total volume of water generated is 48 x 10° m®, a water-saturated layer
occurs between the free CH4 and hydrate zones.

The method adopted in this field test is compared with the approach
applied in the simulation studies as reported by (Moridis et al., 2007;
Grover et al., 2008; Moridis and Kowalsky, 2006a; Alp et al., 2007; Zhu
et al., 2020) TOUGH + HYDRATE (Grover et al., 2008) using depres-
surization methods, considered various parameters like permeability,
reducing pressure, porosity, saturation, perforation interval, and tem-
perature change. The effective gas permeability control dissociation of
the gas hydrate by controlling pressure in the reservoir. Also, water
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Fig. 15. Gas production rate by depressurization at Mallik modified from
(Kurihara, 2010) bottom hole pressure.

drive in a hydrate-capped gas reservoir does not aid in the production of
gas from hydrates but rather clogs the perforations (Grover et al., 2008;
Moridis and Kowalsky, 2006a) Fig. 11. The amount of water collected
from hydrate dissociation is considerably greater than that obtained
from wells, water obtained from hydrate dissociation remains in the
reservoir, leading to increase pressure relief that cannot be overlooked.
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Also, Fig. 12 represents the real pressure actions versus the model’s
pressure. The values estimated with the model closely followed the real
data, as shown in Fig. 12 with the largest deviation of 5percent. The
isothermal model pressure support through water and gas injection at a
constant temperature (for this case 10 °C was used and pressure reduced
from 9000 kPa to 5500 kPa). While non-isothermal simulations take up
more CPU time than isothermal simulations. In addition, the initial
temperature was 9.8 °C, which dropped due to the Joule-Thomson effect
and hydrate breakdown around the wellbores. Therefore, in non-
isothermal, the temperature changes in field development are not con-
stant like in isothermal. Fig. 13 shows the real pressure actions versus
the pressure obtained with the experiment, as well as the model’s output
rates versus the actual production rates. Except when the decomposition
process was started, the change in values does not exceed five percent.
The inaccuracy of the decomposition kinetic model is most likely to
blame for this deviation.

Fig. 14 depicts the change in temperature in the region. The mean
equilibrium temperature for the Messoyakha is about 10 °C. The field’s
reservoir pressure was constant, but it varies by environment atmo-
spheres, possibly due to the influence of gas hydrate self-preservation.
During output from Class 1 deposits, wellbore heating is needed to
prevent secondary hydrate formation, which can limit flow and even-
tually choke the well.

4.2. Mallik

In December 2007, (Kurihara, 2010) reported field test case pro-
duction from the Mallik 2007 field in Canada, using a depressurization
method to create gas by reducing the pressure in the bottom hole from
11000 kPa to 7000 kPa in the perforated interval of 12 m parameter of
the reservoir was lithology of shaly sandstone, porosity 10-40, methane
hydrate saturation 0.5-0.95, water saturation 0.5-0.05, absolute
permeability 100-1000 mD, effective permeability of water 0.001 to 1
mD, initial pressure 11100 kPa, and initial temperature 12 °C. During
the 60 h of operation, production only lasted for 30 h. Produced
methane failed to reach the surface as it accumulated at the top of the
casing and affected production. In addition, produced water flowed into
the aquifer instead of flowing to the surface. There is no clear infor-
mation on how much gas and water were produced in this test. The test
resumed in 2008 employing depressurization, by lowering the pressure
in the bottom hole to about 4500 kPa, sand screening, and heating
methods, however, production succeeded by using depressurization and
thermal but lasted for 6 days. Fig. 15 indicates Step 1 when pressure is
reduced from 11000 to 6800 kPa production for CHy is 4700 m>, average
rate 2300 m®/day and for water 20 m®, average 9.5m>/day. Step 2 when
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Fig. 17. Development of produced H;O: CH,4 during the Ignik Sikumi test
modified from (Boswell, Schoderbek, 2017b).

pressure reduced from 6800 to 5200 kPa production for CH4 5100 m°,
average rate 1900 m®/day and for water 30 m®, average 11.2 m®/day.
Step 3 when pressure reduced from 5200 to 4200 kPa production for
CH,4 3100 m?, average rate 2600 m3/day and for water 18 m°, average
15.5 m3/day. Also, due to the rapid decline of methane production
(4000 m>/day —1500 m3/day). on the other hand, water produced
ranged from 30 to 40 m3/day (Kurihara, 2010). Stable production of
methane varied from 2000 to 3000 m3/day while water production was
from 10 to 20 m®/day indicating the potential of the reservoir’s CH, and
H»0 production (Makogon and Omelchenko, 2013, Kurihara, 2010).

The approach adopted in this field case study compares well with the
techniques utilized in the simulation studies as reported by (Moridis and
Reagan, 2007; Li, Li, 2012, 2021; Moridis et al., 2004; Moridis et al.,
2013; Moridis, 2004b). Fig. 16 shows the production of pressure and
temperature at the center of the output interval for the two simulation
sets. When it comes to non-decomposing methane hydrates, the tem-
perature increases gradually at first, then rapidly and monotonically as
hot H,0 from the bottom in the aquifer is pinched to the well vice versa
for dissociating.

Their results show that as reservoir pressure decreases, the methane
release rate raised, with the degree of pressure reduction having a
substantial effect on the CHy release rate. Furthermore, as the temper-
ature of the reservoir rises, so does the rate of gas release. Permeability,
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on the other hand, influences gas flow, so a high absolute permeability
indicates a high gas flow.

4.3. Ignik Sikumi

Depressurization and CO, swapping procedures were applied in the
current field trial production at Ignik Sikumi. A mixture of CO3 and N3 (a
mixture ratio of 77% C0:23% N»), 5946.54 m° was injected in a single
vertical well of the reservoir (Chong et al., 2016; Boswell, Schoderbek,
2017a; Boswell, 2012). The injectivity pressure was 9800 kPa, with an
average reservoir temperature of 5 °C that decreased as you went further
into the reservoir before stabilizing at (1-1.5 °C). The injectivity pattern
depends on the permeability from 5.5 mD to 0.6 mD and gas hydrate
saturation of 0.72. Then followed by decreasing of pressure from 9800
kPa to 8270 kPa of the bottom hole. During 6 weeks 24210.9 m® of
methane, water produced 180.7 m®, and sand 10.65 m® were produced
as shown in Fig. 17. The use of COy/N, mixture resolved the destabili-
zation of gas hydrate that may affect gas production. During the process,
60% of the injected CO» and 30% of the injected N were replaced CHy4
and stored in the reservoir which is an added advantage of this tech-
nique (Boswell, Schoderbek, 2017b).

Contrary, from TOUGH-Fx/Hydrate’ (Boswell, Schoderbek, 2017b)
and HydrateResSim (Garapati et al., 2013) were 77% for No and 23% for
CO, that dissolved in methane hydrate reservoir, and 70% of the
injected N2 gas and 40% of the injected CO, were recovered, showing
that CO; retention is preferred over CHy recovery in the reservoir. The
model, on the other hand, predicts 39% of N and 36% of CO; recovered
(Schoderbek et al., 2012). The simulation’s estimate of lower concen-
trations of Ny and CO2 maybe because some have been dissolved in
hydrate in the reservoir. Large cages of sl hydrate are filled with pri-
marily CO, during replacement processes in experimental experiments,
while tiny cages are filled with Ny (Merey et al., 2018; Xu et al., 2018).
Also, the heat emitted during the production of CO5 hydrate is 20%
higher than the heat required to dissociate CH4 hydrate (Phale et al.,
2006). Pressure reduced from 9800 kPa to 8300 kPa, which affects the
total product of actual and model for CH4, CO5, and N» as indicated in
Fig. 18. The product was 13875.25 m® of methane, water produced
509.7 m® of CO,, and sand 1812.3 m® of N were lower produced. The
results of field tests revealed that CH4~CO; exchange did occur in the
solid process. Strong hydrate grains were possibly among the reservoir
solids observed in the wellbore, in addition to sands and fines.

The production of CH4 can be maximized when using fracturing that
will increase the flow of methane hydrate in the reservoir. Also, the use
of dual-well arrangements, like different horizontal wells joining to one
vertical well that a producer together with rapidly reducing pressure
also, many horizontal wells join to make one with reducing pressure or
combined CO5 swamping will improve production.
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Fig. 18. Effect of depressurization in production of field and model for CHy,
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Fig. 20. Production of Qg, Q1, Qg, and Qw in CH4 - hydrate for well P, by
depressurization modified from (Yu, Guan, 2019a).

4.4. Nankai Trough

One of the case studies on the field of methane production is reported
by (Konno et al., 2017; Yamamoto et al., 2014) from the 2013 Nankai
Trough test that was the 1st world’s offshore CH,4 - hydrate production
test. Production is done through the depressurization process in a single
vertical well. The factor considered were porosity, permeability, pres-
sure, saturation, and sand/silt of the reservoir. During the first day, the
wellbore pressure was reduced from 13400 kPa to about 5000 kPa and
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remained steady for the next four days. During the last two days, it was
further reduced to 4300 kPa as shown in Fig. 19. The total production
volume of 1250 m® of water, 119,500 m°® of methane gas, and 30 m° of
sands were produced. The methane recovery was 2.0 x 10% STm®/day in
6 days, then the process stopped due to the high production of sand.
Simulation is done by MH21-HYDRES by considering the following
parameters porosity 0.2-0.6, effective permeability 0.01 to 10 mD, ab-
solute permeability more than 1000 mD, hydrate saturation 0.7. The
rate of methane output was higher than expected based on numerical
simulation results. The results indicate that lithofacies and petrophysical
constraints such as hydrate saturation and effective permeability have a
significant impact on the dissociation and flow of methane hydrate in
the reservoirs.

In May 2017, the test resumed by warming-up and depressurization
method using two separated single vertical wells and two types of sand-
proof designs (Chen, Feng, 2018b; Yu, Guan, 2019a, 2019¢, 2019d). The
1st well was produced for 12 days before being blocked due to sand
production and the possibility of increased bottom well pressure and
methane hydrate regeneration. From top to bottom, there are three
subzones: The upper sand/silt alternate layer has a hydrate saturation of
0.60 with intrinsic permeabilities ranging from 500 to 1100 mD, the
middle silt layer has a hydrate saturation of 0.35 with intrinsic perme-
abilities ranging from 20 to 40 mD, and the sand-dominated layer has a
hydrate saturation of 0.7. The water-bearing layer was composed of fine
and very fine sand/sandy silt with intrinsic permeabilities ranging from
800 to 1000 mD, which corresponded to the lower sand-dominated
layers of the Methane hydrate reservoir. The total gas output is esti-
mated to be around 3.5 x 10* ST m®, while the total water output is
around 923 m3. The second well was drilled, and flow tests were
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conducted for 24 days in the absence of sand output problems, with total
CH,4 production estimated at 2.0 x 10° ST m® and total H,O production
estimated at 8247 m®. On the other hand, TOUGH + HYDRATE was used
to compare the result with field case production. The wellbore pressures
used in the simulator were reduced from 8000 kPa to 4500 kPa, Porosity
0.4-0.43, saturation 0.6-0.70, permeability 10-1100 mD, and water
salinity 0.035.

On the other hand, Fig. 19 shows the cumulative gas production
simulation result, for the P2 well was 2.17 x 10° ST m®, which was 8.5
percent higher than the actual field test results of 2.0 x 10° ST m® in
2017. In addition, since the simulated H>O output volume after modi-
fication (Vw) coincides with the actual field test results of wells, a
correction factor of W = 0.3 was used in simulation outcomes correlated
with the HyO production rate (Qw). The cumulative CH4 performance
calculated by the model for well P3 was 3.74 x 10* ST m®, which
matched the real field test results of 3.5 x 10* ST m>. Finally, there was a
substantial difference between the simulated HoO production potential
and the actual field test performance, even after correcting for the
correction factor W = 0.3. The two stages of sand processing during the
production test most likely contributed to this.

Fig. 20 indicates the approximate maximum rate of CH4 production
from methane hydrate Qg to be 1.36 x 10* ST m®/day start decreasing,
whereby the rate of CH,4 from the reservoir Qr was increased up to 1.25
x 10* ST m®/day then start to decrease. Also, the rate of production of
CHy, in the gas Qg process was raised to 8.32 x 103ST m?’/day then drop
down but the rate of water production from the reservoir (Qw) was
increasing from 0 to 1.35 x 10% ST m®/day continuously. This is due to
the dissociation of methane hydrate-release water in the reservoir. Qg
and Qr are likely equivalents, this shows that CH4 production initiated
from hydrate dissociation. The endothermic behavior of methane hy-
drate dissociation creates the gap between Qr and Qg because of the
decrease in temperature in the reservoir. This may be due to formation
lithology that contains three-layer which can contribute sand and clay
from each layer hance affect permeability and saturation of methane
hydrate. In addition, production interval was not considered in simu-
lation because some wellbore will be protected with packers to stop HoO
production (Yu, Guan, 2019a).

On other hand, the pressure was not applied on time in real pro-
duction like in simulation where wellbore pressure was applied imme-
diately and cause more production of methane at an early stage. Nankai
output was projected to be 10100-12100 ST m>/day in five years, that
was on the equivalent level of magnitude like the 2000 ST m®/day
recorded in the 2013 production test and far higher than the 2920-8330
ST m3/day verified in the 2017 production test, but lower than
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commercial production stage 300000 ST m3/day (Yu, Guan, 2019a).
(Feng et al., 2019) deal with CH4 production activities using multilay-
ered methane hydrate deposit for vertical and horizontal wells, the
horizontal well came out on top, with a significantly higher average gas
output rate. Also (Yu, Guan, 2019b), dual-well systems were used, such
as dual vertical wells with rapidly reducing pressure and dual horizontal
wells with reducing pressure or hot water injection. Generally, depres-
surization when combining with other techniques like thermal, or CO4
injection maximizes the production rate in class 2 methane hydrate
reservoirs. Dual vertical wells, horizontal wells, and a combination of
depressurization and hot water injection or a combination of depres-
surization and CO; injection can all help to increase methane output.
Although the combination of CO5 and thermal methods is not effective
in all classes due to the change of state of CO2 when temperature change.

4.5. Shenhu

From May 10 to July 9, 2017, another field test was conducted in the
Shenhu region of the South China Sea, which is a class 3 methane hy-
drate reservoir. The depressurization and thermal techniques were used.
A few parameters that are considered in this reservoir were fine-grain/
silty, porosity 0.4, hydrate saturation 0.3-0.5, lower permeability
10-200 mD, pressure reduced from reservoir 15000 to production
pressure 4500, and temperature 12.76 °C. China was the first country to
produce 3.0 x 10° m® of methane gas for 60 days (at a rate of about 5 x
10® m%/day) Fig. 21 (Chen, Feng, 2018b). However, the production
stopped again due to the re-formation effects of methane hydrate (Chen,
Feng, 2018a). An overall methane production rate level from methane
hydrates is estimated at 3000-8000 m>/day reported that was lower
from the projected result for economic profit in methane hydrate which
is 5.0 x 10° mg/day (Sloan, 2003). To maximize the production of
methane in this field case use of combination methods like depressur-
ization, thermal and fracturing can increase flowability. Also, a combi-
nation of CO; injection and depressurization will maximize the
production and help to store a huge amount of CO5 by forming CO4 —
H50 with the release of CHy.

On the other hand (Yu et al., 2021), used TOUGH + HYDRATE to
study numerical analysis based on the real methane hydrate reservoir
found in Shenhu’s well SHSC-4. The hydrate-bearing zone, 3 phase de-
posit, and free gas zone that make sublayers in a multi-layered methane
hydrate reservoir model were considered. Also, changing the intrinsic
permeability in different multi-layer. Their average CHy4 production rate
(1.83 x 10° ST m%/day) in 2000 days as shown in Fig. 22 was a lesser
amount than what was reported during the 2017 Shenhu production test
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Fig. 22. The production rate in TOUGH + Hydrate simulator, modified from
(Chen, Feng, 2018a).
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(5.15 x 10% ST m®/day) for long-term simulation. The majority of the
overall gas output was found to come from free gas (56.5%), accom-
panied by CH4 emitted from hydrate breakdown (24.1%), and the
three-phase layer donated the minimum to CH4 recovery (19.4%). In
addition, the production rate of CH4 from methane hydrate depends on
intrinsic permeability. Increase intrinsic permeability promote the
dissociation and flow of methane in different mechanism in a different
layer.

For field case production, methane production is still at a low effi-
ciency with most challenges associated with sand production during
production time, the rise of bottom-well pressure due to sand, and re-
formation of the hydrate. Also, the use of horizontal wells, dual verti-
cal wells together with rapid reduction of pressure, in addition, dual
horizontal wells will maximize production in all field cases. Generally,
each field case has its features or reservoir conditions, therefore the
methods of recovery methane will differ, but depressurization and
combination methods seem to operate in all classes. However, a com-
bination of thermal and CO5 injection in the class 3 methane reservoir is
not efficient due to the change of state of CO, when temperature change.
Collectively, these are some of the challenges that still limit field pro-
duction of methane from methane hydrate reservoirs.

5. Conclusions

This study reviewed different numerical reservoir simulators, and
field trial tests to investigate the potential of methane production from
various classes of methane hydrate reservoirs. Among many simulators
evaluated such as MH-21, HydrateResSim, STOMP, and so on, CMG
STARS and TOUGH + HYDRATE are commonly used simulators for the
prediction of methane production from methane hydrates. Due to the
ability to measure mass and energy balance, mass accumulation, heat
accumulation, the flow of multiphase fluids, thermal, steam additives,
and geomechanical fluids, source and sink, and inhibitor.

1. The methane hydrate classes discussed show that recovering
methane through the use of tested methods like depressurization,
thermal, CO; injection, chemical inhibitor, class 1 produces a sig-
nificant amount in comparison to class 2 and class 3 hydrate
reservoirs.

2. The suitable technique for the exploitation of methane gas in class 1
is depressurization, Class 2 is a combination of depressurization with
thermal or depressurization with CO; injection, and Class 3 is a
combination of fracking, depressurization, and CO5 injection. But the
combination of CO5 and thermal methods are not effective in all class
due to change of state of CO; when temperature change.

3. The maximum cumulative of methane by depressurization is 75%,
thermal 49.06%, and CO, injection 64% combination method
87.5%.

4. The simulation analysis considered various factors like porosity,
permeability, gas saturation, pressure, temperature, and so on. The
pressure drops, temperature, and permeability significantly affects
gas production from all methane hydrate classes. As reservoir pres-
sure increases, the gas release rate decreases, while as the tempera-
ture of the reservoir rises methane hydrate dissociation increases
hance the rate of the methane gas release increases. Permeability, on
the other hand, influences gas flow, so a high absolute permeability
indicates a high gas flow. The most significant impacts on the re-
covery of methane from methane hydrates were absolute perme-
ability, bottom-hole pressure, and the thermal conductivity of the
rock.

5. The challenges such as sand production, reformation of hydrate near
the wellbore, the rise of bottom well pressure, geomechanical effects,
are found to limit the maximum production of methane from
methane hydrate deposit in all simulation and field trials tests. Other
challenges like the effect of changes of salinity during methane
production in the reservoir are not considered though several reports
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suggest that due to its nature it can potentially affect gas production.
These observations suggest further researches need to be done to
realize the maximum exploration of methane gas hydrate. We also
recommend future simulation studies to consider the identifies lim-
itations to enhance gas production from methane hydrate reservoirs.
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Nomenclatures

Abbreviation Meaning
CMG Computer modeling group limited

HBL hydrate-bearing layer

HRS HydrateResSim

HYD Hydrate

NGH Natural gas hydrate

MH methane hydrate

SHO hydrate saturation

STOMP Subsurface transport over multiple phases simulator
STP Standard temperature pressure
USGS United states geological survey
T+H TOUGH + HYDRATE
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