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Abstract: Natural gas hydrates are widely recognized as a promising alternative to 16 

conventional fossil fuels. During depressurization, production efficiency gradually 17 

declines due to mass and heat transfer limitations within the maximum recoverable zone. 18 

This study integrates analytical solutions with numerical simulations to quantitatively 19 

evaluate production efficiency decline and identify high- and low-efficiency 20 

dissociation zones. Several indicators are proposed to characterize the effective 21 

production duration and the high-efficiency production zone in horizontal well 22 

depressurization. A stratified weighted average method is developed to extend the 23 

analytical model, enabling consideration of geothermal and pressure gradients as well 24 

as horizontal well configurations. By analyzing the mass and heat transfer 25 

characteristics of different reservoir types and well configuration strategies, optimal 26 

well configurations are recommended. The recoverable zone with enhanced 27 

permeability and the critical well length required for commercial production in the 28 

South China Sea hydrate reservoir are predicted. Results show that placing the 29 

horizontal well in the middle gas hydrate-bearing layer (GHBL) promotes long-term 30 

production and yields a higher gas water ratio. During hydrate exploitation through 31 

horizontal well depressurization, the recovery factor (Rout) varies slightly with 32 

permeability (0.18-0.21). However, with sufficient heat supplementation, Rout increases 33 

markedly and continues to rise with increasing permeability. Therefore, a combined 34 

strategy of permeability enhancement and heat injection is recommended for 35 

commercial exploitation. Energy return on investment (EROI) analysis indicates 36 

maximum economic efficiency when the GHBL permeability reaches 144 mD; however, 37 

considering fracturing costs, targeting permeability below this value is advisable. These 38 

findings provide theoretical guidance for optimizing gas hydrate production via 39 

depressurization. 40 

 41 

Keywords: Hydrate-bearing sediments; Horizontal well depressurization; Recovery 42 

efficiency; Maximum recoverable gas; Quantitative analysis; South China Sea 43 



1 
 

1 Introduction 44 

Natural gas hydrates (NGHs) are widely distributed in terrestrial permafrost and 45 

shallow submarine sediments (Sloan et al., 2007). Characterized by high energy density 46 

and vast global reserves—estimated to exceed the total organic carbon of all proven 47 

fossil fuels—NGHs are recognized as a promising clean energy alternative to 48 

conventional petroleum and coal (Moridis et al., 2011; Dong et al., 2024). Among 49 

various exploitation technologies, depressurization is generally considered the most 50 

feasible for field-scale application due to its operational simplicity and low energy 51 

consumption (Li et al., 2016). Field production tests in the Nankai Trough and the 52 

Shenhu area have validated the technical feasibility of this method, demonstrating that 53 

horizontal wells yield significantly higher productivity than vertical wells (Yamamoto 54 

et al., 2014, 2019; Ye et al., 2018, 2020; Moridis et al., 2009; Feng et al., 2019; Zhao 55 

et al., 2023). Nevertheless, the achieved production levels remain well below the 56 

commercialization threshold for hydrate exploitation of 2.0 × 105 m3/d (Wu et al., 2021; 57 

Pang et al., 2022; Wu et al., 2022). 58 

The production capacity of NGHs is largely constrained by the mass and heat 59 

transfer conditions within the reservoir. To enhance gas production efficiency, extensive 60 

studies have been carried out on reservoir type selection, exploitation scheme 61 

optimization (Li et al., 2021; Lv et al., 2022; Wei et al., 2022; Cheng et al., 2023; Ge 62 

et al., 2023; Sun et al., 2024; Qin et al., 2025), and reservoir stimulation. Numerical 63 

simulations have revealed that coupled production from the hydrate layer and the 64 

underlying free gas layer (Wei et al., 2022; Lv et al., 2022; Cheng et al., 2023) and 65 

optimized well configuration (Ge et al., 2023) can significantly enhance productivity. 66 

Furthermore, commercial potential is verified through laboratory experiments and in-67 

situ numerical simulations (Ye et al. 2025). Despite these optimizations, studies have 68 

indicated that commercial exploitation remains challenging in low-permeability 69 

reservoirs when relying solely on methods like depressurization or thermal stimulation 70 

(Yu et al., 2021; Shang et al., 2022). Emerging technologies such as microwave heating 71 
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(Fan et al., 2025; Zhang et al., 2026), novel gas injection methods (Kan et al., 2025) 72 

and hydraulic fracturing have been explored to overcome these limitations. Regarding 73 

fracturing, the effect of fracture parameters, including permeability, spacing, length 74 

(Zhong et al., 2021; Mao et al., 2023; Zhang et al., 2024; Li et al., 2025), fracture dip 75 

(Sun et al., 2019; Mu et al., 2025), and morphology (Xu et al., 2023) on gas production 76 

performance under horizontal well depressurization have been investigated. 77 

Furthermore, recent studies utilizing coupled geomechanical models have simulated the 78 

dynamic propagation process of fractures, revealing the complex interaction between 79 

fracture network evolution and hydrate dissociation (Huang et al., 2024; Cheng et al., 80 

2025). In addition, combining reservoir stimulation with burden sealing has been 81 

proven effective to mitigate seawater intrusion. Numerical and field-based studies 82 

indicate that this integrated approach can significantly enhance gas recovery while 83 

controlling water production (Li et al., 2021; Sun et al., 2024; Qin et al., 2025). In 84 

summary, previous studies on hydrate exploitation have mainly focused on gas 85 

production performance under single or multiple enhancement methods. However, the 86 

coupled mechanisms of hydrate dissociation with mass and heat transfer have received 87 

limited attention. Moreover, quantitative investigations into the effects of reservoir type 88 

and well configuration on production efficiency remain relatively insufficient. 89 

From a mass transfer perspective, analytical solutions have been established to 90 

estimate the maximum recoverable zone and determine optimal well spacing for 91 

horizontal well systems (Terzariol et al., 2017; Terzariol and Santamarina, 2021). To 92 

capture the time-dependent characteristics, semi-analytical Inflow Performance 93 

Relationship (IPR) models have been developed to forecast dynamic production rates 94 

(Lu et al., 2018; Zhang et al., 2022). While such approaches are effective for forecasting 95 

temporal production trends and total wellhead rates, they inherently prioritize the 96 

overall system performance over the spatial evolution of hydrate dissociation. As shown 97 

in Fig. 1, during the depressurization of NGHs, a large pressure drop and strong 98 

dissociation driving force occur in the near-wellbore zone, forming a high-efficiency 99 
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dissociation zone. In contrast, in zones far from the wellbore, the pressure drop 100 

transmission attenuates, heat supply becomes limited, and the hydrate dissociation rate 101 

decreases significantly (Yang et al., 2016; Cheng et al., 2024), forming a slow 102 

dissociation zone. After a sufficiently long period of exploitation, the seepage flow 103 

tends to stabilize, the temperature gradually returns to its initial state, and the hydrate 104 

dissociation boundary ceases to advance; this final zone is defined as the maximum 105 

recoverable zone. Establishing criteria for identifying the high-efficiency dissociation 106 

zone under different reservoir conditions is essential. Such criteria enable the 107 

quantitative evaluation for depressurization production efficiency, thereby improving 108 

the assessment of single-well production performance and the optimal design of 109 

enhancement measures. Currently, research focusing on the quantitative identification 110 

of these critical zones remains limited. 111 

The evolution of gas production potential and production efficiency during hydrate 112 

depressurization is affected by multiple factors, including reservoir properties and 113 

reservoir types. However, existing studies lack a unified and effective evaluation 114 

method as well as a systematic quantitative analysis approach. This study extends the 115 

analytical solution for the maximum recoverable zone of horizontal well 116 

depressurization by incorporating evolution of productivity and complex field 117 

conditions. Evaluation indicators for high-efficiency production duration and high-118 

efficiency production zone are proposed. The effects of geothermal and pressure 119 

gradients, well configuration, reservoir types, and reservoir properties are 120 

systematically investigated, and the validity of the proposed approach is verified 121 

through comparison with numerical simulations. This study analyzes the 122 

depressurization production of the hydrate reservoir in the Shenhu area of the South 123 

China Sea via numerical simulation, guided and verified by the analytical solutions. 124 

The enhancement effects under various permeability improvement conditions are 125 

evaluated, and the threshold conditions for achieving commercial exploitation are 126 

determined. This work provides a theoretical method for assessing the gas production 127 
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potential of a single horizontal well and offers important implications for hydrate 128 

development. 129 

 130 

2 Methodology 131 

Hydrate exploitation involves processes such as hydrate dissociation, skeleton 132 

deformation, gas-liquid migration, and heat transfer. The model is established under the 133 

following assumptions: (1) heat transfer occurs through both conduction and advection; 134 

(2) Darcy’s law and Fick’s law are applied to describe the seepage and diffusion of pore 135 

water and dry air, respectively; (3) hydrate dissociation rate is governed by the Kim-136 

Bishnoi kinetic dissociation model, where no NGH secondary formation or ice 137 

formation occurs during the dissociation process (see Fig. C-1). Accordingly, the 138 

governing equations used are as follows: 139 

2.1 Governing equations 140 

2.1.1 Mass balance equations 141 

Considering dissolved methane in liquid phase and water vapor in gas phase, the 142 

mass balance equations for methane and water are given as follows (Sanavia et al., 2006; 143 

Teymouri et al., 2020):  144 

ds
dt
∑ Nαφαxα

c
α=L, G + ∇ ∙ ∑ �Nαxαcqα+NαJαc� + ∑ Nαφαxα

c
α=L, G ∇∙ dsu

dt
= qc

Mc
 α=L, G     (1) 145 

where ds
dt

 is the material time derivative following the solid skeleton, α represents the 146 

liquid (L) or gas phase (G), c denotes water (w) or methane (m), Nα refers to the molar 147 

density of phase α, φα stands for the volumetric fraction of phase α, xαc  is the component 148 

c molar fraction in phase α, u indicates the displacements, qc signifies the source/sink 149 

term of component c, which can be determined by hydrate dissociation, and Mc 150 

represents the molar mass for component c. qα corresponds to the velocity of advective 151 

part for phase α, Jαc  symbolizes the flux of diffusive part for phase α. qα follows Darcy’s 152 

law and Jαc  obeys Fick’s law respectively:  153 
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qα= −
Kkrα
μα
�∇pα − ραg�                                              (2a) 154 

Jαc= − φα
τα

Dα
c∇xαc                                                     (2b) 155 

where μα is the viscosity of phase α, g represents the gravity constant, Dα
c  stands for the 156 

diffusion coefficient of c in phase α, and pα refers to the pore pressure of phase α. ρα 157 

signifies the density of phase α, τα symbolizes tortuosity of phase α. 158 

2.1.2 Energy conservation equation 159 

The local thermal equilibrium (LTE) assumption is adopted here, as low fluid 160 

velocities in unfractured porous media allow sufficient inter-phase heat exchange 161 

(Gamwo and Liu, 2010; Liao et al., 2022), though its applicability typically excludes 162 

hydraulic fracturing or external heating scenarios (Shan et al., 2024). Based on this LTE 163 

assumption, the total energy conservation over all phases is governed by (Sanavia et al., 164 

2006; Teymouri et al., 2020): 165 

ds
dt
∑ �𝜌𝜌αUαφα�α=L,G, H, S + ∇·Jc + ∇·∑ �ραHαqα�α=L,G = qE               (3) 166 

where Uα is the specific internal energy for phase α, Hα refers to the specific enthalpy 167 

energy for phase α, qE represents the energy source/sink term, which can be calculated 168 

by hydrate dissociation, and Jc  indicates the heat conduction flux, which is usually 169 

described by Fourier’s law: 170 

Jc = −kT∇T                                                         (4) 171 

where kT  is the equivalent heat conductive coefficient, usually formulated as kT = 172 

kTdry+(√sL + √sH)�kTsat − kTdry� (White et al., 2020). 173 

2.1.3 Momentum balance equation 174 

Neglecting the inertial forces, the linear momentum equation considering gravity 175 

for all phases reads as follows (Sanavia et al., 2006; Teymouri et al., 2020): 176 

∇· �σ' − SLpL+SGpG
SL+SG

𝟏𝟏� + ∑ �𝜌𝜌αφα�α=L,G, H, S g = 𝟎𝟎                         (5) 177 

where ∇ is the Nabla operator, σ' represents the effective stress tensor, which can be 178 

expressed as: 179 



6 
 

σ' = De:(ε− εT) = De: ∇u+∇Tu
2

− De:𝟏𝟏 βs
3

(T − T0)                         (6) 180 

where 𝟏𝟏 is the second-order identity tensor, De denotes the elasticity tensor, ε indicates 181 

the total strain tensor, εT  is the thermal strain tensor, βs  symbolizes the volumetric 182 

thermal expansion coefficient of solid phase, T0 represents the initial temperature. 183 

2.1.4 Gas hydrate kinetic model 184 

There are several dissociation models based on pure hydrates, including the 185 

equilibrium equation (Kowalsky and Moridis, 2007), the quasi-kinetic equation 186 

(Sánchez et al., 2018), and the kinetic dissociation equation (Kim et al., 1987). Among 187 

these, the Kim-Bishnoi kinetic dissociation model is widely recognized and frequently 188 

employed for characterizing the kinetic reaction process of hydrates:  189 

Rr = −K0exp (∆𝐸𝐸
𝑅𝑅𝑅𝑅

)As(pe − pG)                                        (7a) 190 

pe = −cEexp (aE𝑇𝑇𝑏𝑏E)                                              (7b) 191 

As = As0𝜑𝜑SH                                                     (7c) 192 

where Rr is the amount of substance of hydrates per unit volume, 𝐾𝐾0 indicates intrinsic 193 

kinetic dissociation constant, Δ𝐸𝐸 represents the activation energy, 𝑅𝑅 refers to the ideal 194 

gas constant, 𝑇𝑇 denotes temperature, pe is equilibrium pressure, 𝑎𝑎E, 𝑏𝑏E, and 𝑐𝑐E signifies 195 

the coefficients related to equilibrium pressure, 𝐴𝐴s stands for the specific surface area 196 

of dissociation, 𝐴𝐴s0 denotes the initial specific surface area of dissociation, 𝜑𝜑 is porosity, 197 

and 𝑠𝑠H represents hydrate saturation. 198 

Based on the aforementioned equations, a multi-field coupling model for hydrate 199 

exploitation has been established and solved using the OGS-Hydrate numerical model 200 

developed by Ye et al. (2022) based on the open-source finite element software 201 

OpenGeoSys (Kolditz et al., 2012; Bilke et al., 2019). The key procedure is as follows 202 

(Ye et al., 2022, 2023): (1) the hydrate kinetic reaction equation is used to solve for the 203 

hydrate reaction rate, obtaining the rates of gas production, water production, and heat 204 

absorption, which are then coupled with the source/sink terms for mass and energy; (2) 205 

in the local, the Nonlinear Complementarity Problem (NCP) method is introduced to 206 
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accurately solve the process of gas-liquid phase appearance and disappearance. The 207 

reliability of this coupling strategy has been rigorously verified against the numerical 208 

benchmark for the THM process (Schrefler et al., 1995) and the experimental data of 209 

NGH dissociation (Masuda et al., 1999) in the previous studies (Ye et al., 2022). In the 210 

global, the Domain Decomposition Method (DDM) is employed to achieve high-211 

performance parallel computing. Furthermore, systematic uncertainty analyses based 212 

on the second international gas hydrate code comparison study (IGHCCS2) benchmark 213 

demonstrate that the long-term production behavior is robust against variations in 214 

thermal conductivity and intrinsic dissociation rates (See Fig. C-2 in Appendix C). 215 

Meanwhile, pore water compressibility is strictly accounted for in the coupled 216 

simulations to accurately confine the spatial extent of reservoir deformation (Ye et al., 217 

2023). 218 

 219 

2.2 Production assessment via horizontal well depressurization 220 

2.2.1 Maximum recoverable zone of a horizontal well 221 

During NGH depressurization-based exploitation, the gas-liquid seepage 222 

gradually reaches a steady state. Once the hydrate dissociation boundary ceases to 223 

expand, the maximum recoverable zone is reached. This zone determines the 224 

recoverable gas, and affects the production efficiency and ultimate gas recovery. 225 

Terzariol et al. (2017) derived an analytical solution for the maximum recoverable zone 226 

under single horizontal well depressurization, expressed as follows (the detailed 227 

derivation is provided in Appendix A): 228 

�2�
𝑃𝑃far−𝑃𝑃w
𝑃𝑃far−𝑃𝑃e

�𝑒𝑒
�𝑟𝑟w−𝑥𝑥∗
𝜆𝜆sed

�
−𝑒𝑒

�−2𝑥𝑥
∗−𝑟𝑟w
𝜆𝜆sed

�
−1�

1−𝑒𝑒
�−2𝑥𝑥

∗−𝑟𝑟w
𝜆𝜆sed

�
= �𝑘𝑘hbs

𝑘𝑘sed
                               (8) 229 

where Pfar is the fluid pressure in the far field, Pw represents the fluid pressure at the 230 

well, Pe refers to the fluid pressure at the phase boundary, ksed stands for sediment 231 

permeability without hydrates, khbs indicates the hydrate-bearing sediment permeability, 232 

k’ symbolizes the burden permeability, x* denotes the terminal hydrate dissociation 233 
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boundary distance, i.e., the maximum recoverable zone, b corresponds to the burden 234 

thickness, H is the gas hydrate-bearing layer (GHBL) thickness, 𝜆𝜆sed  is the 235 

characteristic length, usually formulated as 𝜆𝜆sed = �𝑘𝑘sed𝐻𝐻𝐻𝐻  2𝑘𝑘′⁄ . 236 

2.2.2 Analytical extension for reservoir gradients and well configuration  237 

The assumptions of the aforementioned analytical solution for the maximum 238 

recoverable zone deviate from actual reservoir conditions. In actual reservoirs, the 239 

properties of the overburden (OB) and underburden (UB) are often different; the 240 

geothermal gradient and gravity cause non-uniform distribution of geothermal and 241 

pressure in the reservoir; furthermore, the horizontal well may not be located at the 242 

center of the GHBL. Aiming to better reflect the influence of these actual conditions, 243 

this study introduces a stratified weighted average method to further extend the 244 

application scope of the above analytical solution. Under this framework, the maximum 245 

recoverable zone can be defined as: 246 

𝑥𝑥∗ = 𝑥𝑥up∗ 𝑤𝑤up+𝑥𝑥down
∗ 𝑤𝑤down

𝑤𝑤up+𝑤𝑤down
                                         (9a) 247 

𝑤𝑤𝑖𝑖 = 1 − 𝑛𝑛m𝑖𝑖
∑ 𝑛𝑛m𝑖𝑖𝑖𝑖=up,down

                                          (9b) 248 

where x* denotes the analytically predicted maximum recoverable zone, w stands for 249 

the weight of natural gas reserves, n is the molar amount of natural gas in the 250 

corresponding zone, the subscript up represents the upper part of the reservoir, the 251 

subscript down indicates the lower part of the reservoir, the subscript m is natural gas, 252 

the subscript i symbolizes different parts of the reservoir (i stands for up or down). The 253 

validation of this method and the detailed discussion regarding these influences will be 254 

presented in Section 3.2. 255 

 256 

2.2.3 High-efficiency production duration/Evaluation metric for production efficiency 257 

During the depressurization exploitation of NGHs, the gas production efficiency 258 

gradually decays over time. Therefore, accurately evaluating the high-efficiency 259 

production duration is of great significance for optimizing production schemes and 260 
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improving overall recovery performance. In this study, the analytical solution is 261 

employed to determine the recoverable methane gas reserves in a system involving a 262 

horizontal well. The ratio of cumulative gas production to these recoverable reserves is 263 

defined as the recovery factor, serving as an indicator of the efficiency of the 264 

depressurization process: 265 

𝑅𝑅out = 𝑉𝑉p
𝑉𝑉Total

                                                        (10) 266 

where Rout is the recovery factor, VP represents the cumulative gas production, VTotal 267 

refers to the recoverable methane gas reserves, obtained from Equation (8). By 268 

dynamically tracking the evolution of Rout during the numerical simulations, a specific 269 

threshold can be identified to demarcate the high-efficiency production stage. The 270 

detailed determination of this duration and the corresponding dynamic behavior of Rout 271 

will be discussed in Section 3.3. 272 

 273 

2.3 Numerical model 274 

The second hydrate production test of China in 2020 is located on the northern 275 

continental slope of the Baiyun Sag in Pearl River Mouth Basin, South China Sea. 276 

Logging data from well GMGS6-SH02 reveal that the region consists of an overburden 277 

(OB), a gas hydrate bearing layer (GHBL), a three-phase layer (TPL), a free gas layer 278 

(FGL), and an underburden (UB) (Ye et al., 2020). To investigate the effects of reservoir 279 

types on depressurization performance, numerical models were developed for three 280 

representative reservoir types (Wang et al., 2023) and the second production test case. 281 

The reservoir schematics and horizontal well configurations for these models are 282 

illustrated in Fig. 2. 283 

The Class Ⅰ, Class Ⅱ and Class Ⅲ reservoir models measure 149.2 m × 100 m. 284 

Among them, the GHBL has a thickness of 70.2 m, the FGL/FWL is 19 m thick. The 285 

horizontal wells are positioned 17.55 m, 35.1 m, and 52.65 m below the top of the 286 

GHBL, denoted by the subscripts upper, middle, and lower, respectively. The second 287 
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production test reservoir model measures 149.2 m × 600 m. The horizontal well length 288 

is 280 m, located in the middle of the TPL and the GHBL. The top and bottom 289 

boundaries of the model are constant temperature and constant pressure boundaries, 290 

where the top boundary temperature is 283.58 K and pressure is 14.10 MPa, the 291 

pressure gradient is hydrostatic, and the thermal gradient is 0.0443 K/m. 292 

Depressurization is conducted in two stages: (1) uniform pressure reduction to 5 MPa 293 

over five days, and (2) maintaining a constant pressure of 5 MPa until the end of the 294 

simulation. Other parameters are detailed in Table 1 and Table 2. 295 

Table 1 Parameters of the layers in hydrate reservoirs at the site SHSC2-6 (Data derived from 296 

Ye et al., 2020, licensed under CC BY-NC-ND 4.0.). 297 
Parameter Layer 

 OB GHBL TPL FGL UB 

Thickness/m 30 45.6 24.6 19 30 

Porosity 0.373 0.373 0.346 0.347 0.347 

Permeability/mD 1 2.38 6.63 6.8 1 

Liquid saturation 1 0.69 0.751 0.927 1 

Hydrate saturation 0 0.31 0.117 0.073 0 

Gas saturation 0 0 0.132 0 0 

Table 2 Parameters and models used in the simulations (Van Genuchten, 1980; Moridis et al., 298 

2005, 2007; Li et al., 2017). 299 
Parameter Expression value 

Relative permeability 

model 

𝑘𝑘relL = �
𝑆𝑆L − 𝑆𝑆Lr
1 − 𝑆𝑆Lr

�
𝑛𝑛L

 

𝑘𝑘relG = �
𝑆𝑆G − 𝑆𝑆Gr
1 − 𝑆𝑆Gr

�
𝑛𝑛G

 

SLr = 0.25; SGr = 

0.05; 

nL = 3.5; nG = 3.7 

Capillary pressure 

model 
𝑃𝑃cap = −𝑃𝑃0 ��

𝑆𝑆L − 𝑆𝑆′Lr
1 − 𝑆𝑆′Lr

�
−1 𝜆𝜆⁄

− 1�
1−𝜆𝜆

 
P0 = 105; 

S’Lr = 0.19; 𝜆𝜆 = 0.45 

Intrinsic permeability 𝑘𝑘h = 𝑘𝑘0(1 − 𝑆𝑆H)𝑁𝑁 N = 3 

Heat conduction 

coefficient 

(W/m/K) 

𝑘𝑘T = 𝑘𝑘Tdry + ��𝑆𝑆L + �𝑆𝑆H���𝑘𝑘Twet + �𝑘𝑘Tdry� 
kTdry = 1.0; 

kTwet = 3.1 

 300 
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3. Result and discussion 301 

3.1 Model validation  302 

3.1.1 Validation of the analytical theory  303 

To validate the aforementioned analytical solution, a numerical model for hydrate 304 

exploitation via depressurization has been established based on OGS-Hydrate, as shown 305 

in Fig. 3. The main parameters are as follows: hydrate layer thickness H = 7 m, burden 306 

thickness b = 3 m, hydrate-bearing sediment intrinsic permeability khbs = 2.38 mD, 307 

burden intrinsic permeability k’ = 1.0 mD, phase equilibrium conditions are 11.94 MPa, 308 

286.465 K, the horizontal well is located in the middle of the reservoir with radius rw = 309 

0.12 m. The top and bottom boundaries of the model are prescribed as constant 310 

temperature and pressure. When the simulation reached a steady state, x* is 11.67 m, 311 

closely matching the analytical prediction of 12.26 m, with a relative error (RE) of 4.8%, 312 

thereby indicating the accuracy of the solution. To further evaluate the applicability of 313 

the analytical solution under varying reservoir conditions, the impacts of b, khbs, Pw and 314 

H are investigated (Table 3).  315 

Table 3 Sensitivity of the analytical solution to reservoir parameters. 316 
Case b (m) khbs (mD) Pw (MPa) H (m) 

Run1 3 

2.38 

5 

7 

Run2 30 

Run3 150 

Run4 300 

Run5 

3 

0.48 

Run6 11.9  

Run7 59.5 

Run8 

2.38 

1 

Run9 3 

Run10 7 

Run11 

5 

14 

Run12 35 

Run13 70 

As shown in Fig. 4(a), the analytical solution predicts that the x* expands with 317 
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increasing b. For burden thicknesses of 3 m, 30 m, 150 m and 300 m, the analytical 318 

model predicts x* of 11.42 m, 40.67 m, 90.79 m and 128.35 m, respectively. The 319 

corresponding OGS-Hydrate simulation results are 11.67 m, 36.40 m, 87.0 m, and 320 

128.40 m. The RE between the two remains within ±10%. In Fig. 4(b), the analytical 321 

solution predicts that the x* increases with khbs. When khbs is set to 0.476 mD, 11.9 mD, 322 

and 59.5 mD, the predicted x* from the analytical solution are 5.86 m, 28.79 m, and 323 

64.24 m, respectively. The OGS-Hydrate simulation yields 5.95 m, 28.37 m, and 69.70 324 

m, with the RE within ±10%. Fig. 4(c) illustrates that the analytically predicted x* decreases 325 

with the increasing Pw. When Pw is set to 1 MPa, 3 MPa, 5 MPa, and 7 MPa, the predicted x* 326 

from the analytical solution are approximately 15.18 m, 13.85 m, 12.26 m, and 10.27 m, 327 

respectively. The corresponding OGS-Hydrate simulation yields 15.47 m, 13.59 m, 12.15 m, 328 

and 10.14m. The RE between the two remains within ±10%. Similarly, Fig. 4(d) demonstrates 329 

that x* expands with increasing H. Across the evaluated range of H (from 7 m to 70 m), the 330 

analytical predictions and numerical simulation results exhibit high consistency, with the RE 331 

strictly bounded within ±10%. While the relative error (RE < 10%) demonstrates good overall 332 

agreement, minor discrepancies inherently arise from the physical simplifications of the 333 

analytical model. Specifically, unlike the numerical model, the analytical solution assumes a 334 

constant absolute permeability (ignoring saturation-dependent variations), a sharp Stefan-type 335 

dissociation interface (rather than a finite kinetic transition zone), and 1D linear flow 336 

(neglecting near-well radial flow convergence). 337 

3.1.2 Validation of the model under various gradients and well configurations 338 

To validate Eq. (9), several simulation cases have been conducted, with detailed 339 

parameters listed in Table 4. A schematic diagram of the simulation model is shown in 340 

Fig. 5. In the table, the subscript B indicates cases accounting for variations in burden 341 

intrinsic permeabilities. Among them, case RunB-2 features different intrinsic 342 

permeabilities for OB and UB. In contrast, cases RunB-1 and RunB-3 assume identical 343 

permeabilities for both layers, corresponding to the OB and UB permeabilities in RunB-344 

2, respectively. The geothermal and pressure (T-P) gradients influence Pe and Pfar in the 345 
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analytical solution. In this study, the far-field temperature and pressure at the elevation 346 

of horizontal well are adopted as reference conditions. To account for the coupled effect 347 

of temperature and pressure on the production, the numerical model introduces both T-348 

P gradients to verify the applicability of the analytical prediction under the stratified 349 

weighted average method. In addition, under constant T-P gradients, an increase in the 350 

burden thickness amplifies differences in temperature and pressure between the upper 351 

and lower boundaries. This also extends the mass and heat transfer paths to the 352 

horizontal well, which in turn affects the production effectiveness. To investigate this 353 

effect, cases with varying burden thicknesses are designed (RunG-1, RunG-2, RunG-3). 354 

Finally, the RunW series examines the effect of horizontal well configuration deviating 355 

from the reservoir center on the prediction accuracy; these models simultaneously 356 

consider the permeability differences between the OB and UB as well as the influence 357 

of T-P gradients. 358 

Table 4 Parameters of the simulation models considering gradient and burden type. 359 
Case d (m) k' (mD) b (m) khbs (mD) H (m) 

RunB-1 

3.5 

1 

3 

2.38 7 

RunB-2 
6.8 

1 

RunB-3 6.8 

RunG-1 

1 

30 

RunG-2 60 

RunG-3 150 

RunW-1 1.75 

1 3 RunW-2 3.5 

RunW-3 5.25 

Fig. 6 compares the x* obtained from analytical solution prediction modified by 360 

the stratified weighted average method with that from numerical simulation. According 361 

to Eq. (9), the modified analytical solution (MAS) predicts x* = 8.07 m in cases RunB-362 

1 and RunB-3, while the corresponding numerical simulation value in RunB-2 is 8.01 m. 363 

The RE between them is 0.07%, indicating strong agreement. The simulated x* values 364 

in cases RunG-1, RunG-2, and RunG-3 are 37.55 m, 54.16 m, and 89.61 m, respectively, 365 
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with RE of 7.74%, 6.14%, and 0.01% compared to analytical predictions, showing good 366 

agreement. In the RunW series, as horizontal well depth increases (from 1.75 m to 5.25 367 

m), the simulated x* are 7.76 m, 8.13 m, and 6.53 m, with REs of 3.35%, 9.83%, and 368 

3.45%, respectively. Overall, the analytical predictions and simulation results are in 369 

good agreement across all cases. In summary, MAS for the x* in hydrate exploitation 370 

via horizontal well depressurization, extended by the stratified weighted average 371 

method, can accurately capture the reservoir behavior under realistic conditions, 372 

including T-P gradients and horizontal well deviation from the reservoir center. This 373 

provides a valuable theoretical foundation for guiding productivity enhancement in 374 

field depressurization operations. It should be noted that the analytical solution yields 375 

satisfactory approximations for moderately to strongly anisotropic permeability (see 376 

Fig. C-3 in Appendix C). However, for fractured reservoirs, it is best applied to systems 377 

conceptualized as equivalent continuous media, serving only as an approximation for 378 

distinct dual-porosity systems. Additionally, while currently limited to single-well 379 

scenarios, extending the framework to address multi-well interference using 380 

superposition principles presents a viable avenue for future work. 381 

3.1.3 Validation of high-efficiency production duration  382 

Fig. 7(a) compares the time required for Rout to reach 60%, 70%, 80%, and 90% 383 

under different intrinsic permeability. The results show that as Rout increases, the time 384 

needed for a higher Rout increases significantly. Taking the case khbs = 2.38 mD as an 385 

example, reaching Rout = 60% requires 441 days, and each subsequent 10% increase in 386 

Rout demands 275, 521, and 2003 days, respectively. Notably, the time required to raise 387 

Rout from 80% to 90% is 3.84 times longer than the time needed for the 70% to 80% 388 

interval. In cases with khbs = 0.476 mD, 11.9 mD, and 59.5 mD, these multipliers are 389 

3.48, 2.84, and 2.08, respectively, demonstrating a significant decline in exploitation 390 

efficiency during the late production stage. Fig. 7(b) shows the relative change rate (RC) 391 

of the time required for every 10% increase in recovery factor under four different khbs. 392 

When Rout reaches approximately 60%, an inflection point appears in the RC, which 393 
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then continuously rises, suggesting that the incremental time cost for achieving each 394 

additional 10% recovery increases substantially. The inflection point occurs at Rout of 395 

approximately 70% for khbs = 0.476 mD, 59.5 mD, and 11.9 mD. According to the 396 

technical guidelines for China's offshore oilfield development (Li et al., 2019), 397 

production effectiveness is classified as Class I when the ratio of produced resources to 398 

original reserves is lower than 70%. Therefore, to ensure both a high recovery factor 399 

and adequate utilization of the reservoir's natural gas reserve, the time required to reach 400 

Rout = 70% is defined as the high-efficiency production duration. Correspondingly, 401 

combined with Eq. (8), 70% of the x* is defined as the high-efficiency production zone 402 

x*
0.7, and the associated natural gas reserve is the high-efficiency recoverable resource. 403 

These indicators can provide a theoretical basis for quantitative analysis for the 404 

optimization of depressurization schemes. Sensitivity analyses (see Fig. C-2 in 405 

Appendix C) indicate that this 70% threshold acts as a general theoretical indicator 406 

reflecting the reservoir's dominant heat and mass transfer capacities, as production 407 

efficiency is minimally sensitive to intrinsic hydrate dissociation kinetics. 408 

 409 

3.2 Effects of reservoir types and well configurations 410 

3.2.1 Characteristics of hydrate dissociation and gas-liquid migration  411 

Fig. 8 presents the spatial distribution of hydrate saturation at 1 year and 10 years 412 

of depressurization-driven production for Class Ⅰ, Class Ⅱ and Class Ⅲ reservoirs with 413 

different well configurations. The yellow curve represents the hydrate dissociation 414 

boundary. As described in Fig. 8(a), the hydrate dissociation boundary moves 415 

downward rapidly due to the influence of the T-P gradients in the Class I reservoir. After 416 

1 year of production, the hydrate dissociation boundaries in cases Ⅰupper, Ⅰmiddle and Ⅰlower 417 

exhibit similar morphologies. In case Ⅰupper, the dissociation boundary has not yet 418 

reached the upper GHBL boundary, whereas in case Ⅰlower, it has extended to the bottom 419 

of the GHBL. After 10 years, the upper part of the dissociation boundary in case Iupper 420 

reaches the upper GHBL boundary, and its lower part connects to the lower GHBL 421 
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boundary. In case Imiddle, the upper part of the dissociation boundary is located 422 

approximately 15 m below the upper GHBL boundary, while the lower part connects to 423 

the lower GHBL boundary and extends laterally along the interlayer to the model’s 424 

horizontal boundary. In case Ilower, the upper part of the dissociation boundary remains 425 

about 31 m below the upper GHBL boundary and similarly propagates along the 426 

interlayer to the left model boundary.  427 

As depicted in Fig. 8(b), after 1 year of production, the hydrate dissociation 428 

boundary propagation in the Class II reservoir cases resembles that in Class I, although 429 

it lags slightly behind. After 10 years of exploitation, the difference in the dissociation 430 

boundary development between Class I and Class II reservoirs becomes more 431 

pronounced. The horizontal extent of the dissociation boundary in case IIupper lags about 432 

20 m behind that in case Iupper, while that in case IImiddle lags approximately 30 m behind 433 

that in case Imiddle. In contrast, the hydrate dissociation zone in case IIlower is larger than 434 

that in case Ilower. As illustrated in Fig. 8(c), the hydrate distribution and the morphology 435 

of the hydrate dissociation boundary in all Class III cases exhibit no significant 436 

difference compared with the corresponding Class I and Class II cases. However, owing 437 

to the low permeability of the UB, heat transfer is restricted, causing a slower downward 438 

propagation of the dissociation boundary relative to that in Class II during the same 439 

period. 440 

To quantitatively evaluate the hydrate dissociation efficiency and the total amount 441 

of dissociation, this study employs the hydrate dissociation degree (Ye et al., 2025), and 442 

further defines the hydrate dissociation degree within the dissociated zone (DH_D) and 443 

the hydrate dissociation degree in the GHBL (DH_GHBL), which are expressed as follows, 444 

respectively: 445 

𝐷𝐷H_D = 1 − 𝑆𝑆Ht_D
𝑆𝑆H0_D

                                                (11a) 446 

𝐷𝐷H_GHBL = 1 − 𝑆𝑆Ht_GHBL
𝑆𝑆H0_GHBL

                                          (11b) 447 

where D is the hydrate dissociation degree, SH represents hydrate saturation, 0 stands 448 
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for initial state, t refers to final state, subscript D denotes the hydrate dissociation zone, 449 

GHBL stands for the GHBL domain. DH_GHBL reflects the proportion of the total amount 450 

of hydrate dissociation in the hydrate layer. DH_D reflects the hydrate dissociation 451 

efficiency within the dissociated zone, as well as the gap between the dissociation 452 

boundary and x*; when production reaches a steady state, the dissociation boundary no 453 

longer expands, and DH_D approaches 1. 454 

Fig. 9 displays the evolution of DH_D and DH_GHBL over time, where different line 455 

colors represent different reservoir types. As shown in Fig. 9(a), the DH_GHBL for all 456 

cases gradually increases over time. In the early stage, DH_GHBL in case IIIlower is higher 457 

than that in Ilower and comparable to IIlower. However, as production proceeds, its growth 458 

rate slows down; after 4.5 years of production, it is lower than that in case IIlower, and 459 

after 8 years, it is slightly below Ilower. After 10 years, DH_GHBL for cases IIIlower, IIlower, 460 

and Ilower are 0.12, 0.13, and 0.12, respectively. Regarding the well configuration, 461 

DH_GHBL exhibits the largest value in case Ilower and the lowest in Iupper. Furthermore, 462 

DH_GHBL in Class II and Class III follows the same trend. This is because a deeper 463 

horizontal well depth corresponds to a higher ambient temperature and a shorter heat 464 

transfer distance, thus enhancing hydrate dissociation. After 10 years, the DH_GHBL 465 

values for horizontal well in the upper and middle parts are similar among the three 466 

reservoir types, with values of 0.09 and 0.11 for cases Iupper and Imiddle, respectively. 467 

This indicates that the reservoir type exerts little influence on the hydrate dissociation 468 

when the horizontal well is positioned in the upper and middle parts. 469 

Regarding DH_D, as depicted in Fig. 9(b), its development trend is similar to 470 

DH_GHBL, exhibiting continuous growth over time. In the early stage, when the 471 

horizontal well is placed in the upper and middle part of GHBL, DH_D initially decreases 472 

and then rises after reaching a local peak. The timing of this inflection point is delayed 473 

as the horizontal well depth increases. In contrast, when the horizontal well is placed in 474 

the lower GHBL, DH_D shows no obvious decrease. For case Iupper, the inflection point 475 

appears at about 1 year of production, coinciding with the time when the hydrate 476 
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dissociation boundary reaches the lower boundary of the hydrate layer in Fig. 8(a). It 477 

indicates that the higher ambient temperature at depth enhances the hydrate dissociation 478 

efficiency. When the horizontal well is placed in the middle of the GHBL, DH_D in case 479 

IIImiddle is the highest. This is because the low permeability of the burden limits heat 480 

transfer, resulting in a smaller dissociation range; however, it also suppresses seawater 481 

intrusion and maintains a more efficient depressurization. As production proceeds, the 482 

DH_D in case Imiddle gradually becomes lower than that in IImiddle, owing to the inhibition 483 

of mass and heat transfer by free gas and the enhanced seawater intrusion facilitated by 484 

the underlying high-permeability soil layer, decreasing hydrate dissociation efficiency. 485 

After 10 years, the DH_D is highest in case Ilower and lowest in Iup, a trend which is also 486 

observed in Class II and Class III. In terms of reservoir type, the DH_D evolution curves 487 

in cases Iupper, IIupper, and IIIupper are nearly identical. After 10 years, DH_D in case Iupper 488 

is 0.304, closely matching the other two, indicating that the reservoir type has no 489 

significant effect on DH_D for the upper well placement. For the middle and lower well 490 

placements, DH_D in cases IIImiddle and IIIlower are the highest, respectively reaching 491 

0.41 and 0.52, indicating that the low-permeability underlying layer helps to improve 492 

the degree of hydrate dissociation within the dissociated zone. In summary, DH_GHBL 493 

ranges between 0.09 and 0.13 across all cases, while DH_D ranges between 0.30 and 494 

0.52. These reveal that although the dissociation domain expands relatively rapidly, the 495 

available heat within the zone is insufficient, resulting in low hydrate dissociation 496 

efficiency, and a limited overall hydrate dissociation amount. 497 

As illustrated in Fig. 10(a), after 1 year of production, the gas saturation 498 

distribution around the production well in cases Iupper, Imiddle, and Ilower are detailed. 499 

Among them, the FGL gas saturation in case Ilower has already invaded the GHBL and 500 

connected with the gas produced from hydrate dissociation around the horizontal well. 501 

After 10 years, the FGL gas saturation in case Iupper has only partially invaded the GHBL 502 

and remains unconnected to the horizontal well, with no significant liquid invasion 503 

observed from the underlying layer. Conversely, in cases Imiddle and Ilower, the FGL gas 504 
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saturation has extensively invaded the GHBL, accompanied by liquid invasion. In Fig. 505 

10(b) and Fig. 10(c), under the same well configuration scenario, the gas saturation 506 

distribution in Class II and Class III reservoirs closely resemble those of Class I. For 507 

cases where the horizontal well is placed in the upper or middle GHBL, the liquid 508 

saturation from the underlying soil layers has not invaded the vicinity of the horizontal 509 

well after 10 years. As for cases IIlower and IIIlower, after 10 years, the liquid phase has 510 

invaded the zone surrounding the horizontal well, and gas saturation generated from 511 

hydrate dissociation is visible along the lower boundary of the hydrate layer. Compared 512 

with case IIlower, the extent of gas saturation expansion in IIIlower is smaller, which 513 

corresponds to the aforementioned hydrate dissociation boundary and dissociation 514 

degree.  515 

3.2.2 Characteristics of gas and water production 516 

Fig. 11 describes the gas and water production characteristics for different 517 

reservoir types and well configurations. As shown in Fig. 11(a), the cumulative gas 518 

production in the Class I reservoir is higher than that in Class II and Class III, due to 519 

the contribution from the free gas in the FGL. After 10 years of production, the 520 

cumulative gas production in cases Imiddle and Ilower reaches 9.62 × 106 m3 and 1.22 × 521 

107 m3, respectively. However, when the horizontal well is placed in the upper part of 522 

the GHBL, the cumulative gas production among the three reservoir types is 523 

comparable. This means that the reservoir type has no significant effect on gas 524 

production, with the cumulative gas production in case Iupper being 6.67 × 106 m3. 525 

Regarding the well configuration effect, in Class I and Class III, the lower the well 526 

configuration, the higher the cumulative gas production. However, in Class II, case 527 

IIlower yields a cumulative gas production of 8.48 × 106 m3 after 10 years, which is lower 528 

than that in case IImiddle (8.75 × 106 m3), on account of the high-permeability FWL 529 

exacerbating seawater intrusion. 530 

Fig. 11(b) presents that the influence of reservoir type on gas production rate 531 

becomes more pronounced when the horizontal well configuration is placed in both the 532 
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middle and the lower part of the GHBL. The gas production rates for different well 533 

configurations gradually diverge over time, with the onset of these differences 534 

occurring earlier as the horizontal well depth increases. After 1.5 years of production, 535 

the gas production rate in case Ilower increases due to the free gas invasion from the FGL, 536 

exceeding those from IIlower and IIIlower, and reaching a second peak of 4.00 × 103 537 

m3/day at 2.9 years. The gas production rate in case Imiddle continuously increases after 538 

4 years, surpassing those in IImiddle and IIImiddle, and reaching 2.67 × 103 m3/day at 10 539 

years. During the stable depressurization stage, the gas production rates for cases well 540 

placed in the upper GHBL in all reservoir types show a continuous decline, with no 541 

significant difference in magnitude. This is attributed to the fact that the longer seepage 542 

path weakens the influence of the reservoir type on the gas production rate. Regarding 543 

the influence of well configuration, the gas production rate during the early stage of 544 

production in Class Ⅰ is ranked as follows: Ⅰlower > Ⅰmiddle > Ⅰupper, a trend which is also 545 

observed in Class II and Class III reservoirs. However, as production proceeds, the gas 546 

production rates in cases Ilower, IIlower, and IIIlower fall below those in Imiddle, IImiddle, and 547 

IIImiddle after 3.4 years, 6.5 years, and 8.4 years, respectively. Notably, after 9 years of 548 

production, the gas production rate in case IIlower is even lower than that in IIupper.  549 

Fig. 11(c) shows that the cumulative water production is highest when the 550 

horizontal well is placed in the lower part of the GHBL, and lowest in the middle part. 551 

This is because a horizontal well placed in the middle of the GHBL can reduce seawater 552 

intrusion from adjacent layers. The high-permeability FWL in Class II enhances 553 

seawater intrusion, resulting in a cumulative water production of 1.52 × 106 m3 in case 554 

IIlower after 10 years. In contrast, although the FGL in Class I has the same intrinsic 555 

permeability as the FWL, the cumulative water production in case Ilower (1.31 × 106 m3) 556 

is lower than that in case IIlower and close to IIIlower. Similarly, for the middle well 557 

configuration, the cumulative water production in case Imiddle is also slightly lower than 558 

that in IIImiddle. This is mainly because gas phase flow in the FGL during production 559 

hinders the liquid invasion, thereby reducing water production. 560 
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Fig. 11(d) illustrates that the water production rate in case Ilower is lower than that 561 

in IIIlower after 1 year of production, but surpasses it after 4 years, leading to comparable 562 

cumulative water production after 10 years. This is attributed to the replenishment of 563 

free gas from the FGL in the initial stage, which elevates gas saturation and hinders 564 

liquid flow, while the subsequent gas saturation reduction intensifies liquid invasion. 565 

For cases well placed in the upper GHBL, the water production rate exhibits a similar 566 

evolution among all reservoir types, among them, with case Iupper reaching 3.27 × 103 567 

m3/day after 10 years. In contrast, when the horizontal well is placed in the lower part 568 

of the GHBL, the water production rate is significantly higher than that in the other two 569 

well configurations, reaching 5.05 × 103 m3/day in case IIlower after 10 years. 570 

As depicted in Fig. 11(e), the initial gas water ratio (GWR) increases with well 571 

depth across all reservoir types, reaching a peak in the early stage, and then gradually 572 

decreasing over time. Among them, when the horizontal well is placed in the lower part 573 

of the GHBL, the GWR is initially higher. However, as production proceeds, the gas 574 

production rate decreases while liquid invasion enhances and water production 575 

increases, leading the GWR to decline more rapidly than that in other well 576 

configurations. Specifically, around 1 year of production, the GWRs in cases IIlower and 577 

IIIlower successively fall below that in IImiddle and IIImiddle, respectively. At 4.5 years, the 578 

GWR in case IIlower becomes lower than that in IIupper, and by 10 years, the GWR in 579 

IIIlower also falls below that in IIIupper. Similarly, although case Ilower has a higher GWR 580 

in the early stage due to the contribution of free gas, its GWR also decreases rapidly as 581 

production proceeds. For example, the GWR in case Ilower is lower than that in Imiddle 582 

after 6 years, and falls below that in IImiddle and IIImiddle after 10 years. 583 

3.2.3 Evaluation of Exploitation Efficiency 584 

Fig. 12 shows Rout and the average value of the hydrate dissociation boundary 585 

(x10yr) after 10 years of production simulated with OGS-Hydrate, and the analytically 586 

predicted high-efficiency production zone (x*
0.7) for each case. The blue dotted line 587 

represents x* in each case, which gradually increases as the horizontal well depth 588 
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increases. For Class I and Class II reservoirs, x* rises from 56.21 m to 112.42 m as the 589 

well shifts from the upper GHBL to the lower. For the Class III reservoir, x* values in 590 

IIIupper, IIImiddle, and IIIlower are 68.91 m, 89.97 m, and 125.81 m, respectively. These 591 

values are slightly higher than those in cases with the same well configuration for Class 592 

I and Class II reservoirs, due to the sealing burden. The red dotted line represents x10yr. 593 

Compared with the analytical prediction of x*
0.7, there is a large gap for x10yr in all cases 594 

after 10 years, indicating a slower development of the hydrate dissociation boundary. 595 

Moreover, x10yr gradually increases with well depth, with values of 33.22 m, 46.64 m, 596 

and 48.13 m in cases Iupper, Imiddle, and Ilower , respectively, reaching 59.1%, 60.7%, and 597 

42.8% of their corresponding x*
0.7. The x10yr values in IIupper, IImiddle, and IIlower are 598 

24.67 m, 38.19 m, and 48.63 m, respectively, reaching 43.9%, 49.7%, and 43.3% of 599 

their corresponding x*
0.7. The x10yr values for IIIupper, IIImiddle, and IIIlower are 27.55 m, 600 

28.04 m, and 35.05 m, respectively, reaching 34.0%, 27.4%, and 25.3% of their 601 

corresponding x*
0.7. 602 

Rout can be used to quantify the degree of reservoir exploitation, as its value 603 

synthetically reflects the mass and heat transfer processes within the reservoir. The bar 604 

chart shows that Rout in all cases is below 0.15, indicating that the gas production 605 

potential remains underutilized after 10 years of production. For the Class I reservoir, 606 

the Rout values are highest in case Imiddle, intermediate in Iupper and lowest in Ilower. In 607 

the Class II reservoir, case IIupper exhibits the highest Rout, while case IIlower shows the 608 

lowest. This occurs because the FGL free gas in Class I is more readily produced than 609 

hydrates in Class II, resulting in a higher Rout in case Ilower compared to case IIlower. 610 

Although the analytically predicted x*
0.7 in Class III is higher, after 10 years of 611 

production, their corresponding Rout values (0.08, 0.08, and 0.06) are slightly lower 612 

than those in Class I and Class II reservoirs. This is because the low permeability of the 613 

reservoir limits the mass and heat transfer, preventing the full release of gas production 614 

potential within the 10-year production period.  615 

 616 
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3.3 Hydrate productivity prediction in the Shenhu area of the South China Sea 617 

3.3.1 Characteristics of gas and water production 618 

Fig. 13 presents the gas and water production characteristics of the second hydrate 619 

production test in the South China Sea. Cases MidTPL and MidGHBL denote the two cases 620 

where the horizontal well is placed in the middle of the TPL and the GHBL, respectively. 621 

As shown in Fig. 13(a), the cumulative gas production in case MidTPL reaches 8.85 × 622 

105 m3 after 30 days. The long-term production is also comparable to previous one-year 623 

simulations (Xiao et al., 2022; Yin et al., 2022). Compared with the field-measured 30-624 

day gas production of 8.61 × 105 m3, the RE is 2.73%, indicating good agreement and 625 

validating the model's accuracy. After 10 years of simulated production, the cumulative 626 

gas production in the MidGHBL and MidTPL cases reaches 1.21 × 107 m3 and 2.20 × 107 627 

m3, respectively. The gas production evolution of the two cases differs markedly. In 628 

case MidGHBL, the gas production rate remains stable without noticeable fluctuations, 629 

and the cumulative gas production curve exhibits an almost linear growth trend. In case 630 

MidTPL, the gas production rate gradually declines after reaching an initial peak of 4.35 631 

× 104 m3/day, and after 10 years, it approaches that in case MidGHBL.  632 

Fig. 13(b) shows the cumulative water production and water production rate 633 

curves in cases MidTPL and MidGHBL. In case MidGHBL, as production proceeds, hydrate 634 

dissociation in the GHBL increases the permeability of the dissociated zone and 635 

generates water, jointly leading to a slow rise in the water production rate. In contrast, 636 

the water production rate in case MidTPL decreases during the early stage of production 637 

but begins to rise after 1 year. After 10 years of production, the cumulative water 638 

production in cases MidGHBL and MidTPL is 1.09 × 106 m3 and 2.18 × 106 m3, 639 

respectively.  640 

3.3.2 Reservoir permeability enhancement and production prediction 641 

Low reservoir permeability is one of the key factors limiting the efficiency of mass 642 

and heat transfer during hydrate exploitation, and enhancing reservoir permeability is 643 

regarded as an effective way to improve productivity. As discussed from the previous 644 
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section, case MidTPL exhibits higher gas production. Therefore, taking the intrinsic 645 

permeability of the TPL hydrate-free sediment (ksed_TPL = 9.6 mD) as a reference, x* in 646 

case MidTPL and the corresponding recoverable natural gas volume per unit well length 647 

under different multiples of ksed_TPL are calculated using Eq. (8) and Eq. (9). While 648 

assuming a spatially uniform permeability enhancement is an idealization that may 649 

overestimate actual field performance compared to explicit fracture modeling, this 650 

parametric approach is adopted to establish a theoretical upper limit for recoverability. 651 

This simplified approach intentionally isolates the impact of permeability magnitude, 652 

avoiding the profound uncertainties and complex thermal-hydro-mechanical-chemical 653 

couplings associated with discrete fracture networks (DFN) that currently lack 654 

sufficient field calibration data (Zhang et al., 2024). On this basis, the minimum 655 

horizontal well length (Lmin_10yr) required to achieve the 10-year commercial production 656 

target (2.0 × 105 m3/day) is further determined according to the natural gas reserves 657 

within the high-efficiency production range. 658 

Fig. 14 depicts the analytically predicted Lmin_10yr, and the simulation Lmin_10yr 659 

without and with sufficient heat (zero dissociation enthalpy), to respectively represent 660 

theoretical and actual conditions. Among them, the blue curve represents the 661 

analytically predicted Lmin_10yr. As the intrinsic permeability increases, Lmin_10yr 662 

gradually decreases. For example, Lmin_10yr is 709.6 m under the 5ksed_TPL condition, 663 

409.9 m under 15ksed_TPL (144 mD), and 317.6 m under 25ksed_TPL (240 mD). The 664 

depressurization case (MidTPL_ST) that neglects the endothermic heat of hydrate 665 

dissociation represents the situation where only mass transfer, as assumed by the 666 

analytical theory, is considered. As shown by the red dots in Fig. 14, the required well 667 

lengths for commercial production in case MidTPL_ST at 5ksed_TPL, 15ksed_TPL, and 668 

25ksed_TPL are 835.10 m, 407.69 m, and 300.32 m, respectively, showing good 669 

agreement with the theoretical predictions. As depicted by the red dotted line, when 670 

considering the actual heat transfer, Lmin_10yr becomes much larger than the analytical 671 

prediction. The simulated Lmin_10yr in case MidTPL is 2904.90 m at 5ksed_TPL, 1474.3 m 672 
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at 15ksed_TPL, and 1147.50 m at 25ksed_TPL. As the reservoir intrinsic permeability 673 

increases, mass and heat transfer are accelerated, causing Lmin_10yr in MidTPL to 674 

approach the analytical expectation. However, even at 25ksed_TPL, the required well 675 

length still reaches 1147.50 m.  676 

Fig. 15(a) shows the analytically predicted x*
0.7, x10yr, and the simulated 10-year 677 

Rout in cases MidGHBL and MidTPL with different permeabilities. The analytically 678 

predicted x*
0.7 in MidGHBL is larger than that in MidTPL, reaching 198.7 m and 135.9 m, 679 

respectively. As the intrinsic permeability of case MidTPL increases from 5ksed_TPL to 680 

25ksed_TPL, the predicted x*
0.7 gradually rises to 333.1 m, 577.0 m, and 744.9 m, 681 

respectively. After 10 years of simulation, x10yr in MidGHBL is 36.8 m, accounting for 682 

only 18.5% of the analytically predicted x*
0.7, indicating a significant discrepancy 683 

between the theoretical prediction and the simulated result. Furthermore, Rout is only 684 

0.05. In case MidTPL, x10yr is 68.8 m, corresponding to 50.6% of x*
0.7, and Rout is 0.20. 685 

Although the analytically predicted x*
0.7 is larger, both x10yr and Rout are lower than 686 

those in MidTPL, as the low-permeability hydrate layer limits the mass and heat transfer, 687 

leading to slower hydrate dissociation boundary development and gas migration. As the 688 

intrinsic permeability of case MidTPL increases from 5ksed_TPL to 25ksed_TPL, the pressure 689 

propagation accelerates, the discrepancy between x10yr and the prediction narrows, 690 

reaching 70.5%, 85.8%, and 89.6% of the corresponding x*
0.7, respectively. During this 691 

process, Rout first increases and then decreases with increasing reservoir intrinsic 692 

permeability. After 10 years of production, Rout ranges from 0.18 to 0.21. Even under 693 

high permeability conditions, the gas production potential is not fully released within 694 

the limited production period. However, in case MidTPL_ST at 5ksed_TPL, the value of Rout 695 

is 0.63, significantly higher than other cases. Further comparison of case MidTPL_ST 696 

with different permeabilities shows that the Rout at 15ksed_TPL and 25ksed_TPL are 0.75 697 

and 0.90, respectively. Rout increases significantly with intrinsic permeability, enabling 698 

better utilization of gas production potential within a limited time. 699 

Fig. 15(b) describes the cumulative gas production per unit horizontal well length 700 
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for different cases. The solid line denotes case MidTPL considering the actual heat 701 

transfer, and the dashed line corresponds to case MidTPL_ST with sufficient heat supply. 702 

As the reservoir intrinsic permeability increases, the cumulative gas production per unit 703 

horizontal well length gradually increases. When the intrinsic permeability of case 704 

MidTPL increases from ksed_TPL to 25ksed_TPL, the cumulative gas production increases 705 

from 7.84 × 104 m3 to 6.36 × 105 m3. Specifically, for permeability intervals of 5-706 

15ksed_TPL and 15-25ksed_TPL, the cumulative gas production increases by 97.03% and 707 

28.48%, respectively. In case MidTPL_ST at 5ksed_TPL, initially produces less gas than 708 

MidTPL at 25ksed_TPL due to its lower permeability. However, as production proceeds, 709 

case MidTPL_ST at 5ksed_TPL surpasses MidTPL at 25ksed_TPL after 1 year due to sufficient 710 

heat supply, reaching a cumulative gas production of 8.74 × 105 m3 after 10 years. In 711 

case MidTPL_ST at 15ksed_TPL and 25ksed_TPL, the cumulative gas production reaches 1.79 712 

× 106 m3 and 2.43 × 106 m3, respectively. For the intervals of 5-15ksed_TPL and 15-713 

25ksed_TPL, the cumulative gas production increases by 104.84% and 35.75%, 714 

respectively.  715 

To evaluate the production efficiency of NGHs, this study adopts the energy return 716 

on investment (EROI) analysis method following the work of Lior (2016), Kong et al. 717 

(2018) and Wei et al. (2022). The detailed calculation procedure is provided in 718 

Appendix B. The analysis results are shown in Fig. 16, which presents the Ein and 719 

EROIues corresponding to the required well lengths for commercial production in case 720 

MidTPL under different permeability conditions, where Eout remains 2.61 × 107 GJ in 721 

all cases. The EROIues exhibits a trend of first increasing and then decreasing as 722 

permeability increases, reaching a peak value of 1.08 at 15ksed_TPL.  723 

 724 

3.4 Discussion 725 

3.4.1 Mass and heat transfer during different exploitation stages 726 

The hydrate exploitation lifecycle can be conceptually divided into a pressure-727 

controlled stage and a heat-controlled stage. In the early stage of depressurization, the 728 
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pressure drop acts as the primary driving force (Cheng et al., 2024). Consequently, the 729 

low-permeability burden in Class III reservoirs initially promotes the development of 730 

the depressurization zone, temporarily enhancing dissociation. However, as production 731 

proceeds, the governing factor transitions from depressurization to heat supply (Song 732 

et al., 2015; Kou et al., 2019; Zhao et al., 2021; Yin et al., 2022). The low-permeability 733 

burden, which initially aided depressurization, subsequently becomes a hindrance by 734 

suppressing heat convection. This explains why the hydrate dissociation degree in Class 735 

III reservoirs gradually falls below that of Class I and Class II in the later stages. In Fig. 736 

8, this transition from pressure-driven to heat-driven dissociation is further evidenced 737 

by the contrasting behaviors of Class I and Class II reservoirs. In Class I reservoirs, the 738 

presence of free gas in the FGL initially enhances pressure transmission along the 739 

interlayer, consistent with the findings reported by Moridis et al. (2007). However, gas 740 

migration in the FGL subsequently hinders liquid intrusion, and the free gas possesses 741 

a low specific heat capacity, leading to delayed development of the dissociation zone in 742 

the later stage. Conversely, when the horizontal well is positioned in the lower part of 743 

a Class II reservoir, seawater intrusion from the high-permeability free water layer 744 

(FWL) provides convective heat for hydrate dissociation, sustaining higher dissociation 745 

rates. 746 

3.4.2 Gas and liquid invasion under different well placement modes 747 

As illustrated by the spatial distribution of gas saturation (Fig. 10), the distinct 748 

invasion patterns of gas and liquid are fundamentally driven by their physical properties. 749 

Gas, characterized by lower viscosity and higher mobility, migrates rapidly, resulting 750 

in an invasion pattern that is less sensitive to well placement. In contrast, the liquid 751 

invasion pattern is significantly influenced by the well placement, making the vertical 752 

position of the horizontal well a critical determinant of water production behaviors. 753 

Optimizing the well vertical placement involves a trade-off between thermal 754 

stimulation and water management. Placing the horizontal well in the lower part of the 755 

GHBL effectively utilizes the geothermal heat supply from the underlying layer to 756 
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promote hydrate dissociation. However, as depicted in the production characteristics 757 

(Fig. 11), this configuration significantly exacerbates water production, leading to a 758 

rapid decline in GWR. Therefore, for long-term production, positioning the horizontal 759 

well in the middle of the GHBL appears more favorable for maintaining high production 760 

efficiency, as it balances heat utilization with the suppression of excessive water 761 

intrusion.  762 

The significance of this middle placement is further demonstrated in the Shenhu 763 

area case study. As shown in Fig. 13, case MidTPL initially yields high gas production 764 

because it involves a higher proportion of free gas extraction. However, as the free gas 765 

is produced, the proportion of natural gas originating from hydrates increases, leading 766 

to greater production difficulty and a severe decline in the gas rate. Furthermore, gas 767 

accumulation in the TPL initially hinders liquid flow, but as production proceeds, liquid 768 

invasion and gas production reduce the gas saturation near the wellbore, thereby 769 

increasing the liquid relative permeability and water production rate. The higher 770 

permeability TPL and FGL enhance seawater intrusion and water production, whereas 771 

placing the well in the low-permeability GHBL effectively suppresses excessive water 772 

influx, leading to a larger amount of ultimate water production in MidTPL than in 773 

MidGHBL. 774 

Beyond the physical mechanisms, the evaluation of exploitation efficiency 775 

highlights a critical challenge: the reservoir production potential remains largely 776 

underutilized. Although the dissociation domain expands relatively rapidly, the 777 

available heat within the zone is often insufficient, resulting in low hydrate dissociation 778 

efficiency and a limited overall recovery factor (Rout). Enhancing productivity in 779 

horizontal well depressurization requires not only expanding the single-well 780 

recoverable zone but also ensuring that the production potential is fully released within 781 

the production cycle. This necessitates optimizing the reservoir's mass and heat transfer 782 

processes through assisted production enhancement methods. 783 
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3.4.3 Energy efficiency of permeability enhancement 784 

Simulation results indicate that when reservoir intrinsic permeability is enhanced, 785 

heat transfer becomes the dominant factor controlling production. Under sufficient heat 786 

supply, the production enhancement resulting from increased permeability becomes 787 

significantly more pronounced. Therefore, balancing heat supplementation and 788 

permeability enhancement in the design of stimulation strategies is essential to achieve 789 

greater production improvement. Studies have shown that the intrinsic permeability of 790 

offshore hydrate reservoirs after fracturing can reach 5.75 D. In practical engineering, 791 

while technologies such as hydraulic fracturing can locally improve reservoir 792 

permeability, developing and sustaining an effective fracture network within the 793 

horizontal well's recovery zone remains a formidable challenge (Cipolla et al., 2008; 794 

Qi et al., 2025).  795 

The trade-off between energy input and gas recovery dictates an optimal 796 

permeability enhancement range. As shown in Fig. 16, the emergence of an EROI peak 797 

is primarily related to variations in energy input (Ein). As reservoir permeability 798 

increases, the required well length for commercial production decreases, reducing 799 

drilling costs. However, since E2 accounts for only a small fraction of Ein, its impact on 800 

the overall energy input is limited. On the other hand, higher reservoir permeability 801 

intensifies mass transfer, causing E3, which accounts for the largest proportion, to vary 802 

significantly with water production and well length. Therefore, from the perspective of 803 

maximizing net energy return, it is recommended to control the reservoir permeability 804 

enhancement target below 15ksed_TPL. 805 

 806 

4. Conclusion 807 

This study verifies the effectiveness of the analytical solution for the maximum 808 

recoverable zone via hydrate horizontal well depressurization method (Terzariol et al. 809 

2017) using the OGS-Hydrate numerical simulation results (Ye et al., 2022), and further 810 

proposes a modified analytical solution (MAS) to broaden its application scope. Several 811 
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indicators are proposed to evaluate the production efficiency in horizontal well 812 

depressurization. In combination with MAS, these indicators are employed to assess 813 

the effects of different reservoir types and well configuration schemes on productivity 814 

and production potential. The required well length for commercial production is 815 

predicted under various permeability conditions for the hydrate reservoir in the Shenhu 816 

area of the South China Sea. Furthermore, the impacts of mass and heat transfer 817 

optimization methods on production potential and efficiency are systematically 818 

analyzed. The main conclusions are as follows: 819 

(1) Based on the analytical solution to the maximum recoverable zone, a modified 820 

analytical solution (MAS) is proposed by extending the application scope with stratified 821 

weighted average method. It enables the prediction of the maximum recoverable zone 822 

under various conditions, including different burden permeabilities, temperature-823 

pressure (T-P) gradients, and horizontal well configurations. The RE with simulation 824 

results is within 10%, showing good agreement. Furthermore, the MAS is applied to 825 

predict the recoverable zone with permeability enhancement and the commercial 826 

horizontal well length for the hydrate reservoir in the Shenhu area of South China Sea. 827 

(2) A recovery factor (Rout) associated with the maximum recoverable zone (x*) is 828 

proposed to evaluate the NGH production efficiency during horizontal well 829 

depressurization. Under different GHBL permeabilities, the time required to increase 830 

Rout from 80% to 90% is approximately 2.08-3.84 times that required for an increase 831 

from 70% to 80%. The transition stage in the relative change rate of Rout occurs at 832 

around 70%. Accordingly, the occupation of 70% natural gas reserve within x* is 833 

defined as the high-efficiency production zone. 834 

(3) Reservoir type leads to different gas-liquid invasion patterns, which 835 

significantly affects production behavior. In Class I, gas invasion hinders liquid-phase 836 

heat transfer, thereby restricting hydrate dissociation. Class II shows the lowest gas 837 

production and the highest water production due to the high-permeability FWL 838 

enhancing liquid invasion. In contrast, Class III surpasses Class II in gas recovery via 839 
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efficient pressure-driven gas migration, compensating for the limited liquid and heat 840 

recharge. The gas-liquid invasion process is also affected by the horizontal well 841 

configuration. Placing the well in the middle GHBL is more suitable for long-term 842 

production with the highest gas production rate and gas water ratio after 10 years. 843 

Moreover, the Rout in all cases is below 0.15, indicating that low-permeability reservoirs 844 

face challenges in fully utilizing their depressurization production potential within a 845 

reasonable period. 846 

(4) Under different permeability conditions, limited heat transfer dominates the 847 

production process. The well length required for commercial production obtained from 848 

numerical simulation is approximately 3.61-4.09 times that predicted by the MAS 849 

considering NGH within x*
0.7. Moreover, the Rout remains low, ranging from 0.18 to 850 

0.21 within 10 years, where it can reach 0.63-0.90 under sufficient heat supply 851 

conditions. These indicate that achieving commercial exploitation should involve a 852 

combined strategy of permeability enhancement and thermal stimulation. Based on the 853 

EROI analysis, the practical permeability enhancement target is recommended to be 854 

below 15ksed_TPL. 855 
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 875 

Appendix A 876 

For the completeness of the paper, we briefly present the system of equations that 877 

describe the mathematical model of the maximum recoverable zone under horizontal 878 

well depressurization. The model is established based on a conceptual physical scenario 879 

with the following assumptions: (1) horizontal well length 𝐿𝐿 ≫ 𝐻𝐻; (2) the horizontal 880 

well is drilled parallel to the formation along the reservoir center; (3) darcy seepage is 881 

considered. Mass conservation across a slice of the reservoir of thickness dx with leak-882 

in from upper and lower burdens results in: 883 

𝜕𝜕2𝑃𝑃�

𝜕𝜕𝜕𝜕2
− 𝑃𝑃�

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠
2 = 0                                               (A-1) 884 

where 𝑃𝑃� = 𝑃𝑃x − 𝑃𝑃far. 885 

𝑃𝑃x = 𝑃𝑃far + 𝐴𝐴𝑒𝑒�
𝑥𝑥
𝜆𝜆� + 𝐵𝐵𝑒𝑒�−

𝑥𝑥
𝜆𝜆�                                    (A-2) 886 

The seepage equations within the hydrate-free sediment zone and the hydrate-887 

bearing sediment zone are respectively: 888 

𝑞𝑞sed = 2𝐿𝐿𝐿𝐿
𝜆𝜆sed

𝑘𝑘sed
𝛾𝛾w
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� 𝑥𝑥
𝜆𝜆sed

�
− 𝐵𝐵sed𝑒𝑒
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�
�                        (A-3) 889 

𝑞𝑞hbs = 2𝐿𝐿𝐿𝐿
𝜆𝜆hbs

𝑘𝑘hbs
𝛾𝛾w
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�𝑥𝑥
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𝜆𝜆sed

�
                               (A-4) 890 

The water flow rate in the inner and outer zones must be equal qsed = qhbs when x 891 

= x*. Then, Equations (A-3) and (A-4) predict: 892 

�Ased e
x∗

λsed − Bsed e
x∗

λsed�

(𝑃𝑃far−𝑃𝑃∗) = �𝑘𝑘ℎ𝑏𝑏𝑏𝑏
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                                 (A-5) 893 
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Considering boundary conditions: (a) x→∞, ux = ufar; (b) when x→ rw, ux = uw; 894 

Ased and Bsed can be obtained, and the final solution is shown in Equation (8). 895 

 896 

Appendix B 897 

The EROI was calculated with reference to the methods of Lior (2016), Kong et al. 898 

(2018) and Wei et al. (2022). Energy input (Ein) includes: Energy investment in 899 

preparation (E1), Energy investment in drilling (E2), Energy investment in drainage 900 

exploitation (E3), Energy investment in Well-to-processing (WTP) transportation (E4), 901 

Energy investment in processing (E5), Energy investment in Processing-to-use (PTU) 902 

transportation (E6), Energy investment in hydraulic fracturing (E7) The ultimate gas 903 

recovery (UGR) in the life-cycle of a well Eout can be determined by the cumulative 904 

gas production and the heating value of natural gas (35.8 MJ/m3). EROIuse indicate 905 

EROI within the boundary from well to utilization: 906 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸use = 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜−𝐿𝐿a−𝐿𝐿b−𝐿𝐿c
𝐸𝐸1+𝐸𝐸2+𝐸𝐸3+𝐸𝐸4+𝐸𝐸5+𝐸𝐸6+𝐸𝐸7

                                      (B-1) 907 

where La is NGH losses during WTP transportation, Lb represents NGH losses during 908 

processing, Lc denotes NGH losses during PTU transportation. 909 

𝐸𝐸1 = 𝑇𝑇�𝐶𝐶platform𝐸𝐸𝐸𝐸 + 𝑀𝑀dieselℎdiesel�                               (B-2) 910 

where Cplatform is the offshore platform investment for a well per year ($/yr), T refers to 911 

the life-cycle span of a well (yr), EI represents the energy intensity of an economy 912 

(MJ/$), Mdiesel is the annual diesel consumption of a well (kg/yr), and hdiesel signifies 913 

the heating value of diesel (MJ/kg).  914 

𝐸𝐸2 = 𝑅𝑅diesel𝑇𝑇drillingℎdiesel + �𝐶𝐶drilling − 𝐶𝐶diesel�𝐸𝐸𝐸𝐸                 (B-3) 915 

where Rdiesel is the daily average diesel consumption (kg/day), Tdrilling symbolizes the 916 

drilling time (days), Cdrilling refers to the total drilling monetary cost ($), Cdiesel denotes 917 

the cost of purchasing diesel ($), and dwell is the well depth (m). The value of 𝐶𝐶drilling =918 

670𝑒𝑒0.005d𝑑𝑑well. 919 

𝐸𝐸3 = 𝑀𝑀mater𝑑𝑑well𝐼𝐼pump𝑀𝑀electric + 𝑀𝑀mater𝐼𝐼disposal                   (B-4) 920 
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where Mwater is the amount of water (m3), Ipump corresponds to the effective power of 921 

the electrical submersible pump (0.01 kWh/m3·m), and helectric represents the heating 922 

value of electricity (MJ/kWh), Idisposal is the unit energy consumption for water disposal 923 

(81.8 MJ/m3).  924 

𝐸𝐸4 = 𝐶𝐶pipeline𝐸𝐸𝐸𝐸+𝑀𝑀transp𝐷𝐷transp𝐼𝐼transp                               (B-5) 925 

where Cpipeline symbolizes the cost of pipeline construction ($), Mtransp is the product of 926 

traffic volume (m3), Dtransp denotes transport distance (m), Itransp represents traffic 927 

intensity of gas pipeline (2.68 × 10-4 MJ/m3·km).  928 

𝐸𝐸5 = 𝐿𝐿b 92%⁄                                                  (B-6) 929 

where Lb = 10%(Eout-La). 930 

𝐸𝐸6 = 𝐶𝐶pipeline𝐸𝐸𝐸𝐸+𝑀𝑀transp𝐷𝐷transp𝐼𝐼transp                            (B-7) 931 

where Cpipeline refers to the cost of pipeline construction ($), Mtransp symbolizes the 932 

product of traffic volume (m3), Dtransp is transport distance (m), Itransp represents traffic 933 

intensity of gas pipeline (2.68 × 10-4 MJ/m3·km).  934 

𝐸𝐸7 = 𝐸𝐸pf + 𝐸𝐸water + 𝐸𝐸proppant+𝐸𝐸treat                              (B-8) 935 

𝐸𝐸pf = 𝐸𝐸direct
𝜂𝜂p𝜀𝜀pg

                                                   (B-9) 936 

𝐸𝐸water = 50𝑄𝑄total                                             (B-10) 937 

𝐸𝐸treat = 10%𝑄𝑄total𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑                                     (B-11) 938 

Where Epf is energy for pumping (MJ), 𝜂𝜂p represents the efficiency of the pump, 939 

here = 0.6, 𝜀𝜀pg is the power generation energy efficiency, =0.4, Ewater is water usage 940 

energy (MJ), Eproppant refers to proppant usage energy (MJ), Etreat represents energy 941 

consumption for flowback fluid treatment (Balashov et al., 2015), Qtotal is Total 942 

estimated fluid injection volume (m3), Idisposal is the unit energy consumption for water 943 

disposal (81.8 MJ/m3). It should be noted that the energy values for proppant usage are 944 

not explicitly formulated here, but are proportionally scaled based on the baseline 945 
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energy assessment results from the literature (Lior, 2016) according to the actual fluid 946 

injection volume designed in this study. 947 

Goodfellow et al. (2015) showed that a substantial fraction of the injection energy 948 

is expended on deformation associated with fracture opening. Therefore, the total 949 

hydraulic injection energy is an appropriate measure of engineering energy input. 950 

According to Feng et al. (2019), the total hydraulic energy injected (Einj) is defined as 951 

the time integral of the product of injection pressure and rate. The effective minimum 952 

horizontal stress in the Shenhu hydrate reservoir is only 0.5–0.9 MPa, indicating an 953 

extremely low effective stress regime in shallow marine hydrate sediments (Nie et al., 954 

2024). Under deepwater conditions, the hydrostatic pressure of the wellbore fluid is of 955 

the same order as the in-situ pore pressure. Therefore, the surface injection pressure can 956 

be reasonably approximated as the sum of the net pressure and friction pressure. 957 

Assuming a relatively constant bottom-hole injection pressure during the main 958 

fracturing treatment, the equation is simplified to:  959 

𝐸𝐸direct = (𝑃𝑃friction + 𝜎𝜎min)𝑄𝑄total                                    (B-12) 960 

Where Pfriction denotes the pressure loss due to fluid friction along the wellbore 961 

(MPa), 𝜎𝜎min symbolizes the minimum horizontal principal stress (MPa), Edirect is the 962 

total hydraulic energy input during the fracturing process (MJ). 963 

According to Ren et al. (2024), the pore volume of a single primary artificial 964 

fracture and the material balance equation for the fracturing fluid system as: 965 

𝑉𝑉f = 2𝑥𝑥f𝑤𝑤f𝐻𝐻                                                 (B-13) 966 
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𝑄𝑄total = 𝑉𝑉w + 𝑚𝑚(𝑉𝑉f + 𝑉𝑉s + 𝑉𝑉m)                                  (B-14) 967 

In engineering estimation, accurately determining the secondary fracture volume 968 

(Vs) and matrix imbibition volume (Vm) a priori is challenging. However, Ren et al. 969 

(2024) demonstrated that matrix imbibition can account for a dominant proportion (e.g., 970 

87.57%) of the total injected volume in tight reservoirs. To account for this without 971 

explicit micro-parameters, we introduced a Fluid Efficiency coefficient (𝜂𝜂 ). The 972 

simplified formula used for estimation is: 973 

𝑄𝑄total ≈
𝑁𝑁frac𝑉𝑉f
𝜂𝜂

= 𝐿𝐿well𝑉𝑉f
𝜂𝜂𝜂𝜂

                                        (B-15) 974 

Where Nfrac denotes total number of fractures, Vf refers to pore volume of a single 975 

primary fracture (m3), H represents reservoir thickness (m), Lwell represents the length 976 

of the horizontal production section (m), 𝜂𝜂 is fluid efficiency factor. The value of 𝜂𝜂 =977 

0.1. 978 

Given the global target permeability (Ktarget), the fracture geometry is determined 979 

according to seepage mechanics. The drainage area controlled by the horizontal well is 980 

simplified into a series flow model consisting of two distinct zones: (a) The distal 981 

unstimulated matrix: length (xmax - xf) with permeability Kmatrix, and (b) The near-982 

wellbore stimulated reservoir volume (SRV): Length xf with enhanced permeability 983 

KSRV. 984 

According to the harmonic mean principle for flow perpendicular to the material 985 

interfaces in a heterogeneous formation, the relationship between the global target 986 

permeability and the zonal permeabilities is expressed as (Renard and Marsily, 1997): 987 



37 
 

𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾target

= 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚−𝑥𝑥f
𝐾𝐾matrix

+ 𝑥𝑥f
𝐾𝐾SRV

                                     (B-16) 988 

𝐾𝐾SRV = 𝐾𝐾matrix(𝑑𝑑−𝑤𝑤f)+𝐾𝐾f𝑤𝑤f
𝑑𝑑

≈ 𝐾𝐾matrix + 𝐾𝐾f𝑤𝑤f
𝑑𝑑

                       (B-17) 989 

The required fracture spacing is derived as: 990 

𝑑𝑑 = 𝐾𝐾f𝑤𝑤f
𝐾𝐾SRV−𝐾𝐾matrix

                                             (B-18) 991 

Among which xmax is drainage zone of horizontal well, roughly defined as the max 992 

recoverable zone (m), xf represents fracture length (m), Ktarget denotes target global 993 

effective permeability (m2), Kmatrix symbolizes the intrinsic matrix permeability (m2), 994 

KSRV refers to the required equivalent permeability of the stimulated zone, d is fracture 995 

spacing along the horizontal wellbore (m), Kf represents fracture permeability (m2), wf 996 

denotes fracture width (m). 997 

  998 
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Table B-1 Detailed results of the EROI calculation process. 999 
Site GMGS6-SH02 

Case 1k 5k 10k 15k 20k 25k 

drilling length (m) 9,496 3,876  2,835  2,445  2,244  2,119  

Water depth (m) 1,225  1,225  1,225  1,225  1,225  1,225  

Well depth (m) 10721.09 5,101  4,060  3,670  3,469  3,344  

UGR of a single well (GJ) 26,134,000  26,134,000  26,134,000  26,134,000  26,134,000  26,134,000  

Production period (years) 10  10  10  10  10  10  

Water (107 m3) 5.90 6.90 7 .18 7 .45 7.74 8.05 

Energy 
cost 
(GJ) 

Preparation 
E1 

Platform 
investment 105,000  105,000  105,000  105,000  105,000  105,000  

Platform 
operation 168,046  168,046  168,046  168,046  168,046  168,046  

Drilling 
E2 

Direct 
inputs 15,606  7,425  5,910  5,343  5,049  4,867  

Indirect 
inputs 1,147,280  258,666  165,404  135,959  121,890  113,539  

Drainage 
exploitation 

E3 

Heating 0  0  0  0  0  0  

Drainage 22,780,383  12,663,122  10,494,098  9,844,860  9,667,049  9,689,300  

Water 4,828,062  5,640,754  5,873,072  6,094,741  6,332,357  6,584,730  

WTP 
Transportation 

E4 

Leakage 784,020  784,020  784,020  784,020  784,020  784,020  

Direct 
inputs 68,474  68,474  68,474  68,474  68,474  68,474  

Indirect 
inputs 153,125  153,125  153,125  153,125  153,125  153,125  

Processing 
E5 

Self-used 
energy 2,534,998  2,534,998  2,534,998  2,534,998  2,534,998  2,534,998  

Electricity 
input 220,435  220,435  220,435  220,435  220,435  220,435  

Processing-to-
Use 

 
Transportation 

E6 

Leakage 684,449  684,449  684,449  684,449  684,449  684,449  

Direct 
inputs 9,489  9,489  9,489  9,489  9,489  9,489  

Indirect 
inputs 21,875  21,875  21,875 21,875 21,875 21,875 

Hydraulic 
fracturing 

E7 

Pumping 132,881  583,866  574,456  574,712  584,916  595,639  

Water 183,982  1,038,796  1,079,012  1,102,497  1,134,573  1,163,429  

Flowback 
treatment 30,099  169,947  176,526  180,368  185,616  190,337  

Proppant 8,831  49,862  51,793  52,920  54,460  55,845  

  1000 
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Appendix C 1001 

Regarding the impact of hydrate formation on gas production rate, we adopt the 1002 

following formation model (Englezos et al., 1987; Sun and Mohanty, 2006; Gao et al., 1003 

2024): 1004 

Rr = −kfAs(pe − pG)                                           (C-1) 1005 

As = �𝜙𝜙wg
3 3

2𝐾𝐾
(𝑆𝑆L𝑆𝑆G𝑆𝑆H)2 3⁄                                      (C-2) 1006 

Among which: kf = 0.5875×10-11 mol/(m2·MPa•s), Sw means liquid saturation, SG is 1007 

gas saturation, SH represents hydrate saturation, Pe denotes hydrate phase equilibrium 1008 

pressure (Pa), PG is gas pressure (Pa), 𝜙𝜙wg refers to effective porosity, K is intrinsic 1009 

permeability (m2). 1010 

To support the reliability of the numerical simulations, this appendix presents a 1011 

supplementary evaluation of the model's robustness and theoretical premises. A 1012 

sensitivity analysis on key parameters—including thermodynamic properties and 1013 

hydrate dissociation kinetics—is conducted to assess their impacts on gas production.  1014 

To evaluate the robustness of the proposed analytical model against the assumption 1015 

of horizontally dominated flow, validation for its applicability under anisotropic 1016 

permeability conditions was conducted. In this context, anisotropy refers specifically to 1017 

the contrast between horizontal and vertical intrinsic permeability. We conducted a 1018 

series of numerical simulations with a fixed vertical intrinsic permeability (khbs_v = 2.38 1019 

mD), while varying the ratio of horizontal to vertical permeability (Rhv) from 0.1 to 10. 1020 

As illustrated in Fig. C-3(a), the production range predicted by the analytical method 1021 

remains in good agreement with the numerical solutions across this entire range. These 1022 
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results demonstrate that the proposed method maintains satisfactory accuracy and 1023 

robustness even under moderately to strongly anisotropic conditions. While currently 1024 

focused on a single-well model, the framework could be extended to multi-well 1025 

scenarios (Terzariol and Santamarina, 2021). Preliminary validation against numerical 1026 

simulations shows an error of less than 10% (Fig. C-3(b)); however, comprehensive 1027 

research on multi-well interference is reserved for future work.  1028 
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 6 
Fig. 1 Schematic diagram of the maximum recoverable zone and high-efficiency production zone 7 

in horizontal well depressurization. 8 
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 19 
Fig. 2 Schematic diagrams of the three representative reservoir types and model for the Shenhu 20 

area. 21 
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 34 
Fig. 3 Geometry and mesh attribute scheme of the numerical model used for validating the 35 

analytical solution. 36 
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(a)                                    (b) 49 

 50 

(c)                                    (d) 51 

Fig. 4 Comparison of analytical solution predictions and numerical simulation results under 52 

different: (a) burden thickness b; (b) hydrate-bearing sediment permeability khbs; (c) pressure at 53 

the well Pw; (d) hydrate-bearing sediment thickness H. 54 

 55 

 56 
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 59 

 60 

 61 

 62 
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 64 

 65 

 66 

 67 

Fig. 5 Schematic of simulation scenarios designed to investigate the effects of burden properties 68 

(RunB), thermal and pressure gradients (RunG), and horizontal well configurations (RunW). 69 
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 71 

 72 

 73 

 74 

 75 

 76 

Fig. 6 Validation of the stratified weighted average method against numerical simulation results 77 

across different scenarios. 78 
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 84 

 85 

(a)                                     (b)  86 

Fig. 7 Evaluation of production efficiency indicators under different intrinsic permeabilities: (a) 87 

time required to reach specific recovery factor (Rout); (b) relative change rate of time for Rout. 88 
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(b) 101 
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(c) 103 

Fig. 8 Spatial distribution of hydrate saturation at 1 year and 10 years under different horizontal 104 

well configurations in: (a) Class I; (b) Class II; (c) Class III. 105 
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 116 

 117 

(a)                                     (b)  118 

Fig. 9 Evolution of the hydrate dissociation degrees: (a) in the GHBL (DH_GHBL); (b) in the 119 

dissociation zone (DH_D). 120 
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(a) 123 
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(b) 125 
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 126 

(c) 127 

Fig. 10 Spatial distribution of gas saturation at 1 year and 10 years under different horizontal well 128 

configurations in: (a) Class I; (b) Class II; (c) Class III. 129 
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(a)                                      (b) 135 

 136 

(c)                                      (d) 137 

 138 

   (e) 139 

Fig. 11 Characteristics of gas and water production across different reservoir types and well 140 

configurations: (a) cumulative gas production; (b) gas production rate; (c) cumulative water 141 

production; (d) water production rate; (e) gas water ratio.  142 
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 150 

 151 

Fig. 12 Comparison of the analytically predicted high-efficiency production zone (x*0.7), simulated 152 

10-year dissociation boundary (x10yr) and recovery factor (Rout) for all cases. 153 
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 160 
(a)                                      (b) 161 

Fig. 13 Gas and water production characteristics of the second production test in the South China 162 

Sea from different well configurations: (a) cumulative gas production and gas production rate; (b) 163 

cumulative water production and water production rate. 164 
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 175 

 176 
Fig. 14 Predicted minimum horizontal well lengths (Lmin_10yr) required to achieve the 10-year 177 

commercial production target under different reservoir permeabilities. 178 
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 186 

 187 

(a)                                      (b) 188 

Fig. 15 Impact of permeability enhancement: (a) recovery factor (Rout), the high-efficiency 189 

production zone (x*0.7) and the hydrate dissociation boundary after a 10-year simulation (x10yr); (b) 190 

cumulative gas production per unit well length. 191 
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 202 

Fig. 16 Evaluation of the energy inputs (E in) and EROIuse for commercial production scenarios. 203 
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 214 

 215 

Fig. C-1 Impact assessment of model assumptions and kinetic parameters: effect of secondary 216 

hydrate formation. 217 
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 225 

(a)                                   (b) 226 

Fig. C-2 Sensitivity analysis of hydrate dissociation kinetics and thermal properties in IGHCCS2 227 

BP4-Case2: (a) impact of specific surface area of dissociation on gas production rate at day 30; (b) 228 

impact of reservoir thermal conductivity on spatial distribution of hydrate saturation at day 30. 229 

 230 
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 241 

 242 

(a)                                     (b) 243 

Fig. C-3 Numerical validation of the applicability of the analytical theory: (a) comparison of gas 244 

production range under anisotropic permeability; (b) validation of optimal well spacing under 245 

multi-well interference. 246 

 247 
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