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ABSTRACT: Field tests have demonstrated that depressurization with controlled sand production is an effective
technique for natural gas hydrate extraction. Variations in depositional environments and processes result in sig-
nificant heterogeneity within subsea natural gas hydrate-bearing sediments. However, the influence of permeability
heterogeneity on production performance during depressurization with controlled sand production remains inad-
equately understood. In this study, a multiphase, multi-component mathematical model is developed to simulate
depressurization with controlled sand production in methane hydrate-bearing sediments, incorporating geological
conditions representative of unconsolidated argillaceous siltstone hydrate deposits in the Shenhu area of the South
China Sea. The effects of permeability heterogeneity-specifically, horizontal autocorrelation length and global per-
meability heterogeneity-on production performance during depressurization with sand production are investigated
using geostatistical modeling combined with finite difference method based numerical simulations. Results show that
as the horizontal autocorrelation length of permeability distribution increases, cumulative gas production first rises
and then declines, reaching its peak at λDh = 0.1, whereas sand production steadily increases. In addition, higher
formation permeability heterogeneity results in increased cumulative gas and sand production, suggesting that greater
heterogeneity promotes methane hydrate decomposition and gas recovery. These findings can offer valuable insights for
optimizing future field development of hydrate-bearing sediments by depressurization with controlled sand production.
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1 Introduction
Natural gas hydrates are regarded as a promising clean energy resource and a viable alternative to

conventional fossil fuels, owing to their high energy density, widespread distribution, and vast reserves [1–3].
Estimates suggest that the organic carbon reserves in natural gas hydrates are approximately twice those of
coal, oil, and conventional natural gas combined [4,5]. Notably, 1 m3 of natural gas hydrate can release up to
164 m3 of natural gas, underscoring its potential as a major energy resource. Given these abundant resources,
natural gas hydrates represent a promising clean energy solution to meet future energy demands [6,7].

The China Geological Survey conducted two hydrate production tests in 2017 and 2020 based on natural
gas hydrate exploration findings on the northern slope of the Shenhu area in the South China Sea [8–10].
The first test in 2017 utilized a single vertical well and lasted 60 days, achieving a total gas production of
3.09 × 105 m3 [8,9]. This set a world record for the longest continuous stable gas production and the highest
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total gas yield [7]. In the second test in 2020, a dual horizontal well extraction method was adopted, resulting
in 30 days of continuous stable gas production with a total gas output of 8.614 × 105 m3 [10]. The average daily
gas production rate during this test reached 2.87 × 104 m3, approximately 5.6 times higher than that of the
first test [11].

However, sand production remains a major challenge in natural gas hydrate extraction, with some
tests being prematurely halted due to excessive sand influx. Sand production has become a critical factor
constraining the long-term, efficient, and safe exploitation of hydrate-bearing sediments [12–15]. Research
on sand production risk assessment has largely focused on identifying critical conditions for sand migration,
understanding the evolution of sand production rates, and developing effective sand control strategies. In
recent years, physical simulation systems of various scales have been developed to explore sand produc-
tion mechanisms in hydrate reservoirs [16–18]. These systems facilitate comprehensive research on sand
production prediction and the clogging mechanisms of sand control media. Due to inherent experimental
limitations, preparing hydrate-bearing samples that faithfully replicate in-situ production conditions remains
a significant challenge. Parameters such as in-situ pressure, temperature, hydrate saturation, sediment com-
position, and mechanical properties are difficult to reproduce simultaneously under laboratory conditions.
Consequently, existing physical experiments may not fully capture the coupled thermo-hydro-mechanical-
chemical behavior of hydrate-bearing sediments in field environments, which limits the direct applicability
of laboratory results to field-scale hydrate production operations.

Effective sand control strategies should not solely focus on sand prevention but should also aim to
maintain production sustainability, safety, and efficiency through an integrated geological and engineering
approach. In addition, considering the dual role of sand production in both enhancing and constraining
gas extraction from hydrate sediments, fundamental guidelines have been proposed for predicting sand
production in producers and designing well-bottom sand control measures. Liu et al. [19] introduced an
innovative technique combining radial wells with liquid-solid phase change supporting agents for hydrate
reservoir modification and sand control. This method aims to mitigate the adverse effects of excessive
sand production, significantly expanding the depressurization extraction range while ensuring effective
sand control.

Recent studies have demonstrated that depressurization combined with moderate sand production
can effectively enhance gas production performance [20–22]. Reservoir permeability significantly influ-
ences hydrate production efficiency during depressurization [23]. However, the impact of permeability
heterogeneity on sand production and overall gas recovery remains insufficiently understood and requires
further investigation. To address this knowledge gap, this study develops a multiphase, multi-component
mathematical model to simulate depressurization with moderate sand production in methane hydrate-
bearing sediments. By integrating stochastic geological modeling with finite difference method based
numerical simulations, we examine how permeability heterogeneity, including autocorrelation length, and
global permeability heterogeneity, affects sand production and gas recovery efficiency. The findings of this
research can provide valuable insights for future practical applications of depressurization combined with
controlled sand production in hydrate reservoir development.

2 Methods

2.1 Generation of Synthetic Heterogenous Permeability Fields
The autocorrelation length characterizes the spatial scale of regions exhibiting similar permeability or

porosity values, primarily determined by depositional environments and associated geological processes. To
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capture the spatial heterogeneity of rock physical properties, such as permeability and porosity, in hydrate-
bearing sediments, geological parameters representative of typical unconsolidated argillaceous siltstone are
employed. Permeability models with varying horizontal autocorrelation lengths are generated using the
sequential Gaussian simulation (SGSIM) method [24–26]. The permeability spatial distribution is character-
ized using an exponential variogram function to capture spatial autocorrelation. Porosity distributions are
derived from the generated permeability models based on a classical porosity-permeability empirical rela-
tionship for porous media [27]. Fig. 1 illustrates the permeability distribution in hydrate-bearing sediments
with a typical dimensionless horizontal autocorrelation length (λDh) of 0.5.

Figure 1: Initial hydrate saturation (a) and log permeability distribution (b) of the synthetic unconsolidated argillaceous
siltstone methane hydrate sediments (λDh = 0.5, σ = 1)

The permeability-porosity relationship is expressed as follows [27],

k (ϕ f ) = k0 (
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)
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2
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where k0 and k denote the initial and current permeability of the hydrate-bearing sediments, respectively,
10−3 μm2; ϕ f is the fluid porosity; ϕ0 is the initial fluid porosity; n is the Carman-Kozeny index, typically
ranging from 0 to 10, set to 1.38 in the model.

2.2 Mathematical Models
2.2.1 Mass and Energy Conservation Equations

During the depressurization of methane hydrate-bearing sediments, the mass conservation equations
for different components can be expressed as follows,
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where ϕ represents porosity, fraction; caj and cgj are the molar concentrations of component j in the
aqueous and gaseous phases, respectively, mol⋅kg−1; De f f

a j and De f f
g j are the effective diffusion coefficients
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of component j in the aqueous and gaseous phases, respectively, m2⋅s−1; kra and krg denote the relative
permeabilities of the aqueous and gaseous phases, m2; ṁ j and ṁ jr are the reaction loss and generation rates
of component j, kg⋅m−3⋅s−1; t is time, s; MWa and MWg represent the molecular weights of the aqueous and
gaseous phases, respectively, kg⋅mol−1; MWj is the molar molecular weight of component j, kg⋅mol−1; Pa and
Pg are the pressures in the aqueous and gaseous phases, respectively, Pa; Sa and Sg represent the saturations
of the aqueous and gaseous phases, fraction; xaj is the mole fraction of component j in the aqueous phase;
yj is the mole fraction of component j in the gaseous phase; μa and μg denote the viscosities of the aqueous
and gaseous phases, respectively, Pa⋅s; ρa and ρg represent the densities of the aqueous and gaseous phases,
respectively, kg⋅m−3; γa and γg are the specific weights of the aqueous and gaseous phases.

The energy conservation equation for the gaseous, aqueous, and solid phases during the depressuriza-
tion of methane hydrate-bearing sediments is described as follows,

∂
∂t
[(1 − ϕ)Mr (T − Tre f ) + ϕ (Sa ρaUa + Sg ρgUg)] + Q̇ + Q̇r =

∇ ⋅ [−kTH∇T + ρauaCa (T − Tre f ) + ρgugCg (T − Tre f )]
(3)

where Ci, i=a, g denotes the specific heat capacities of different phases, J⋅kg−1⋅K−1; kTH represents the thermal
conductivity of the hydrate-bearing sediments, W⋅m−1⋅K−1; Mr is the volumetric heat capacity of the rock,
J⋅m−3⋅○C−1; Q̇ and Q̇r represent the source/sink terms, J⋅m−3⋅s−1; T is the temperature of hydrate-bearing
sediment, ○C; Tref is the reference temperature, ○C; ua and ug are the Darcy velocities of the aqueous and
gaseous phases, respectively, m⋅s−1; Ua and Ug denote the internal energies of the aqueous and gaseous
phases, respectively, J⋅kg−1.

2.2.2 Permeability-Porosity Relationships
Taking into account the effects of solid-phase hydrate decomposition and formation, as well as the

stripping or deposition of the rock framework, the effective porosity can be expressed by the following
equation,

ϕ f = ϕ − ϕh + ϕ f s −
σ

1 − ϕd
(4)

where ϕh denotes the volumetric concentration of methane hydrate, m3/m3; ϕ f s represents the volumetric
concentration of liquefied sediment, m3/m3; ϕd is the blockage porosity, which is set to zero in this model.

Changes in effective porosity directly affect the absolute permeability of hydrate-bearing sediments. the
quantitative relationship between permeability and effective porosity in the hydrate reservoirs is described
using the classical Carman-Kozeny model [27] as shown in Eq. (1).

The dynamic variation of gas-liquid relative permeability as a function of saturation is quantitatively
characterized using the Aziz model [28],

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

kra = [(Sa − Sira) / (1 − Sira)]na

kr g = [(Sg − Sir g) / (1 − Sira)]
ng

na = ng = 3.572; Sira = 0.3; Sir g = 0.05
(5)
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To account for capillary effects between gaseous and aqueous phases, the capillary pressure as a function
of saturation can be described using the van Genuchten model [29],

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Pca p = P0 [(S∗)−1/λ − 1]
1−λ

S∗ = (Sa − Sira + 0.001) / (1 − Sira)
λ = 0.45; P0 = 105Pa

(6)

2.2.3 Sand Detachment and Deposition
Sediment transport is an intrinsic physical process governed by the coupled effects of hydrate dissocia-

tion, reservoir strength degradation, and gas-liquid two-phase flow. The transition of solid sand into a mobile
state is determined by the critical flow velocity considering the erosion or deposition effects. The rate of sand
detachment can be described as follows,

∂msi

∂t
= −msi ω f (ua − ucr i) (7)

where msi represents the mobile solid-phase sediment per unit volume; ω denotes the liquefaction reaction
factor; ua is the flow rate of the aqueous phase, obtained using Darcy’s law, m/d; ucri is the critical onset flow
velocity, m/d. The parameter settings for the critical initiation flow velocity are presented in Table 1.

Table 1: Parameter setting for critical initiation flow velocity [30]

Parameter Value
Liquefaction reaction rate constant (1/s/mol) 2.31 × 10−6

Critical initiation flow velocity (m/d) 0.1
Formation filtration reaction rate (1/s/mol) 8.102 × 10−6

A solute transport mass balance equation is the most widely adopted method for assessing sand particle
retention and migration behavior [30].

∂
∂t
(ϕ f c + σ) + ∇(−D∇c + ua c) = 0 (8)

∂σ
∂t
= λcua (9)

where c and σ are sand suspended and retained concentrations, respectively; λ is the filter coefficient.
Sediment stripping, deposition, and sand control strategies are strongly influenced by the grain size

distribution of hydrate-bearing sediments. Fig. 2 presents the grain size distribution of the unconsolidated
argillaceous siltstone hydrate-bearing sediments, where the median grain size is 14.9 μm. Based on this, the
sand control precision (Dp) is set between 2 and 10 μm.
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Figure 2: Grain size distribution of targeted methane hydrate sediments

2.2.4 Reaction Kinetics Model for Methane Hydrate Formation and Decomposition
In this study, a three-phase, four-component model is employed to simulate methane hydrate decom-

position and formation, as well as sediment stripping and deposition. Within this framework, the aqueous
phase consists of formation water and mobile sediments, the gaseous phase consists of methane, and the solid
phase comprises hydrate and framework sediments. The decomposition and formation of methane hydrate
are typically described as a reversible reaction between gaseous methane and aqueous brine, each governed
by specific reaction rates,

CH4 + nH2O⇌ CH4 ⋅ nH2O ± ΔH (10)

where n denotes the hydrate index, which is set to 5 for methane hydrate; ΔH is the enthalpy of the reaction,
J/kg.

In hydrate-bearing sediments, the driving force for methane hydrate formation and decomposition is
determined by either the difference between the gas fugacity at methane-formation water-hydrate three-
phase equilibrium and the actual gas fugacity in the gaseous phase or the difference between the hydrate
phase equilibrium pressure and the gaseous phase pressure. When the gaseous phase pressure exceeds
the hydrate phase equilibrium pressure (i.e., Pg − Pe > 0), hydrate formation occurs; otherwise, hydrate
decomposition takes place. The rates of hydrate formation and decomposition are proportional to this driving
force. The formation reaction rate of methane hydrate can be expressed as follows [31],

n f = k0
f exp(− E

RT
)(ϕ2

f AHS Sa Sh + ϕ f AHS Sa) [Pg − Pe] (11)

where nf denotes the formation rate of methane hydrate, mol/(m3⋅s); k0
f is the frequency factor of the methane

hydrate formation reaction, mol/(s⋅kPa⋅m2); E denotes the activation energy of the formation reaction, J/mol;
AHS is the effective specific surface area for hydrate formation or decomposition, m2/m3; R is the universal
gas constant, J/(mol⋅K); Pe is the phase equilibrium pressure of the hydrate, kPa.
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By incorporating the local equilibrium reaction assumption, the expression for the hydrate formation
rate can be transformed as follows,

n f = (λ f 1 + λ f 2ϕ f ρmh Sh)ϕ f Sa ρma Pe exp(− E
RT
)
⎛
⎝

1
K (Pg , T)

− 1
⎞
⎠

(12)

where λf 1 and λf 2 are the formation rate constant and mass transfer coefficient, respectively, with units of
1/kPa/s and (mol/m3)−1/kPa day; ρa and ρh represent the molar densities of the aqueous and hydrate phases,
respectively, mol/m3.

The decomposition rate of methane hydrate can be expressed as follows,

nd = k0
d exp(− E

RT
)ϕ2

f AHS Sa Sh [Pe − Pg] (13)

where nd denotes the decomposition reaction rate of methane hydrate, mol/(m3⋅s); k0
d represents the

frequency factor of methane hydrate decomposition reaction, mol/(s⋅kPa⋅m2).
Similarly, based on the local equilibrium reaction theory, Eq. (13) can be rearranged as,

nd = λd (ϕ2
f ρma ρmh Sa Sh Pe) exp(− E

RT
)
⎛
⎝

1 − 1
K (Pg , T)

⎞
⎠

(14)

where λd denotes the decomposition reaction rate constant, (mol/m3)−1/kPa day.
According to the theory of local equilibrium reactions, the equilibrium constant K(Pg , T) can be

described as a function of pressure and temperature,

K (Pg , T) = ( k1

Pg
+ k2Pg + k3) exp( k4

T − k5
) (15)

where Pg is pressure, kPa; T is the absolute temperature, K; k1~k5 are relevant coefficients.
The effects of methane dissolution in formation brine and variation of formation water salinity on

hydrate formation are not considered in this study. Based on the phase equilibrium curve of methane hydrate
in a 3.5 wt% NaCl solution within the temperature range of 0○C to 20○C and assuming k2 = k3 = 0, Eq. (15)
simplifies,

Pe = k1 exp( k4

T − k5
) (16)

The values of k1, k4 and k5 obtained from curve fitting are k1 = 1.617408 × 109, k4 = −1414.909123,
k5 = −105.25 [31]. The parameters for the methane hydrate formation and decomposition reactions are given
in Table 2.

Table 2: Parameter settings for methane hydrate formation and decomposition reactions [30]

Parameter Value
Hydrate molecular weight (kg/mol) 119.543 × 10−3

Density of hydrate (kg/m3) 919.7
Volumetric molar concentration (mol/m3) 7694

(Continued)
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Table 2 (continued)

Parameter Value
Frequency factor for methane hydrate formation (mol/s/kPa/m2) 2.9

Frequency factor for methane hydrate decomposition (mol/s/kPa/m2) 1.239 × 108

Effective specific surface area of hydrate (m2/m3) 3.75 × 105

Reaction activation energy (J/mol) 81,084.2
Reaction enthalpy (J/mol) 51,858

The thermo-hydro-chemical coupling relation during hydrate sediments depressurization with sand
production is given in Fig. 3a, and a schematic diagram of the modeling workflow is presented in Fig. 3b.

(a) 

(b) 

Flow field

Temperature field Chemical field

Reaction rate

Reaction heat

Parameter design for hydrate 
sediments depressurization 

with controlled sand 
production 

End

Synthetic permeability and porosity 
distributions generation

Define fluids and rock-fluids functions, 
hydrate dissociation/formation, sand 

detachment/deposition reaction kinetics, etc.

Numerical simulation by finite difference 
method

Sensitivity analysis
Gas/sand production behavior

Hydrate distributions

Figure 3: (a) Thermo-hydro-chemical coupling relation during hydrate sediments depressurization with sand produc-
tion; (b) Schematic diagram of the modeling workflow
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2.3 Boundary and Initial Conditions
The methane hydrate-bearing sediment is located 214 m beneath the seabed, with an overlying seawater

column of 1266 m and a total formation thickness of 90 m. The formation is vertically stratified into four
distinct layers: the overburden, the methane hydrate-bearing layer, the mixed methane hydrate/free gas layer,
and the underburden. Under initial conditions, the methane hydrate-bearing layer and the mixed methane
hydrate/free gas layer exhibit average porosities of 0.373 and 0.346, respectively. Their corresponding average
permeabilities range from 2 to 5 mD, with hydrate saturations of 0.31 and 0.117, and water saturations of 0.317
and 0.537, respectively [32]. The initial temperature profile of the methane hydrate-bearing sediment can be
determined based on the seabed temperature and the geothermal gradient,

T = Ts f + ΔT ⋅ Z × 10−3 (17)

where Tsf denotes the seabed temperature, set to 3.6○C; ΔT is the geothermal gradient, set to 48○C/km; Z is
the depth below the mudline, m.

The initial pressure distribution of methane hydrate-bearing sediments is determined by considering
hydrostatic pore pressure,

Pa = Patm + ρa g (H + Z) × 10−3 (18)

where Pa is the hydrostatic pore pressure in methane hydrate-bearing sediments, kPa; Patm is the standard
atmospheric pressure, set to 101.325 kPa; ρa is the density of formation brine, set to 1000 kg/m3; g represents
the gravitational acceleration, set to 9.8 m/s2; H is the overlying seawater depth, m.

Methane hydrate-bearing sediments are produced via depressurization using a vertical well, with a
perforation interval of 90 m. During the depressurization process, the bottomhole pressure of the production
well is maintained at 3000 kPa. To investigate gas and sand production dynamics under continuous
depressurization, the simulation is conducted over a production period of 1000 days. The resulting system
of partial differential equations is numerically solved using the finite difference method implemented in
CMG-STARS, a widely validated commercial simulator known for its reliability and extensive application in
thermal and multiphase flow modeling within the oil and gas sector.

3 Results and Discussion

3.1 Impact of Horizontal Autocorrelation Length
Methane hydrate-bearing sediments, shaped by depositional environments and associated processes,

exhibit variations in horizontal autocorrelation lengths within permeability and porosity distributions.
To examine the impact of horizontal autocorrelation length on methane production behavior during
depressurization with moderate sand production, numerical simulations are performed to compare coupled
gas and sand production dynamics under four dimensionless horizontal autocorrelation lengths: 0, 0.1, 0.5,
and 1. Fig. 4 illustrates the daily and cumulative gas production, along with sand production trends, for each
scenario. The results indicate that after 1000 days of continuous production, cumulative methane production
first increases and then decreases with increasing horizontal autocorrelation length, peaking at λDh = 0.1.
Meanwhile, cumulative sand production steadily rises from 500 to 4300 m3.



4162 Energy Eng. 2025;122(10)

Figure 4: Methane and sand production responses under different horizontal autocorrelation length conditions: (a)
Daily gas production; (b) Cumulative gas production; (c) Daily sand production; (d) Cumulative sand production

Fig. 5 shows the initial effective permeability distribution and the methane hydrate saturation profiles
before and after 1000 days of production. The results clearly show that low saturation zones resulting from
hydrate decomposition are concentrated in high-permeability regions, indicating a strong autocorrelation
between hydrate depletion and permeability distribution. These findings suggest that permeability distri-
bution plays a critical role in methane production efficiency during depressurization with controlled sand
production, as hydrate decomposition preferentially progresses through low saturation regions. In practical
field applications, the optimal horizontal autocorrelation length for permeability distribution should be
carefully determined based on geophysical survey data.
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Figure 5: Initial effective permeability and hydrate volume fraction distributions before and after 1000 days of
depressurization under different horizontal autocorrelation length conditions: (a–c) λDh = 0; (d–f) λDh = 0.1;
(g–i) λDh = 0.5; (j–l) λDh = 1

3.2 Impact of Global Permeability Heterogeneity
To investigate the impact of global permeability heterogeneity on methane and sand production

behavior during depressurization, three numerical scenarios are designed and simulated, with perme-
ability heterogeneity characterized by standard deviations of 0.5, 1.0, and 1.2. The simulation results are
presented in Fig. 6. As the degree of permeability heterogeneity increases, both daily and cumulative
methane production rise, while cumulative sand production increases from 100 to 8000 m3. These results



4164 Energy Eng. 2025;122(10)

indicate that severe permeability heterogeneity enhances the efficiency of depressurization-based methane
production, exhibiting a different response compared to conventional oil and gas production, where
excessive heterogeneity often leads to poor sweep efficiency and early water or gas breakthrough. In the
context of hydrate exploitation, however, heterogeneity-driven channeling may promote deeper and broader
hydrate decomposition fronts, particularly under depressurization. Furthermore, as shown in Fig. 7, at lower
heterogeneity levels, the methane hydrate decomposition zone remains concentrated near the production
well, whereas higher heterogeneity significantly expands the decomposition zone.

Figure 6: Methane and sand production responses under different permeability heterogeneity conditions: (a) Daily gas
production; (b) Cumulative gas production; (c) Daily sand production; (d) Cumulative sand production

While the framework can be extended to other hydrate-bearing formations, model parameters such
as porosity-permeability relationships, hydrate saturation profiles, and thermal–hydro-chemical properties
would need to be adjusted based on local geological conditions. In addition, the current model does not
account for the effects of in-situ stress and detailed wellbore dynamics. Specifically, it omits mechanical
deformation resulting from hydrate dissociation and the sand production behavior at the wellbore outlet
under multiphase flow conditions. Future work should address these limitations by incorporating coupled
geomechanical processes and wellbore-scale flow-sediment interaction mechanisms.



Energy Eng. 2025;122(10) 4165

Figure 7: Distribution of permeability and hydrate volume fraction before and after 1000 days of depressurization
under different heterogeneity conditions: (a,b) σ = 0; (c,d) σ = 0.5; (e,f) σ = 1; (g,h) σ = 1.2
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4 Conclusions
In this study, a numerical simulation model has been developed to investigate methane production from

unconsolidated argillaceous siltstone hydrate-bearing sediments via depressurization with moderate sand
production. By integrating stochastic geostatistical modeling with multiphase, multi-component numerical
simulations, this study examines the impact of heterogeneity on methane and sand production responses
during the depressurization process. The key findings of this study are summarized as follows,

(1) Depressurization with moderate sand production significantly enhances the methane production
rate from hydrate-bearing sediments. Effective sand production management plays a crucial role in
optimizing production performance during depressurization.

(2) The horizontal autocorrelation length strongly affects the coupled behavior of methane and sand
production during depressurization. As the horizontal permeability autocorrelation length increases,
cumulative gas production first rises and then declines, reaching its peak at λDh = 0.1, whereas
cumulative sand production continuously increases.

(3) Global permeability heterogeneity plays a crucial role in depressurization with sand production. As
the degree of heterogeneity increases, both cumulative gas and sand production exhibit a signifi-
cant increase.
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