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Maximum Recoverable Gas from Hydrate Bearing Sediments by Depressurization

Highlights

- Analytical solutions estimate the maximum recoverable gas from hydrate bearing 

sediments 

- Limiting-equilibrium solutions bypass parametric challenges in coupled numerical 

simulators

- Equations capture relative permeabilities, degree of depressurization and reservoir 

geometry

- Innovative production strategies are needed to make hydrates an economically-viable 

resource
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5 Abstract: The estimation of gas production rates from hydrate bearing sediments requires complex 

6 numerical simulations. This manuscript presents a set of simple and robust analytical solutions to 

7 estimate the maximum depressurization-driven recoverable gas. These limiting-equilibrium 

8 solutions are established when the dissociation front reaches steady state conditions and ceases to 

9 expand further. Analytical solutions show the relevance of (1) relative permeabilities between the 

10 hydrate free sediment, the hydrate bearing sediment, and the aquitard layers, and (2) the extent of 

11 depressurization in terms of the fluid pressures at the well, at the phase boundary, and in the far 

12 field. Close form solutions for the size of the produced zone allow for expeditious financial 

13 analyses; results highlight the need for innovative production strategies in order to make hydrate 

14 accumulations an economically-viable energy resource. Horizontal directional drilling and multi-

15 wellpoint seafloor dewatering installations may lead to advantageous production strategies in 

16 shallow seafloor reservoirs.
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24 Introduction

25 Natural gas hydrates are crystalline water and gas compounds. Hydrate stability requires high fluid 

26 pressure and low temperature, as found in deep-water seafloor and lakebed sediments, and beneath 

27 the permafrost. Estimates of methane gas trapped in hydrate accumulations worldwide vary 

28 between 3x1015 m3 and 1017 m3, while the technically recoverable gas is estimated to be on the 

29 order of 3x1014 m3 at standard temperature and pressure (Boswell and Collett, 2011). Table 1 

30 summarizes the main characteristics of hydrate accumulations considered for gas extraction in 

31 Canada, China, India Japan, South Korea, and the USA. While gas can be produced by 

32 depressurization, thermal stimulation, inhibitor injection, and CO2-CH4 replacement, 

33 depressurization is preferred in most cases (Reagan et al., 2015; Bhade and Phirani, 2015).

34 The analysis of gas production requires complex coupled thermo-hydro-chemo-mechanical 

35 simulators such as TOUGH + HYDRATE (original code:  Pruess 2004; adaptation to hydrate 

36 studies: Moridis 2014; hydrate-specific simulator HydrateResSim reported in Hou et al., 2016), 

37 MH21-HYDRES (Konno et al. 2010), CMG-STARS (Computer Modelling Group; recent 

38 application in Sun et al., 2016), and STOMP-HYD (White et al. 2006), Code_Bright (original 

39 code: Olivella et al., 1996; adaptation to hydrate studies: Sanchez et al. 2017). These simulators 

40 involve multiple balance and conservation equations, depend on a large number of constitutive 

41 relations and parameters, and are challenged by time- and space-discretization constraints. 

42 More tractable semi-analytical solutions have been proposed. Yet, analytical models for 

43 production evolution remain intricate (even in the simplest 1D model for production from hydrate-

44 capped gas reservoirs  by Tabatabaie and Pooladi-Darvish, 2009). In part, this complexity reflects 

45 the need to involve differential equations to capture time-dependent processes (e.g., the model for 

46 depressurization and thermal stimulation by Wang et al. 2015). As complexity increases, these 
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47 analytical models require numerical solution (e.g., the model for depressurization and heating by 

48 Liu et el., 2015); eventually, they become hybrid-simulators (e.g., radial thermal dissociation by 

49 Omidi et al. 2016). 

50 The goal of this study is to predict the ultimate mass of gas that can be produced by 

51 depressurization from a single well. This analysis seeks to make the interaction among governing 

52 parameters self-evident in order to facilitate early economical scrutiny, without the need to model 

53 the evolution of production rate in time. The analysis is set when the dissociation front stops 

54 progressing as the fluid pressure reaches stability conditions away from the well. The ensuing 

55 analytical solutions provide the distance from the well to the ultimate position of the dissociation 

56 front or “terminal radius” r*. This distance r* bounds the maximum amount of producible gas for 

57 a given well, and it defines the financial viability of gas extraction from hydrate bearing sediments. 

58 (Note: a similar analysis applies to thermal stimulation – See Li et al. 2015 for a solution based on 

59 a moving Stefan boundary.)

60

61 Analytical Solution

62 Consider a stable hydrate bearing sediment under high water pressure and low temperature. The 

63 reservoir is subjected to depressurization at the well. Gas production starts as soon as the pressure 

64 falls outside stability conditions. Eventually, steady state flow and pressure conditions are reached 

65 for a given well pressure uw, the dissociation front stops advancing and hydrate dissociation ends. 

66 The distance from the well to the ultimate position of the dissociation boundary is the terminal 

67 radius r* and defines the size of the produced zone; the fluid pressure at r* is the pressure on the 

68 phase boundary u* for the reservoir temperature. This boundary defines two zones in the reservoir 
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69 at the end of dissociation and under steady state flow conditions. The inner zone r ≤ r* - that is 

70 characterized by the sediment permeability ksed [m/s] (without hydrates but with partial water-gas 

71 saturation), the outer zone r ≥ r* where hydrate bearing sediment has permeability khbs [m/s]. The 

72 water pressure in the far field is ufar. 

73 Figure 1 summarizes the boundary conditions for the three cases analyzed next: radial flow 

74 in a homogeneous formation or a strata-bound reservoir with either a vertical well normal to the 

75 reservoir or a horizontal well within it.

76

77 Total Energy (flow) versus Fluid Pressure (hydrate stability)

78 The total energy Etot field in the fluid around a production well governs flow patterns and 

79 it is defined by Laplace’s equation ∇2Etot= 0 when mass conservation and Darcian conditions 

80 apply. The total energy Etot at a point is a function of its elevation he from a reference datum and 

81 the fluid pressure u. On the other hand, hydrate stability conditions and the dissociation front are 

82 determined by the fluid pressure u. In most hydrate reservoirs the pressure change Δu needed to 

83 cause dissociation is much greater than the variation in elevation within the affected zone, Δu >> 

84 Δhe γw. Then, we can link total energy Etot directly to fluid pressure u and rewrite Laplace’s 

85 equation as ∇2u= 0. Spherical, axisymmetric and 1D flow conditions are analyzed next by making 

86 use of this simplifying assumption.

87

88 Homogeneous Formation: Spherical Radial Flow

89 Radial flow. Laplace’s equation in spherical coordinates is written as (sketch in Figure 1a; Muskat, 

90 1965):
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∇2𝑢 =
1

𝑟2
∂

∂𝑟(𝑟2 
∂𝑢
∂𝑟) +

1

𝑟2 𝑠𝑖𝑛(𝜃)
∂

∂𝜃(𝑠𝑖𝑛(𝜃) 
∂𝑢
∂𝜃) +

1

𝑟2 𝑠𝑖𝑛2(𝜃)
∂2𝑢

∂𝜉2 = 0 (1)

91 where the azimuthal angle θ, the polar angle ξ and the radius r define the location of any point in 

92 space. Tangential derivatives to equipotential lines vanish in radial flow, and the equation 

93 simplifies to:

∇2𝑢 =
1

𝑟2
∂

∂𝑟(𝑟2 
∂𝑢
∂𝑟) = 0 (2)

94 The general form of the solution is: 

𝑢𝑟 = 𝑎 ‒
𝑏
𝑟 (3)

95 where a and b are constants. If fluid pressures u1 and u2 are known at radial distances r1 and r2, 

96 then the pressure field ur is:

u
r
= u

1
+ (u

2
‒ u

1
)( r

1
‒ 𝑟

r
1

‒ r
2

)r2r (4)

97 The flow rate q [m3/s] can be computed from the flux across a sphere of area 4πr2 when the Darcy 

98 velocity is (k/γ) u/r:

𝑞 =‒ 4 𝜋 𝑟2 𝑘
𝛾𝑤

∂𝑢𝑟

∂𝑟

    = 4 𝜋
𝑘

𝛾𝑤

(𝑢2 ‒ 𝑢1)
1
𝑟1

‒
1
𝑟2

(5)

99 Dissociation Boundary Terminal Radius r*. When the dissociation front stops expanding at the 

100 terminal radius r*, mass conservation implies that the water flow rate is constant across the 

101 boundary r* between the inner hydrate-free sediment qsed (sub-index ‘sed’ for sediment) and outer 
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102 hydrate bearing sediment qhbs (sub-index ‘hbs’ for hydrate bearing sediment):

             at r= r* under steady state𝑞𝑠𝑒𝑑 = 𝑞ℎ𝑏𝑠 (6)

From Equation 5,

(𝑢 ∗ ‒ 𝑢𝑤)𝑘𝑠𝑒𝑑

1
𝑟𝑤

‒
1

𝑟 ∗

=
(𝑢𝑓𝑎𝑟 ‒ 𝑢 ∗ )𝑘ℎ𝑏𝑠

1

𝑟 ∗ ‒
1

𝑟𝑓𝑎𝑟

(7)

103 Then, the terminal radius of the dissociation front r* can be recovered from Equation 7 (Note: 

104 rfar>>r* - Figure 2):

𝑟 ∗ = 𝑟𝑤(1 +
𝑘𝑠𝑒𝑑

𝑘ℎ𝑏𝑠
 

𝑢 ∗ ‒ 𝑢𝑤

𝑢𝑓𝑎𝑟 ‒ 𝑢 ∗ ) (8)

105 The three water pressures involved in Equations 7 and 8 are: the dissociation pressure u* (on the 

106 phase boundary), the production pressure imposed at the well uw, and the water pressure in the far 

107 field ufar (Note: these pressures are selected at the elevation of the well to minimize the effect of 

108 deviations from the original assumption, Δu >> Δhe γw). This expression captures the interplay 

109 between pressures (u*, uw, ufar) and permeabilities (ksed, khbs) in defining the production zone size 

110 r* relative to the effective well size rw.

111

112 Strata-bound Reservoir with Leak-in: Well Normal to the Reservoir

113 General Solution. Consider a layered stratigraphy with a hydrate bearing layer of thickness H 

114 confined between two low-permeability layers of thickness b and permeability k’ [m/s] (Figure 

115 1b). Continuity must take into consideration the contribution of radial flow plus the transverse 

116 flow “leaking-in” from upper and lower layers. Then, mass conservation across an annular ring 

117 surrounding the well at radial distance r with leak-in across its thickness dr requires:
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∂2𝑢

∂𝑟2 +
1
𝑟 

∂𝑢
∂𝑟 ‒

𝑢

𝜆2 = 0 (9)

118 where , and  . The axisymmetric pressure field ur that satisfies Equation 9 𝑢 = 𝑢𝑟 ‒ 𝑢𝑓𝑎𝑟 𝜆 =
𝑘 𝐻 𝑏

2 𝑘'

119 is:

𝑢𝑟 = 𝑢𝑓𝑎𝑟 + 𝐴 𝐼𝑜(𝑟
𝜆) + 𝐵 𝐾𝑜(𝑟

𝜆) (10)

120 This equation is solved for the inner hydrate-free zone (boundary conditions: u= uw at r= rw and 

121 u= u* at r= r*) and the outer boundary hydrate bearing zone (boundary conditions: u= u* at r= r*, 

122 and u= ufar at r= rfar).

123  The flow rate q [m3/s] in each zone is the integral of the flux across a cylindrical surface 

124 area 2πrH with Darcy velocity (k/γ) u/r. In particular, the flow rate for the inner zone (rw ≤ r ≤ 

125 r*) is:

𝑞𝑠𝑒𝑑 =‒ 2 𝜋 𝑟 𝐻 
𝑘𝑠𝑒𝑑

𝛾𝑤
 
∂𝑢𝑟

∂𝑟

        =  
2 𝜋 𝑟 𝐻

𝜆𝑠𝑒𝑑

𝑘𝑠𝑒𝑑

𝛾𝑤
 [ 𝐵𝑠𝑒𝑑 𝐾1( 𝑟

𝜆𝑠𝑒𝑑
) ‒ 𝐴𝑠𝑒𝑑 𝐼1( 𝑟

𝜆𝑠𝑒𝑑
)]

(11)

126 where K1 is the modified hyperbolic Bessel function of the second kind and order one, I1 is the 

127 modified hyperbolic Bessel function of the first kind and order one, the characteristic length is 𝜆𝑠𝑒𝑑

128 , and Ased and Bsed are constants defined as:=
𝑘𝑠𝑒𝑑 𝐻 𝑏

2 𝑘'
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𝐴𝑠𝑒𝑑 =
𝑢 ∗ ‒ 𝑢𝑓𝑎𝑟

𝐼𝑜( 𝑟 ∗

𝜆𝑠𝑒𝑑)
‒

𝐵 𝐾𝑜( 𝑟 ∗

𝜆𝑠𝑒𝑑)
𝐼𝑜( 𝑟 ∗

𝜆𝑠𝑒𝑑)
(12)

𝐵𝑠𝑒𝑑 =

𝑢𝑤 ‒ 𝑢𝑓𝑎𝑟 ‒ (𝑢 ∗ ‒ 𝑢𝑓𝑎𝑟)
𝐼𝑜( 𝑟𝑤

𝜆𝑠𝑒𝑑
)

𝐼𝑜( 𝑟 ∗

𝜆𝑠𝑒𝑑)

𝐾𝑜( 𝑟𝑤

𝜆𝑠𝑒𝑑
) ‒ 𝐾𝑜( 𝑟 ∗

𝜆𝑠𝑒𝑑)
𝐼𝑜( 𝑟𝑤

𝜆𝑠𝑒𝑑
)

𝐼𝑜( 𝑟 ∗

𝜆𝑠𝑒𝑑)

(13)

129 where K0 is the modified hyperbolic Bessel function of the second kind and order zero and I0 is 

130 the modified hyperbolic Bessel function of the first kind and order zero.

131 On the other hand, the axisymmetric pressure field for the outer zone (Equation 10 r ≥ r*) 

132 reduces to:

u
r
= u

far
‒ (u ∗ ‒ u

far) 
K

o(rλ)
K

o(r ∗

λ ) (14)

133 and, the flow rate for the outer zone becomes (r ≥ r*):

qℎ𝑏𝑠 =‒  2 𝜋 𝑟 𝐻 
kℎ𝑏𝑠

γ
w

∂u
r

∂r
(15)
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         =
2 π r H

λℎ𝑏𝑠 
 
kℎ𝑏𝑠

γ
w

(u ∗ ‒ u
far)

K
1( r

λℎ𝑏𝑠
)

K
o( r

∗

λℎ𝑏𝑠
)
 

134 where the characteristic length is .𝜆ℎ𝑏𝑠 =
𝑘ℎ𝑏𝑠 𝐻 𝑏

2 𝑘'

135 Dissociation Boundary Terminal Radius r*. Once again, the water flow rate across the boundary 

136 at r= r* under steady state conditions must be the same qsed= qhbs (Equation 6). Therefore, 

137 combining Equations 11 and 15,

[𝐵𝑠𝑒𝑑 𝐾1( 𝑟 ∗

𝜆𝑠𝑒𝑑) ‒ 𝐴𝑠𝑒𝑑 𝐼1( 𝑟 ∗

𝜆𝑠𝑒𝑑)] = (𝑢 ∗ ‒ 𝑢𝑓𝑎𝑟)
𝑘ℎ𝑏𝑠

𝑘𝑠𝑒𝑑
 

𝐾1( 𝑟 ∗

𝜆ℎ𝑏𝑠)
𝐾𝑜( 𝑟 ∗

𝜆ℎ𝑏𝑠)
(16)

138 The size of the production zone is the value of r* that satisfies this equality. As in the previous 

139 case, this solution explicitly captures the effects of relative permeabilities between the seal layers 

140 and the formation before and after dissociation (Note: the effect of permeability in layer-bound 

141 reservoirs is implicitly explored in a recent numerical study by Chen et al 2017).

142

143 Strata-bound Reservoir with Leak-in: Horizontal Well Embedded in the Reservoir

144 General Solution. The layered formation is the same as in the previous case but the well has been 

145 drilled parallel to the layers along the center of the reservoir for a length L >> H (Figure 1c). Mass 

146 conservation across a slice of the reservoir of thickness dx with leak-in from upper and lower 

147 aquitards results in:
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∂2𝑢

∂𝑥2 ‒
𝑢

𝜆2 = 0 (17)

148 where , and the characteristic length is  . The pressure field ux that satisfies 𝑢 = 𝑢𝑥 ‒ 𝑢𝑓𝑎𝑟 𝜆 =
𝑘 𝐻 𝑏

2 𝑘'

149 Equation 17 is

u
x
= u

far
+ 𝐴 e

(xλ)
+ 𝐵 e

( ‒
x

λ) (18)

150 where A and B are constant. As in previous cases, this equation is solved for the inner hydrate-free 

151 zone (with λsed in terms of k= ksed) and the outer boundary hydrate bearing zone (with λhbs in terms 

152 of k= khbs). 

153 The Darcian flow rate qsed in the inner zone is (inner zone x ≤ x*, but at a distance x such 

154 that rw << x ≤ x* to avoid local radial flow effects near the well)

𝑞𝑠𝑒𝑑 =‒ 2 𝐿 𝐻
𝑘𝑠𝑒𝑑

𝛾𝑤
 
∂𝑢𝑥

∂𝑥

        =
2 𝐿 𝐻
 𝜆𝑠𝑒𝑑

𝑘𝑠𝑒𝑑

 𝛾𝑤 [𝐴𝑠𝑒𝑑 𝑒
( 𝑥
𝜆𝑠𝑒𝑑

)
‒ 𝐵𝑠𝑒𝑑 𝑒

( ‒
𝑥

𝜆𝑠𝑒𝑑
)]

(19)

155 and the constants Ased and Bsed are:

𝐴𝑠𝑒𝑑 =‒ 𝑢𝑓𝑎𝑟[2 + 𝑒
( 𝑥 ∗

𝜆𝑠𝑒𝑑)] ‒ 𝑢 ∗ ‒ 𝑢𝑤[𝑒( 𝑥 ∗

𝜆𝑠𝑒𝑑)
‒ 1] (20)

𝐵𝑠𝑒𝑑 = 𝑢 ∗ ‒ 𝑢𝑓𝑎𝑟 ‒ (𝑢𝑤 ‒ 𝑢𝑓𝑎𝑟)𝑒
( 𝑥 ∗

𝜆𝑠𝑒𝑑) (21)

156 For the outer zone, Equation 18 simplifies to (x > x*) 
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𝑢𝑥 = 𝑢𝑓𝑎𝑟 ‒ (𝑢 ∗ ‒ 𝑢𝑓𝑎𝑟) 𝑒
(𝑥 ∗ ‒ 𝑥

𝜆ℎ𝑏𝑠 ) (22)

157 and the flow rate qhbs in the outer zone becomes (x > x*):

qℎ𝑏𝑠 =‒ 2 𝐿 𝐻 
kℎ𝑏𝑠

γ
w

 
∂u

x

∂x

         =
2 L H

 λℎ𝑏𝑠
  
kℎ𝑏𝑠

γ
w

(ufar
‒ u

∗ ) e
(x ∗ ‒ 𝑥

λℎ𝑏𝑠
) (23)

158 Dissociation Boundary Terminal Size x*. The water flow rate in the inner and outer zones must be 

159 equal qsed= qhbs when x= x*. Then, Equations 19 and 23 predict:

[ 2 𝑢𝑓𝑎𝑟

(𝑢𝑓𝑎𝑟 ‒ 𝑢 ∗ ) 𝑒
( 𝑥 ∗

𝜆𝑠𝑒𝑑)
+

(𝑢𝑓𝑎𝑟 ‒ 𝑢𝑤)

(𝑢𝑓𝑎𝑟 ‒ 𝑢 ∗ )(𝑒
( 𝑥 ∗

𝜆𝑠𝑒𝑑)
‒ 𝑒

(2𝑥 ∗

𝜆𝑠𝑒𝑑)) ‒  2 𝑐𝑜𝑠ℎ(𝑥 ∗ )] =  
𝑘ℎ𝑏𝑠

𝑘𝑠𝑒𝑑
(24)

160 The terminal position of the dissociation front is the value of x* that satisfies Equation 24.

161

162 Discussion

163 Governing dimensionless ratios - Trends. Solutions for spherical, and layer-bound flow anticipate 

164 that the size of the production zone increases (Equations 8, 16 and 24; refer to Figure 2 for the 

165 simpler spherical case): (1) when the initial pressure is close to the phase boundary (ufar–u*)→0, 

166 (2) when high depressurization is imposed at the well, i.e., large ufar–uw (in agreement with 

167 experimental evidence in Yang et al., 2017), (3) in sediments with high hydrate saturation ksed/khbs 

168 >>1 (see permeability effects in Zhao et al., 2016), (4) in tight aquitard layers ksed/k’>>1, and (5) 

169 in thick reservoirs bound between thick aquitard layers, H·b/rw
2>>1. 
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170

171 Effective well size. Spherical and axisymmetric cases show a proportionality between the size of 

172 the production zone r* and the effective well size rw (Figure 2 – Note: the effect of well size is 

173 absent in the solution far from the well x* >> rw adopted for the strata-bound well embedded in 

174 the reservoir). Therefore, well completions that involve enlarged sand packs around the screen 

175 extend the production zone r*. We consider that rw is the size of the highly pervious zone around 

176 the well where the fluid pressure remains relatively constant u ≈ uw.

177

178 Comparison with numerical simulators. The analysis conducted here is for steady-state conditions 

179 at the end of gas production. Figure 3 compares published production zones r* estimated from 

180 numerical simulations run until quasi-stable conditions and terminal radius r* values obtained 

181 using the proposed analytical solutions for layered stratigraphy with normal well (Equation 16). 

182 Numerical values are in good agreement with analytical predictions for layered stratigraphy; 

183 deviations reflect differences in boundary conditions and incomplete simulation time for long-term 

184 steady state at the end of dissociation. A targeted evaluation based on the Code-BRIGHT simulator 

185 shows full agreement with the analytical solution (Case: well normal to strata-bound reservoir with 

186 leak-in – Sanchez 2017, Personal communication).

187

188 Field conditions. Evolving field conditions are complex as the decrease in pore water pressure 

189 causes an increase in the sediment effective stress; hence, the sediment compacts and its 

190 permeability ksed decreases. Analyses using the close form solutions presented here should 

191 consider ultimate sediment parameters ksed and k’. 

192
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193 Embodied Energy - Economics. The embodied energy EE [J] in recoverable gas is computed from 

194 the energy density of methane gas Ed= 46 MJ/kg, or of hydrate Ed= 4.8 MJ/kg (Hermann, 2006). 

195 For a hydrate bearing sediment with porosity n and hydrate saturation Shyd, the embodied energy 

196 in a producible volume V is:

EE = ε n Shyd V Ed ρhyd (25)

197 where the producible volume is a function of the size of the produced zone, either r* for spherical 

198 (Equation 8) and axisymmetric geometries (Equation 16), or x* for the case of the well embedded 

199 in the layered reservoir (Equation 24). The recovery efficiency ε depends on capillary effects in 

200 the sediment and it is a function of pore size distribution and connectivity. The maximum gas 

201 recovery efficiency is:

ε =
β ‒ 1

β ‒ 0.79 (26)

202 where the fluid expansion factor β depends on the extent of depressurization (Jang and 

203 Santamarina 2011). Values for reservoirs listed in Table 1 range between β= 1.3 and β= 4, which 

204 corresponds to efficiencies between ε= 0.58 and ε= 0.93 respectively. Finally, the monetary value 

205 of a well MV [$] combines the embodied energy EE and the price of energy PE [$/J], MV= PE·EE, 

206 and it should outweigh the installation/production cost, PC [$/well].

207 Let’s consider an advantageous case for production. It consists of a H= 5 m thick reservoir, 

208 at an initial fluid pressure ufar= 12 MPa and a temperature such that the pressure on the phase 

209 boundary is u*= 8 MPa. The reservoir is bound by two b= 1 m thick aquitards. The effective well 

210 size is assumed to be rw= 0.5 m (see discussion on effective well size above) so that the geometric 

211 ratio is H·b/rw
2= 20. Hydraulic conductivities in the hydrate-free sediment ksed, hydrate bearing 

212 sediment khbs and aquitard k’ result in relative ratios khbs/k’= 102 and ksed/khbs= 102. The fluid 
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213 pressure at the well is lowered to uw= 4 MPa. Then, the ultimate size of the production zone is r*= 

214 85 m (Equation 16). If the reservoir has a porosity n= 0.35, and a degree of hydrate saturation Shyd= 

215 0.7, the total embodied energy will be EE= 108 MJ (assumes energy density of hydrate Ed= 4.8 

216 MJ/k; hydrate mass density ρhyd= 920 kg/m3; the gas recovery efficiency computed for the target 

217 depressurization pressure is ε= 0.83). Drilling and operation costs would have to be PC= 100,000 

218 US$ per well to break even in a market situation where the price of energy is PE= 0.008 US$/MJ 

219 (based on an oil price ~50 $/bbl). This result highlights the need for innovative production 

220 strategies in order to make hydrate accumulations an economically viable energy resource. 

221

222 Production strategy. Figure 4 shows a comparison of geometric effects for the same reservoir 

223 characteristics used for the previous example. The well pressure uw is varied from 0 to 8 MPa. The 

224 advantage of a directional well drilled along the reservoir is evident: the produced zone is more 

225 than twice wider than in the case of a well normal to the reservoir (x*= 2.2 r*), and the produced 

226 volume scales linearly with the length of the well along the reservoir L. 

227

228 Shallow seafloor reservoirs. Directional wells may be drilled into shallow seafloor reservoirs by 

229 adapting on-shore “horizontal directional drilling” HDD technology developed for urban utilities. 

230 Alternatively, a multi-wellpoint seafloor dewatering installation may prove effective for shallow 

231 accumulations (see experiments in Wang et al., 2015).

232
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233 Conclusions

234 During depressurization, the dissociation front advances away from the well until it reaches 

235 a terminal radius/distance where the fluid pressure is back inside the stability field (Note: a similar 

236 observation applies to thermally driven dissociation). The analysis of steady state flow at the 

237 terminal condition avoids the complex analysis of coupled processes involved in production rate 

238 studies. 

239 Solutions for the terminal radius/distance presented in this manuscript apply to 

240 disseminated pore-filling hydrates (i.e., sandy sediments) in either homogeneous reservoirs with 

241 spherical radial flow or layered reservoir with strata-bound flow. 

242 Analytical solutions explicitly show the interplay between dimensionless ratios defined by 

243 (1) the terminal radius/distance and the effective well diameter or strata-bound reservoir geometry,  

244 (2) the relative permeabilities of the sediment with and without hydrates and the permeability of 

245 the seal layer, and (3) the extent of depressurization at the well relative to the pressure at the phase 

246 boundary and in the far field. 

247 Mathematical solutions clearly show that the size of the production zone or terminal 

248 radius/distance increases when the in situ fluid pressure is close to the phase boundary,  when high 

249 depressurization is imposed at the well, in sediments with high hydrate saturation, in tight aquitard 

250 layers, and in thick reservoirs bound between thick aquitard layers. The dissociation distance 

251 increases when wells are drilled along the reservoir horizon; then, the affected volume is 

252 proportional to the length of the well in the formation.

253 Close form solutions for the terminal radius/distance allow for expeditious cost-analyses. 

254 Results highlight the need for innovative production strategies in order to make hydrate 

255 accumulations an economically viable energy resource. Horizontal directional drilling and multi-
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256 wellpoint seafloor dewatering installations may lead to economically viable production strategies 

257 in shallow coarse-grained seafloor reservoirs. 

258
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3 Figure 1. Reservoir characteristics and flow conditions. Well radius rw in hydrate bearing sediment 

4 layer thickness H and permeability khyd before dissociation and ksed after dissociation. Aquitard 

5 permeability k’ and thickness b. Fluid pressure at the well uw, at the phase boundary u* and in the 

6 far field ufar. Terminal size of the dissociation front in radial r* or parallel x* flow. 
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Figure 2. Spherical dissociation front in homogeneous medium under radial flow. Relationship 

between the terminal dissociation radius normalized by the well size r*/rw as a function of the 

relative permeability between the hydrate-free and hydrate-bearing sediment ksed/khyd. Trends 

shown for different relative depressurization values (u*-uw)/(ufar-u*) where uw= well water 

pressure, u*= dissociation pressure, and ufar= far field water pressure.
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Figure 3. Terminal size of the dissociation front computed using numerical simulators (values 

recovered from the literature) and estimated values using the closed-form solution for the strata-

bound reservoir with leak-in conditions when the well is normal-the reservoir. Cases: (1) Mallik, 

Canada (Moridis et al. 2002); (2) Shenhu, China (Su et al. 2012); (3) Hypothetical case (Konno et 

al. 2010); (4) Hypothetical case (Moridis et al. 2007); (5) Mt. Elbert, Alaska (Moridis et al. 2011).
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Figure 4. Terminal size of the produced zone for the reservoir geometries and flow conditions 

analyzed here (Refer-Figure 1). For a given depressurization, the horizontal well embedded in the 

reservoir will lead to a larger production zone, i.e., x*>r*. In this example, the horizontal well can 

cause dissociation to a distance 2.2 times larger than a well normal the reservoir. Parameters used 

for these simulations: khbs/k’= 102, H·b/rw
2= 20, ksed/khbs= 100, H= 5 m and rw= 0.5 m; ufar= 12 MPa 

and u*= 8 MPa. The well pressure varies from 0-8 MPa. 
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1 Table 1: Characteristics of hydrate accumulations considered for gas extraction and estimated volumes of gas in place (at standard 

2 pressure and temperature). Note that the amounts of gas in place, technically recoverable gas and economically recoverable gas are 

3 frequently revised.

4

Location
Estimated 

Gas at STP
[m3]

 Fluid 
Pressure 

ufar [MPa]

Intrinsic 
Permeability

K

Initial 
Temperature 

To [K]

Sediment 
Porosity

n

Hydrate 
Saturation

Shyd

Layer 
Thickness 

H [m]

Recovery 
Efficiency 

ε (7)

Mallik (Canada) 3x109
 
(1) 10 (1) 10-14 m2 (1) 285 (1) 0.28 (1) 0.5 (1) 10-20 (1) 0.82-0.90

Gulf of Mexico (USA) 6x1014 (2) 20-30 (7) 1000 mD (8) 277-290 (7) 0.3-0.64 (8) 0.1-0.8 (8) 200 (8) (**) 0.65-0.93

Mount Elbert (Alaska, USA) 4x109 (2) 6 (9) 10-12 m2 (9) 275 (9) 0.4 (9) 0.65 (9) 11 (9) 0.87-0.90

Blake Ridge (Atlantic, USA) 5x1012 (13) 30-35 (13) ND 275-290 (7) 0.57 (13) 0-0.2 (13) 250 (13) 0.58-0.93

Hydrate Ridge (Pacific, USA) 2.3x1014 (2) 10-12 (7,12) ND 285 (12) 0.6 (14) 0.3-0.4 (12) 10 (12) 0.79-0.82

Krishna-Godavari (India) 109 (6) 15 (6,7) ND 279 (6) 0.6-0.7 (6) 0.04 (6) 180 (6) 0.79-0.90

Shenhu Area (China) 109 (5) 11 (10) 10-14 m2 (10,15) 287 (10) 0.38 (10) 0.3 (10,15) 10 (10) 0.82-0.90

Ulleung Basin (South Korea) 1015-1018 (3) 23 (3) 10-13 m2 (3) 289 (3) 0.45-0.65 (3) 0.3-0.7 (3) 20 (3) 0.70-0.90

Nankai Trough(Japan) 5.6x1011 (4) 9-13 (11) 0.1-1000 mD (11) 287 (11) 0.3-0.4 (11) 0.1-0.95 (11) 70-100 (11) 0.70-0.93

5

6 References: 
(1) Moridis et al., (2002); (2) BOEM report (2012); (3) Moridis et al., (2013); (4) Fujii et al (2013); (5) Wu et al. (2010); (6) 

7 Shankar and Riedel (2011); (7) recovery efficiency based on equations presented in Jang and Santamarina, 2011; (8) Myshakin et al. 
8 (2012); (9) Moridis et al. (2011); (10) Su et al (2012); (11) Kurihara et al. (2009); (12) Trehu et al. (2004); (13) Collett and Ladd, 2000; (14) 
9 Suess et al. (2001); (15) Huang et al. (2015). Note: ufar= water pressure in the far field, K= intrinsic permeability of the sediment (units: 

10 as published), To= initial reservoir temperature, n= porosity, Shyd= hydrate saturation, H= hydrate layer thickness; (**) Layers of 10 m 
11 over 200 m thick reservoir


