
Effect of well configuration, well placement and reservoir
characteristics on the performance of marine gas hydrate reservoir

Neelam Choudhary, Jyoti Phirani
Department of Chemical Engineering , Indian Institute of Technology Delhi, Hauz Khas, Delhi-110016, India

Abstract

Reservoir simulations are used to forecast the long-term gas production from gas hydrate reser-

voirs. In the present work, we explore different well placements and well configurations to analyze

the gas production strategy for an oceanic, unconfined, class-2, gas hydrate reservoir using an in-

house three-dimensional finite volume simulator. In the past, for depressurization in an unconfined

class-2 reservoirs,isolation of the aquifer zone by well placement is suggested. We show that for

high pressure conditions in marine gas hydrate reservoirs, depressurization is ineffective even with

horizontal producer placed far away from the aquifer. Therefore, Warm water injection is neces-

sary along with depressurization. We demonstrate that, the injector placement and configuration

determines the gas production behavior and producer conditions do not significantly impact the

production potential. We also find that the unconfined aquifer below the hydrate zone helps in

the warm water convection and proximity of the injector to the aquifer improves gas production

behaviour. However, for unconfined class-2 gas hydrate reservoirs with low initial pressure, depres-

surization is effective and leads to a very high recovery (80%) of the gas. The reservoir porosity

governs the warm water injection which affects the available dissociation energy to the gas hydrates

and hence the gas recovery. In a layered reservoir, the porosity of the hydrate layer adjacent to the

overburden has significant impact on the gas production due to the available dissociation energy

from the overburden.
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Nomenclature

� absolute porosity

�e fluid phases effective porosity

�o reference porosity

InJP � Y InJP-pressure at injection well Y-value of injection pressure
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IP �X IP-initial pressure of reservoir X-value of initial pressure

K absolute permeability

k permeability of the phase

ko reference permeability

korj end point relative permeability

nj phase exponential parameter

Pce entry capillary pressure

SA water saturation

Se
Ar Aqueous residual saturation

Se
Gr Gas residual saturation

SG gas saturation

Se
j saturation of mobile phase

kr phase relative permeability

Se⇤
j normalized saturation of the gas or aqueous phase

1. Introduction

Gas hydrates are crystalline clathrate structures composed of gas and water molecules, crystal-

lized at low temperature and high pressure conditions. Hydrates of methane are globally present in

abundance in permafrost and in oceanic deep water sediments [1]. This is because, the gas formed

in deeper sediments rises and reaches water filled sediments which have favorable pressure and

temperature conditions for hydrate formation [2, 3]. Large volume of methane gas, approximately

1018m3, is stored in the methane gas hydrate reservoirs [4]. Extracting methane from hydrate

reservoirs will be a significant step towards achieving energy reliability and avoiding any climatic

change due to their spontaneous dissociation [5, 6]. However, the spontaneous dissociation under

the seabed can vary in time scale and may vary based on the depth of the seabed [4, 7, 8, 9, 10].

Gas hydrates can be decrystallized into methane and water either by decreasing pressure or

increasing temperature according to the equation;

CH4.nH2O(h) ⌦ CH4(g) + nH2O(w), (1)

where, n represents the hydration number which is approximately 6 for methane hydrate. The

decrystallization of the methane gas hydrates can be predicted using hydrate Pressure-Temperature

equilibrium curve (P-T curve) [11] as shown in Fig.1. The phase diagram has two phase boundaries.

The vertical line shows the aqueous and ice phase equilibrium curve at 273.15 K and the G-A-H
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curve shows hydrate and gas equilibrium boundary. The aqueous phase is present above 273.15 K

temperature, and ice is present below 273.15 K. The gas phase is stable in the region below the

G-A-H equilibrium curve and the hydrate is stable in the region above the curve. All the four

phases can coexist at the quadruple point.

Figure 1: Pressure-Temperature equilibrium diagram for methane gas hydrates

given by Sloan [11]

Based on the crystalline structure and the formation conditions of the gas hydrates, four meth-

ods and their combinations are proposed for gas production from these reservoirs: depressuriza-

tion, thermal stimulation, inhibitor injection, and CO2 injection. In the depressurization method

[12, 13, 14, 15, 16, 17, 18], the pressure in the production well is decreased to reduce the reser-

voir pressure below the hydrate stability pressure. In thermal stimulation [18, 19, 20, 21, 22],

the reservoir temperature is increased by injecting warm water or steam to dissociate the hy-

drates. The heating of the water is costly, therefore, water from a near-by deeper oil well or from

a deeper aquifer can be sourced to reduce the cost [18, 22]. In the inhibitor injection process

[23, 24, 25, 26], the chemicals such as alcohol, salt are injected along with the water to inhibit

the hydrate formation. The inhibitors inhibit the hydrate formation by shifting the equilibrium

pressure-temperature curve upwards. However, inhibitors are expensive, and their precipitation

can block the pores [27]. In the CO2 injection method [28, 29, 30], compressed CO2 is injected

which replaces methane molecules in hydrate crystals resulting in simultaneous CO2 sequestration

and methane production. In this case, CO2 hydrates are formed releasing heat which can be used

for methane hydrate dissociation [30]. CO2 hydrates are formed by replacing methane molecules

from the water cages [31]. In continuum, we model this as exothermic formation of CO2 hydrate

and endothermic dissociation of methane hydrates [30, 32, 33, 34]. However, this process becomes

costly as high pressure CO2 is required. Therefore, depressurization method is considered as the

most efficient and economic method [35].

In Fig.2, the gas hydrate reservoirs around the world with their depth and thickness are shown.

India has discovered large gas hydrate reservoirs at three sites; in Krishna-Godavari basin, An-

daman Sea and Mahanadi basin. NGHP-02-09 and NGHP-02-16 sites at Krishna-Godavari basin
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has the deepest methane hydrate reservoirs known so far [36]. Gas hydrate reservoirs are classified

based on the underburden and overburden layers into four types: Class 1 [37]; Class 2 [38, 39, 40];

Class 3[41]; Class 4 [12]. In this work we consider Class 2 methane hydrate reservoirs found in

India’s Krishna-Godavari basin, where a water layer is present below the hydrate layer. Class 2

reservoirs are of two types: confined and unconfined. In confined reservoirs, the water layer below

the reservoir is small, while in the unconfined reservoir the water layer is huge in comparison to

the hydrate layer. The bottom aquifer layer plays an important role in hydrate dissociation using

depressurization from class-2 hydrate reservoir as it provides the heat of dissociation[42]. Li et al.,

[42] studied class-2 confined reservoir using depressurization method and reported that the hydrate

dissociation is affected by pressure drop propagation and the energy transfer from over-burden and

under-burden layers of the reservoir. However, as the thickness of the aquifer layer increases, the

gas production is reduced. Phirani et al.,[19] reported that depressurization method is sufficient

for a class 2 confined reservoir but in an unconfined hydrate reservoir, depressurization does not

provide satisfactory results because of the water inflow from the aquifer. A combination of de-

pressurization and thermal stimulation method was proposed for unconfined reservoir where wells

were placed vertically. Wang et al.,[43], Zhao et al., [44] and Wang et al., [45] also proposed warm

water injection along with the depressurization method to achieve higher economic feasibility. The

gas production behavior of an unconfined class-2 reservoir is under studied for well configuration

and well placements.

Figure 2: Details of the oceanic gas hydrate reservoirs [46]

The practicality of gas recovery from methane hydrates is evident from short term offshore

field production tests which has been conducted in the past. Japan conducted a field test in 2013

and 2017 in Eastern Nankai Trough[47, 48]. In 2017, China also produced methane gas during a

production test in South China Sea[49]. Depressurization method was used during these field tests.
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These field tests exhibit the possibility of the methane production from the gas hydrate reservoirs,

however some technical and geological issues still exist challenging the long term production [47,

48, 50]. Therefore, to understand the flow behavior inside the reservoir and to get insights about

the potential problems during long term reservoir production, numerical simulations are used.

Numerical simulations provide an effective low cost prediction method [51] to analyze the gas

production potential of a reservoir by studying the different well locations, well configuration,

production methods, impact of different mechanical and geological conditions. Recent studies on

the gas production potential of a reservoir using numerical simulations provides a better outlook

on various gas production scenarios. Using reservoir simulations we now know that class-1 gas

hydrate reservoirs are less challenging and promising production targets, however the free gas layer

contributes more to the produced gas than the hydrate layer [52, 53, 54, 55]. Class-2 and class-3

gas hydrate deposits limit the pressure drop in the reservoir and require thermal stimulation for

the production, which makes them more challenging [52, 53]. Class-3 deposits do not have a mo-

bile free gas or water layer in contact with the hydrate layer, therefore, the hydrate dissociation is

difficult for both depressurization and thermal stimulation method [52, 53]. Class-4, low saturation

methane gas hydrate accumulations are not economically viable for gas production [56]. Simula-

tions of class-2 reservoirs, inform that the depressurization alone is sufficient for confined methane

gas hydrate reservoirs, however, as the porosity and the permeability of the reservoir increase, ther-

mal stimulation is required even in confined methane gas hydrate reservoirs [18]. Simulations also

helped to determine that in oceanic methane gas hydrate reservoirs, vertical wells do not produce

significant methane gas using depressurization and impermeable overburden boundaries are impor-

tant [1, 57]. The underburden permeability also significantly affect the gas production because of

the water influx from the aquifer at the bottom. Therefore, the permeability of surrounding areas

should be considered in the simulations [50]. The completion intervals are advised to be avoided in

the high permeability water layer, in order to block the water inflow inside the hydrate layer and

to increase the gas production while using depressurization method [12, 17, 58]. Also, in ultra deep

water, as in Krishna-Godavari basin NGHP-02-16 site, less then 10 MPa pressure at bottom hole is

suggested [59]. Single vertical wells are not suitable as the excessive water production is involved,

however, multiple wells systems can be effective method for gas production at NGHP-02-09 site

[40, 60]. Wang et al., [43] suggested the advantages of multiple well system over the single well

placement by numerical simulations.

Most of the reservoir simulation studies are done on the homogeneous reservoirs, but these

geological hydrate reservoirs are inherently heterogeneous because of the layering of the sediment

deposited at different geological times [17, 61, 62]. The previous reservoir simulation studies

suggests that in the heterogeneous reservoir, the gas recovery depends upon the depressurization

potential and the total hydrate present in the reservoir but the location of hydrate dissociation

may change depending on permeability of each layer, leading to the mechanical weak points at

different locations [12, 17]. However, the impact of layering in an unconfined reservoir needs

further exploration.
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In the present work, we first explore an unconfined homogeneous class-2 methane hydrate reser-

voir block similar to the Krishna-Godavari basin NGHP-02-09 site, using depressurization method

as well as a combination of the depressurization and warm water injection for gas production

potential. The reservoir is assumed to have an impermeable overburden and the permeable under-

burden layer. We study the multiple well systems to increase the overall gas production where the

bottom hole pressure is assumed to be 4 MPa. Multiple well placements and configurations are

explored to isolate water bearing sand and to increase the effectiveness of depressurization method

at NGHP-02-09 site [63]. As the horizontal well technology has been successfully used to produce

methane gas from gas hydrate reservoirs in the second offshore production test in South China Sea

[64], we show the effectiveness of horizontal wells and their placement for class-2 reservoirs. The

production strategy is dependent on the initial condition and petrophysical characteristics of the

reservoir. We examine the sensitivity of operating conditions for various reservoir characteristics

to maintain the production. The geological reservoirs are inherently layered, therefore we analyze

the production potential variations in these reservoir due to layering.

2. Reservoir Model

In this study we consider an unconfined reservoir block, about 300 m below the seafloor, similar

to the KG basin NGHP-02-09 site. The reservoir is considered of 1200m length, 500m width and

30 m thickness as described in Fig.3. The top 18 m of the reservoir is hydrate layer. An infinite

aquifer layer below the hydrate layer is considered which is 12m thick aquifer in our simulations.

The initial temperature of the reservoir varies based on the geothermal gradient of 0.030C/m and

the pressure varies with the depth of the reservoir according to the hydrostatic gradient. Mass

transfer at the over-burden is restricted. To simulate an unconfined aquifer, the permeability of

the bottom 3m of the aquifer layer is considered 1/10th of the initial permeability. The water

flow is allowed between bottom grid layer and the under-burden based on the pressure difference

assuming constant pressure boundary condition at the under-burden. Heat transfer is allowed at

both overburden and under-burden with a given heat transfer coefficient. The lateral boundaries

are assumed to be in symmetry by assuming no communication with adjacent block. The space

discretization of the reservoir domain is 25 ⇥ 12 ⇥ 10 grid blocks. The initial reservoir conditions

assumed in the model are given in Table.1.

2.1. Numerical methods used in the simulator

An In-house, 3-D finite-volume simulator which was developed by Sun and Mohanty[65] is used.

The simulator solves thermal energy transfer, multi-phase fluid flow equations assuming equilibrium

thermodynamics of the formation and dissociation of hydrate. It accounts for 3 components- water,

methane, and hydrate in four phases – aqueous, gas, hydrate, and ice. The governing nonlinear

partial differential equations (PDE’s) are discretized into nonlinear algebraic equations in space and

time domain. The spatial discretization is achieved by Finite volume method. The fully implicit

scheme is obtained by approximating the time derivative using backward Euler method. Further,
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Figure 3: Reservoir description

1 Porosity (�) 0.42

2 Sh in hydrate layer, 0.75

3 Sw in hydrate layer 0.25

4 Sw in aquifer layer 1

5 Permeability of hydrate layer (k1) 0.31mD

6 Permeability of hydrate free sand (k) 1803mD

7 Initial reservoir pressure(at the bottom of the reservoir) 31.458 MPa

8 Initial reservoir temperature(at the bottom of the reservoir) 294.88 K

9 Injection pressure 50MPa

10 Injection temperature 500C

11 Production pressure (k0) 4MPa

Table 1: Thermodynamic Properties

the Newton-Raphson method is used to solve the non-linear algebraic equations. The dissociation

and the formation of hydrate in a grid block is assumed to be in equilibrium as the kinetics

are relatively fast [66]. The phase saturation in each grid block during the hydrate dissociation

process is evaluated by the primary variable switch method (PVSM) [67]. US DOE conducted a

code comparison study where this simulator has been validated against several other simulators

[68] and history matched with hydrate dissociation and formation experiments [69]. The governing

equations are given below,

Mass balance equations
@

@t

⇣
�Cj

⌘
+r · F j

= qj , (2)

Energy balance equation
@

@t

⇣
�U

⌘
+r · F e

= �qe, (3)

where, � stands for porosity, Cj for total mass of component for phase j (methane, water), F for

flux, q for the source or sink term. U is the combined internal energy of a grid block. Flux is

determined using the gas-liquid phase flow in porous media which depends on the flow properties

such as absolute permeability and is described by multi-phase Darcy’s law. The phase velocity is
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given by

vj = �K
⇣krj
µj

⌘
·
⇣
rPj + ⇢jg

⌘
, (4)

where, K stands for absolute permeability, krj stands for relative permeability of the fluid phase

j, µj for the viscosity of the fluid phase j, Pj stands for pressure of phase j, vj for the Darcy’s

velocity of phase j and g for gravitational force.

2.2. Transport Properties considered in the model

1 Hydrate density 910kg/m3

2 Heat conductivity of hydrate 0.49W/m/K

3 Heat capacity of hydrate 1.62kJ/kg/K

4 Density of ice 917.1kg/m3

5 Density of sand 2670kg/m3

6 Heat conductivity of sand 5.57W/m/K

7 Heat capacity of sand 0.83kJ/kg/K

8 Aqueous residual saturation 0.2

9 Gas residual saturation 0.0

10 Reference Permeability (k0) 100md

11 Reference Porosity (�0) 0.28

12 Permeability Rock Constant (�) 2

13 Relative Permeability exponent for gas (nG) 2

14 Relative Permeability exponent for water (nw) 4

15 Pore Structure Parameter (nc) 5

Table 2: Thermodynamic Properties

The Power law model [70, 71, 72] has been used to described effective permeability as given by,

K = Ko

⇣�e

�0

⌘h�e(1� �0)

�0(1� �e)

i2�
(5)

The dynamic nature of the hydrate may change the porosity �e available for the fluid phases during

the hydrate formation and dissociation process, that may affect the effective permeability of the

fluid phases according to equation 5. Ko stands for the reference permeability at the reference

porosity (�o), � is considered to be 2. Effective porosity for the fluid phases �e is given by

�e = �(SG + SA), (6)

where, � represents the absolute porosity, SG represents the gas saturation and SA represents the

aqueous saturation. The capillary pressure-saturation curve and the relative permeability curves
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are used from Brooks-Corey model, [73], as given below

krG = korG(S
e⇤

G )nG, (7)

krA = korA(S
e⇤

A )nA, (8)

Pc = Pce(S
e⇤

A )�nc, (9)

where, korj stands for the end point relative permeability, nj for phase j exponential parameter

and Pce for the entry capillary pressure. Se⇤
j stands for normalized saturation of the fluid phase

based on the effective pore volume, given as,

Se⇤

j =
Se
j � Se

jr

1� Se
Gr � Se

Ar

, (10)

where Se
j stands for the saturation of mobile phase j. The residual saturation of aqueous phase

(Se
Ar) is assumed to be 0.2 and 0 for gas phase residual saturation (Se

Gr). The remaining constants

are tabulated in Table.2. The remaining details of the simulator can be acquired from Sun and

Mohanty (2006) [65].

Case Well type Well location Production method

case-1 One Horizontal Near overburden Depressurization

case-2 One Horizontal Near aquifer Depressurization

case-3 Two Vertical In the aquifer
Thermal stimulation and depres-

surization

case-4 Two Vertical In the hydrate zone
Thermal stimulation and depres-

surization

case-5 Two Horizontal Near overburden
Thermal stimulation and depres-

surization

case-6 Two Horizontal In the middle of hydrate zone
Thermal stimulation and depres-

surization

case-7 Two Horizontal
Injector near aquifer producer

near overburden

Thermal stimulation and depres-

surization

case-8
One Horizontal,

one Vertical

Horizontal injector near overbur-

den, vertical producer in aquifer

Thermal stimulation and depres-

surization

case-9
One Horizontal,

one vertical

Horizontal producer near over-

burden, Vertical injector in

aquifer

Thermal stimulation and depres-

surization

Table 3: Well placement description in the homogeneous reservoir

3. Gas production from homogeneous unconfined reservoirs

We first investigate different well configurations and well placements to evaluate the optimum

gas production strategy for an unconfined, homogeneous, class-2 reservoirs. We study nine different
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cases, where horizontal and vertical wells are placed in different locations and combinations in a

homogeneous reservoir block, as shown in Table.3.

3.1. Depressurization in the homogeneous reservoir

(a) Well placement for case-1 (b) Well placement for case-2

Figure 4: Well completion for case-1 and case-2 using depressurization method

In an unconfined reservoir, the pressure decrease in the reservoir is difficult because of the

infinite aquifer layer below which replaces the water produced during depressurization. Phirani et

al.,(2009)[19] reported that pressure drop is not effective in unconfined reservoirs when a producer

is placed vertically because of the inflow of water from the unconfined aquifer below. To isolate the

aquifer from the production well, we first investigate the depressurization using the wells placed

horizontally in the hydrate zone. Fig.4 shows the well completion we considered in case-1 and

case-2. In case-1, as shown in Fig.4a, we consider a well near the top of the reservoir to investigate

isolation provided by presence of the hydrate layer. In case-2, shown in Fig.4b, we investigate a

well placed near the aquifer layer for comparison. In both the cases, 4 MPa pressure is maintained

at the production well for depressurization. In Fig.5a we show the cumulative gas production with

time for both the cases. Only 3% of original gas in place (OGIP) is produced in both the cases

as shown in Fig.5a. In case-1, the producer is placed in the low permeable hydrate bearing zone,

therefore water is produced at a slow rate. However, the aquifer is able to replace the water, hence

depressurization has no significant impact on the overall reservoir pressure. In case-2, the well

only produces water from the aquifer attached not causing depressurization in the reservoir below

the hydrate stability. The gas water ratio (GWR) in Fig.5b shows that the water production is

lowest for the case-1 and very high for the case-2. This shows that even horizontal wells that can

be placed away from the unconfined aquifer do not help in depressurization of the reservoir for

hydrate dissociation. Therefore, warm water injection is necessary for unconfined class-2 reservoir.

3.2. Thermal stimulation and depressurization using vertical wells:

For warm water injection, we first consider vertical wells, as described in Table.3. Phirani et

al.,(2009)[19] considered vertical well placement in hydrate and aquifer zone. In this study we also

consider wells that are placed only in the hydrate zone. We consider a 5-spot pattern and simulate

10



(a) Gas produced in % OGIP (b) Gas water ratio (GWR)

Figure 5: Gas production profiles in % OGIP and Gas-Water ratio for different

cases in Table.3

quarter of 5-spot pattern with injection on one side and production from the diagonally opposite

side. In case-3, wells are placed vertically in the aquifer and hydrate zone and in case-4, wells are

placed vertically only in the hydrate zone. Fig.6 gives the pictorial description of case-3 and case-4.

(a) Well placement in case-3 (b) Well placement in case-4

Figure 6: Well completed vertically in case-3 and case-4

(a) Saturation of hydrate at 5000 days for case-3 (b) Saturation of hydrate at 5000 days for case-4

Figure 7: Profiles for hydrate saturation of 5-spot vertical well pattern
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Fig.5a shows that the cumulative gas production is 22% of OGIP in 5000 days for case-3 as

compared to 16% of OGIP production for case-4. Fig.7 shows the profiles for hydrate saturation

at 5000 days for both the cases. X-axis is the diagonal connecting the injector at left to the

producer at right and z-axis is the depth of the reservoir. The colour shows the hydrate saturation.

From Fig.7 we gather that most of the hydrate dissociates near the injector. This is because, the

depressurization is ineffective, and increase in reservoir temperature by warm water injection leads

to hydrate dissociation. When wells are placed in the aquifer, the temperature increase near the

bottom of the hydrate bearing zone is more, leading to more gas production in case-3. This is

because of the higher water injectivity in the aquifer zone where the two wells are aligned which

increase the horizontal convection of warm water. This also leads to the higher water production

as shown by gas water ratio (GWR) in the Fig.5b. 22% of OGIP production is still less, therefore,

we investigate the production using horizontal placement of the wells for warm water injection.

3.3. Thermal stimulation and depressurization using horizontal wells:

(a) Well placement for case-5 (b) Well placement for case-6

(c) Well placement for case-7

Figure 8: Wells completed horizontally in case-5, case-6 and case-7

We now consider horizontal well placement, where the injector and producer are located 250m

apart from each other along the length of the reservoir, shown in Fig.8. Three different cases are

considered, case-5, case-6 and case7, having horizontal placement of wells as shown in Table.3.

Fig.8a shows case-5 where both the injector and the producer are placed horizontally at the top

of hydrate zone. Fig.5a shows that the gas production is 47% of OGIP for this case. There is
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insignificant production for the first 700 days, after which the production rate is higher. We see

from the hydrate saturation profile in Fig.9a, showing a plane perpendicular to the wells that

initially the warm water injection in the hydrate bearing layer is very slow because of the low

permeability. However, when high permeability communication is established between the injection

well and aquifer at around 700 days, the injected warm water dissociate hydrates near the aquifer,

shown by hydrate saturation profile in Fig.9a. To complement our hypothesis of aquifer helping in

hydrate dissociation, we consider case-6, where the injector and producer are horizontally placed

in the middle of the hydrate bearing sediments, shown in Fig.8b. In this case also our simulations

show the cumulative production of 47% of OGIP. Fig.9b shows hydrate saturation profiles and

we see that the communication between injection well and aquifer is established at 500 days. In

the production curve, in Fig.5a we see that the production is insignificant for about 500 days of

the production operation and then increases. Therefore, if we want the production to start from

the beginning, we need to have warm water injector near the aquifer. Fig.8c shows case-7, where

injector is located near the aquifer and producer at the top of the hydrate zone. We see that

cumulative gas production is 47% of OGIP and the production starts from the very beginning of

the well operation which is shown in Fig.5a. Fig.9c confirms our hypothesis showing the profiles of

hydrate saturation at 100 days, where the dissociation starts near the water layer from the first day

of the production operation. Water production is higher in all the three cases as shown in Fig.5b.

When the injector is located in the hydrate layer water production increases once the dissociation

front hits the aquifer layer but in case-7 the water production is high from the very beginning.

3.4. Combination of vertical and horizontal wells for hydrate production:

Further, to increase the productivity and improve the economics by having one vertical well,

we consider two different cases of horizontal and vertical wells as described case-8 and case-9 in

Table.3. In case-8, injector is placed horizontally at the top layer of the reservoir block and vertical

producer completed in the hydrate and aquifer zone at the right side of the reservoir as shown in

Fig.10a. In case-9, producer is placed horizontally at the top layer of the hydrate zone and injector

placed vertically on the left side of the reservoir, as shown in Fig.10b. The total gas production

in case-8 is ( 47%ofOGIP ), same as the cases where both the wells are placed horizontally. The

cumulative gas production in case-9 is ( 6%) in 5000 days, the smallest of all the cases where warm

water is injected, as shown in Fig.5a. This is because the warm water injected vertically leaks

out of the reservoir and goes to the aquifer below. Moreover, the horizontally placed producer at

the top is unable to provide enough suction to the injected warm water because the wells are not

aligned as in case-1 where the vertical wells are aligned and facilitate the horizontal convection

of warm water near the aquifer leading 16% recovery of gas. The pressure near the injector does

not decrease resulting in the less hydrate dissociation evident from hydrate saturation profile in

Fig.11b for case-9. However, in case-8 most of the production is due to the warm water injection

as we can see it in hydrate saturation profile in Fig.11a. The significant production of the gas in

case-8 starts from 700 days similar to case-5.
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(a) Saturation of hydrate at 816 days for case-5 (b) Saturation of hydrate at 561 days for case-6

0

0.2

0.4

0.6

0.8

1

(c) Saturation of hydrate at 100 days for case-7

Figure 9: Profiles of hydrate saturation for case-5, case-6, case-7

(a) Well placement for case-8

(b) Well placement for case-9

Figure 10: Well completion for case-8 and case-9

3.5. Sensitivity towards temperature and pressure

We find from the above analysis that warm water injection has a major impact on the gas

production from gas hydrate reservoirs. If the initial reservoir pressure increases then we need

to increase the injection pressure to inject sufficient amount of warm water. We now analyze

the sensitivity of initial and injection pressure on methane production using case-7 above. We

assume that the initial pressure can vary between 25 MPa to 35 MPa as it is evident in Fig.2.

In the previous simulations we assumed the initial pressure is 31 MPa as shown in Fig.3. If all
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(a) Saturation of hydrate at 2500 days for case-8 (b) Saturation of hydrate at 2500 days for case-9

Figure 11: Profiles for hydrate saturation of case-8 and case-9

other conditions of the reservoir and the operating conditions of the injector and the producer are

same, then Fig.12a shows the gas production curves at different initial pressures. The highest gas

production is observed in case when initial reservoir pressure is 25 MPa as shown in Fig.12a. In this

case, the depressurization at production well becomes effective as the initial pressure is low. There

is sudden increase in the gas production once the dissociation front due to depressurization reaches

the aquifer layer at 2600 days as shown in Fig.13. This is because the injected warm water provides

the heat of dissociation and when the dissociation fronts originating at the injector meets the

dissociation front originating at the producer, the warm water convection increases. This increases

the dissociation of hydrate leading to higher gas production as seen in Fig.13. The cumulative

gas production is more than 80 % of OGIP at 25 MPa initial reservoir pressure. At higher initial

reservoir pressure, the water injection is low and the pressure reduction at the production well is

ineffective. Therefore, the cumulative gas production at the higher initial pressure of the reservoir

is less than 50% of OGIP as shown in Fig.12a. We see that, in order to enhance the gas production

from the reservoir at higher initial pressure, the injection pressure or injection temperature has to

be increased. Next, we study the impact of injection pressure on the gas production at different

initial pressure where the injection temperature is 323.2 K same as all the other cases shown in

Fig.12b. In Fig.12b, the red colour is used to represent all the different cases of injection pressure

(InjP) where initial pressure (IP) is 25 MPa(IP-25), blue colour is used for IP-29, black for IP-31

and magenta for IP-35. From Fig.12b it is evident that the injection pressure alone does not have

much impact on the gas production.

Further we analyzed the sensitivity of gas production for the producer well pressure from 3

MPa to 4.5 MPa and injection water temperature from 320K to 330K and did not observe any

significant difference. Thermodynamically the variation is significant to release methane at higher

temperature or lower pressure. However, in this work, we have considered unconfined gas hydrate

reservoirs which has an infinite aquifer layer present below the hydrate layer that does not allow

the decrease in the pressure to impact the dissociation around the production well. Therefore, the

pressure at the producer well does not have significant impact on the total production [19, 74].

The temperature variation is also thermodynamically significant, however, in our reservoir model
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(a) Gas production at different initial pressure in %

OGIP

(b) Gas produced at different injection pressure in %

OGIP

Figure 12: Impact of initial pressure of the reservoir and well injection pressure

on the gas production

(a) Saturation profile for IP � 25 at 2500 days (b) Saturation profile for IP � 25 at 2600 days

Figure 13: Saturation profiles for IP � 25

the infinite aquifer acts as a sink for the injected water, that control the overall gas production.

(a) Gas production for homogeneous reservoir cases at

different porosity in % OGIP

(b) Gas water ratio for homogeneous reservoir cases at

different porosity

Figure 14: Gas production profiles (in % OGIP) and Gas water ratio for homo-

geneous reservoir cases at different porosity
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3.6. Sensitivity of gas recovery towards porosity

We perform sensitivity analysis for porosity of the reservoir. We have used Civan’s Power law

model in our simulations which correlates porosity and permeability as given in equation 5. The

presence of hydrate also changes the effective porosity and hence permeability [64, 75]. Fig.14a

shows the gas recovery from the reservoir at different initial reservoir porosity when initial hydrate

saturation is 0.75, same as all previous cases. It is evident from Fig.14a that when the reservoir

porosity is low the percentage gas recovery is also low. The gas water ratio also decreases with

porosity as shown in Fig.14b. This means that the fraction of water being produced also decreases

with decrease in porosity. There are competing forces when the porosity is decreased- 1) The total

energy available for the dissociation of hydrate is more due to more sediments at lower porosity

value, which can provide sensible heat during dissociation. 2) However, low porosity and hence

low permeability limits the water injection which reduces the heat injection to the reservoir and

leads to the decreased gas and water production. Due to decrease in the warm water injection at

low porosity we observe decrease in hydrate dissociation leading to less gas production (Fig.14a)

and less water production from the reservoir leading to more gas water ratio (Fig.14b)

3.7. Sensitivity towards reservoir heterogeneity

Figure 15: Description of heterogeneous reservoir model

In the above analysis, we considered homogeneous reservoir block where the initial permeabil-

ity is constant for the entire reservoir block. However, the gas hydrate reservoirs in the nature

are heterogeneous predominantly due to geological layering of the sediments [17, 61, 62]. In the

present work, we analyze the sensitivity of gas production using horizontal wells for the reservoir

heterogeneity. We use well placement same as in the case-7 above in section 3.3. Six different het-

erogeneous reservoir cases are considered, where different porosity is considered for the layers as

shown in Fig.15. The permeability of the hydrate free sand (k) and the sand having 0.75 saturation

of hydrate (k1) for the porosity which is considered in the layered reservoir are given in Fig.15.

The final gas production and the gas water ratio for all the different cases is shown in Fig.16.

We compared the cases where the infinite aquifer layer has the same effective permeability.

In Fig.16a, case A and case B, have similar permeability of the aquifer layer. The overall gas
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(a) Gas production for heterogeneous reservoir cases

at different porosity in % OGIP

(b) Gas water ratio for heterogeneous reservoir cases

at different porosity

Figure 16: Gas production profiles (in % OGIP) and Gas water ratio for het-

erogeneous reservoir cases at different porosity

recovery is higher in case B where permeability is higher at the top layer of the hydrate zone as

compared to the case A. Similarly, when we compare case C and case D having the same aquifer

permeability, the gas production is higher in case D when the permeability of the top layer is

more. The similar pattern can also be observed in case E and case F. This observation suggests

that when the permeability of the top hydrate layer is more, the availability of the enthalpy of

the dissociation from overburden leads to more gas production regardless of the variation in the

bottom hydrate layer.

From Fig.16b, we observe from gas water ratio (GWR) that the aquifer layer has more impact

on the water production in comparison to the gas production. When the permeability of the aquifer

is less, water production reduced as we compare GWR for case C and case D with GWR of case

A and case B. The results suggests that in an unconfined layered gas hydrate reservoir where we

use thermal stimulation as well as the depressurization method, gas production is affected by the

topmost layer of the hydrate bearing zone the most and water production is more sensitive towards

the aquifer permeability.

4. Conclusion

Warm water injection is crucial for methane gas production from unconfined class-2 gas hy-

drate reservoirs as depressurization is ineffective. Horizontal injector configuration in marine, high

pressure hydrate reservoir are more productive than vertical injectors. However, the horizontal

producer does not have notable impact on the gas production. From the work above, we observe

that the proximity of the horizontal injector with unconfined aquifer leads to the early gas pro-

duction while the overall gas production remains the same. This is due to the permeability of

the aquifer zone which helps in convection of the warm water near the hydrate-water contact line.

We also observe that if the initial pressure of the reservoir is less, then the depressurization also

becomes effective and overall gas recovery is approx 80% of OGIP. The producer well pressure and

the injection water temperature does not have significant effect on the gas production as long as
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the water temperature is high enough for dissociation. The gas production is sensitive towards

the porosity in the reservoir as it governs the warm water injection rate and injection volume,

thus governing the dissociation energy available to gas hydrates. Therefore, low porosity reservoirs

will have low recovery factors. In a layered reservoir, it is interesting to note that the perme-

ability of layer near the overburden significantly affect the gas production due to accessibility of

the dissociation energy from the overburden. The infinite aquifer layer has impact on the water

production, but the overall gas production is not significantly affected by the aquifer alone. On the

whole, the well placement and the well configuration play a significant role along with the effective

permeability of the different layers in gas production from the gas hydrate reservoir. The optimal

production strategy explored in this study can be helpful in investigating the long-term production

potential of the class-2 unconfined reservoirs. The sensitivity analysis results can be incorporated

to understand the geological complexities of the reservoirs and to enhance the accuracy of gas

production potential of reservoirs through simulation.
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