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Abstract:

 Natural gas hydrate accumulations were confirmed in the Dongsha Area of the South China Sea by the Guangzhou Marine Geological Survey 2 (GMGS2) scientific drilling expedition in 2013. The drilling sites of GMGS2-01, -04, -05, -07, -08, -09, -11, -12, and -16 verified the existence of a hydrate-bearing layer. In this work gas production behavior was evaluated at GMGS2-8 by numerical simulation. The hydrate reservoir in the GMGS2-8 was characterized by dual hydrate layers and a massive hydrate layer. A single vertical well was considered as the well configuration, and depressurization was employed as the dissociation method. Analyses of gas production sensitivity to the production pressure, the thermal conductivity, and the intrinsic permeability were investigated as well. Simulation results indicated that the total gas production from the reference case is approximately 7.3 × 107 ST m3 in 30 years. The average gas production rate in 30 years is 6.7 × 103 ST m3/day, which is much higher than the previous study in the Shenhu Area of the South China Sea performed by the GMGS-1. Moreover, the maximum gas production rate (9.5 × 103 ST m3/day) has the same order of magnitude of the first offshore methane hydrate production test in the Nankai Trough. When production pressure decreases from 4.5 to 3.4 MPa, the volume of gas production increases by 20.5%, and when production pressure decreases from 3.4 to 2.3 MPa, the volume of gas production increases by 13.6%. Production behaviors are not sensitive to the thermal conductivity. In the initial 10 years, the higher permeability leads to a larger rate of gas production, however, the final volume of gas production in the case with the lowest permeability is the highest.
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1. Introduction


Natural gas hydrates are an ice-crystalline, naturally occurring compounds composed of water and gas molecules (methane CH4 is the most common ingredient). Natural gas hydrates form under certain thermodynamically favorable conditions of high pressure and relatively low temperature. Under these conditions, gas molecules are trapped in a cage constituted by hydrogen-bonded water molecules. When dissociated under standard conditions, one volume of solid natural gas hydrate will release approximately 160 volumes of natural gas [1], indicating that methane hydrates have a high energy density. In addition, hydrate technology can be applied in the process of the hydrogen storage [2], sea water desalination [3,4], gas separation [5], and capture of carbon dioxide [6].



The first confirmation of naturally-occurring gas hydrates came from the Siberia and the Black Sea. By the mid-1990s, it was estimated that the volume of the energy stored in gas hydrates could exceed that of all the world’s coal, oil, and conventional natural gas combined [7,8]. Nowadays, it is known that gas hydrate is a potential energy resource, which occurs naturally in the permafrost regions and in the ocean sediments of continental margins [7,8]. Therefore, developing methods for methane production from hydrate reservoirs and investigating their production behavior are attracting considerable attention from governments and scientists all over the world.



Recently, an increasing number of deep ocean drilling expeditions have been carried out to determine the location of the marine hydrate deposit sand gather the geological factors controlling the occurrence of gas hydrates. The premier drilling projects are the Ocean Drilling Program (ODP) [9] and the Integrated Ocean Drilling Program (IODP) [10]. The Department of Energy (DOE) of the USA and some oil companies sponsored the Joint Industry Project to address the challenges of gas hydrate exploration and exploitation in the Northern Gulf of Mexico [11]. In Asia, information about the occurrence of gas hydrate deposits in the sea area of the Indian Peninsula and the Andaman convergent margin was documented by the project of Indian National Gas Hydrate Program Expedition 01 [12]. Hydrate samples and the corresponding geologic data have been acquired in the Ulleung Basin located in the east sea of Korea by the Korea Gas Hydrate Expedition in 2007 and 2010, respectively [13,14]. In China, hydrate resources appear to be abundant. In 2007, the Guangzhou Marine Geological Survey (GMGS) successfully completed the GMGS1 hydrate exploration program in the Shenhu Area of the South China Sea [15,16]. Subsequently, the second Chinese marine hydrate expedition GMGS2 was performed in the Dongsha Area of the South China Sea in the summer of 2013.



Figure 1 shows the location map of the GMGS2 scientific drilling expedition in the Dongsha Area. The Dongsha Area explored by GMGS2 is situated at the east of the Pearl River Mouth Basin in the South China Sea [17]. An initial Logging While Drilling phase was employed by GMGS2, and then a coring and sampling phase were used. During the GMGS2expedition, a total of 13 sites (shown in Figure 2), which includes 10 logging-while-drilling (LWD) and three downhole wire line logging (DWL) pilot holes, were investigated, among which the existence of hydrate-bearing layers was confirmed at nine sites (sites GMGS2-01, -04, -05, -07, -08, -09, -11, -12, and -16). The water depth of the drilling sites ranged from 667 to 1747 m. As a result, the Dongsha area was concluded to be one of the most complex and the richest marine gas hydrate accumulations that exist.


Figure 1. Map of northeastern part of South China Sea. The rectangle shows the location of the drilling area.
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Figure 2. Bathymetric map of gas hydrate drilling area and sites.
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At Site GMGS2-08, double gas hydrate intervals with saturation of 45%–55% have been detected. As shown in Figure 3, gas hydrates were identified at this site in fine grained sediments with vein, nodular, and laminated morphologies. In the shallow part (9.0–23.0 mbsf), a roughly 14 m-thick layer of gas hydrates, widely distributed in the form of nodules and veins, occurs in a range of 9.0 to 23.0 mbsf. In the middle part (58.0–63.0 mbsf), a 5 m-thick authigenic carbonates deposit was found just above the top of the lower hydrate-bearing sediments. In the deep part (63.0–98.0 mbsf), the interval is dominated by silty clay with some partially dispersed muddy carbonates. A 35-m-thick gas hydrate layer, tightly distributed with a massive form, was found in a range of 63.0–98.0 mbsf. Meanwhile, a 20 cm-thick section of pure gas hydrate was recovered in this interval [17]. Ideally, the best natural gas hydrate (NGH) is found in sands, in particular turbidite sands bounded by impermeable shales. This is because the industry already has the tools and the knowledge to produce natural gas from beds like it [18].


Figure 3. Gas hydrate morphologies in core samples recovered from GMGS2 drilling sites, South China Sea. 1 and 2 (Site GMGS2-08F) massive; 3 and 4 (Site GMGS2-08E) laminated; 5 (Site GMGS2-08E) and 6 (Site GMGS2-08C) nodular; 7 (Site GMGS2-08E) vein; 8 (Site GMGS2-16D) disseminated.
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Obviously, production tests in the field are essential to assess the feasibility of exploiting methane hydrate deposits. However, until now, just a few short-term field tests have been conducted because of the huge cost [19]. Therefore, numerical studies and laboratory tests are underway to advance our understanding of the technologies to exploit this potential energy resource [15,19,20,21,22,23]. After the GMGS1hydrate exploration program in the Shenhu Area of the South China Sea, a series of numerical studies of gas production from the hydrate reservoir in the Shenhu Area were carried out [24,25,26,27]. The application of the vertical well [28], the single horizontal well [25], and the dual horizontal well [15] technologies in the hydrate reservoir at the Shenhu Area were investigated. Evaluations of the gas production from hydrate reservoir by depressurization [29], thermal stimulation [30], the huff and puff method [26], and depressurization in conjunction with warm brine stimulation [31] were also studied. However, up to now, there was little literature about the evaluation of gas production from the hydrate reservoir in the Dongsha Area.



In this work, the main objective was to evaluate the production potential of the gas hydrate accumulation at the Site GMGS2-8 of the Dongsha Area in the Pearl River Mouth Basin. This is the first time the gas production potential in this area has been studied using numerical tools. All of the parameter selection is based on the logging data and exploration data of the reservoir. On the other hand, the TOUGH-hydrate code is one of the most popular tools for evaluating the gas production in hydrate reservoirs, and this code has been verified by experiments in our previous work [32,33,34]. Therefore, the results of this paper should be valuable for the future hydrate exploitation in this area. The single vertical well is considered as the well configuration. Depressurization is employed as the dissociation method. Analyses of the sensitivity of gas production to various dissociation parameters were carried out as well.




2. System Description and Production Strategy


2.1. System Description and Geometry


Figure 4 shows a sketch of this system, and provides some basic information on the thickness of the various layers. All the data in Figure 4 are based on the best available data from Site GMGS2-8 of the Dongsha Area [16]. The water depth at the GMGS2-8 site is 798 m. Preliminary available information indicates that there are two hydrate-bearing layers at the GMGS2-8 site. The upper gas hydrate layer (Hydrate Layer I, HBL-I) is 9 m below the seafloor, and the thickness of this layer is 14 m. According to the drilling sample results, hydrate occurs within fine-grained sediments in this layer, and the saturation of the hydrate ranges from 10% to 14%. Thus, in this workhydrate saturation in this layer was selected as 12%. In the middle part (58–63 mbsf), a 5 m-thick authigenic carbonates deposited was found just above the top of the lower hydrate-bearing sediment. The permeability of this carbonates layer is very low. The lower gas hydrate layer (Hydrate Layer II, HBL-II) ranges from 63 to 98 mbsf with a thickness of 35 m, and the saturation of the hydrate in this layer ranges from 30% to 50%. Therefore, in this work the hydrate saturation in this layer was selected as 40%. Meanwhile, the analysis of pressure coring located at the depth of 74–77 mbsf indicates that this interval is rich of massive gas hydrates. A 20-cm-thick section of pure gas hydrate was recovered in this interval. Thus, in the cylindrical system used in the simulations (Figure 4), there is a massive hydrate interval ranges from 74 to 77 mbsf, which is characterized by high porosity, high intrinsic permeability, and high hydrate saturation. The upper hydrate layer is overlain by an overburden with a thickness of 9 m, and the lower hydrate layer is underlain by an underburden with a thickness of 22 m. Meanwhile, there is a 35m-thick mud between the upper and the lower hydrate layers. The cylindrical system extends over an area with a radius of 250 m.


Figure 4. Description of the cylindrical system used in the simulations.
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Table 1 shows the geological and system properties based on the exploration results and the literature.


Table 1. Geophysical properties and simulation models in marine hydrate reservoir at Site GMGS2-8 of the Pearl River Mouth Basin.


	Parameter
	Value





	Layer thicknesses and porosities
	As in Figure 4



	Hydrate saturation of HBL
	As in Figure 4



	Initial pressure at top of HBL (PT)
	8.11 MPa



	Initial temperature at top of HBL(TT)
	277.60 K



	Initial temperature at base of HBL (TB)
	281.53 K



	Water depth
	798 m



	Intrinsic permeability of sediment of each layer
	As in Figure 4



	Capillary pressure model [35]
	Pcap = −P01 [(S×)−1/λ−1] 1−λ

S× = (SA − SirA)/(SmxA − SirA)



	P01 [23]
	105 Pa



	λ
	0.45



	Dry thermal conductivity (kΘRD) (all formations) [23]
	1.0 W/m/K



	Wet thermal conductivity (kΘRW) (all formations) [23]
	3.1 W/m/K



	Composite thermal conductivity model
	kΘC = kΘRD + (SA1/2 + SH1/2) (kΘRW−kΘRD) + φSIkΘI



	Relative permeabilityModel [20]
	krA = (SA×)n

krG= (SG×)nG

SA×= (SA − SirA)/(1 − SirA)

SG×= (SG − SirG)/(1 − SirA)



	n [23]
	3.572



	nG [23]
	3.572



	SirG [23]
	0.05



	SirA [23]
	0.30



	Sea floor temperature T0 [23]
	277.15 K



	Geothermal gradient G [23]
	0.045 K/m



	Water salinity (mass fraction)
	3.50%









The intrinsic permeabilities of the overburden, the HBL, and the underburden, which are a function of the sediment structure only (not of the fluid and hydrate), are estimated according to the limited measuring data [17]. The drilling data show that the zone above the lower hydrate-bearing layer is highly impermeable carbonate. Thus, the intrinsic permeability of the carbonate layer is chosen as 7.5 × 10−20 m2. The intrinsic permeability of the massive hydrate layer is chosen as 7.5 × 10−12 m2 [36].




2.2. Method of Production and Well Design


The technologies for commercial production of natural gas from hydrate are still developing. The common methods for hydrate dissociation are: (1) the depressurization method, in which the hydrate reservoir pressure is reduced below the equilibrium decomposition pressure to decompose the hydrate [37,38]; (2) the thermal stimulation method, in which the hydrate reservoirs are heated above the equilibrium decomposition temperature to decompose the hydrate [21,39]; (3) the chemical injection method, in which chemicals (such as methanol or ethylene glycol) are injected into the reservoir to change the equilibrium hydrate decomposition conditions and induce hydrate dissociation [40,41]; and (4) the CO2 replacement method, in which CO2 is injected into the hydrate reservoirs to replace the methane gas [42,43]. A series of field production tests from the practical hydrate reservoirs have confirmed the availability of these methods, such as the test at the Mackenzie Delta (Northwest Territories, Canada) by thermal stimulation and depressurization methods [19], and the offshore test at the Nankai Trough, Japan by the depressurization method during 12–18 March 2013 [44]. Depressurization has been regarded as an effective method because of its economic and technical effectiveness [45]. Thus, in this work, depressurization is applied for the hydrate dissociation, and the effects of the hydrate dissociation by depressurization are analyzed.



The carbonate layer and the low intrinsic permeability of marine clays (muds) precluded the use of horizontal wells. Thus, a vertical well model was used exclusively in this study (Figure 4). The well design is quite simple and involves two perforated intervals that cover the entire upper and lower hydrate-bearing intervals. The well radius in this work is rw = 0.1m. The numerical representation of a constant Pw involves treating the well as an internal boundary. In the case of a vertical well, this boundary is placed in the grid block above the uppermost cell in the well.





3. The Numerical Models and Simulation Approach


3.1. The Numerical Simulation Codes


In this study, the parallel version of the numerical code TOUGH+HYDRATE, which consists of an equilibrium and a kinetic model, was employed for numerical simulation. Recently, both the equilibrium and the kinetic model have been validated by Li, et al. [32,33,34] and Moridis, et al. [45,46] using the experimental data.




3.2. Domain Discretization


Figure 5 shows the mesh of the simulation system. The cylindrical domain of the single vertical well problem was discretized into 72 × 71 = 5112 gridblocks in (r,z). The hydrate dissociation was treated as an equilibrium reaction [47] and the effect of the salinity on hydrate dissociation was considered, which resulting in a system of 5112 equations. Discretization along the radial direction increases from rw to rmax, which was non-uniform. Discretization along the z-axis was uniform (with Δz = 1.0 m) within the upper and lower hydrate-bearing layers (Figure 5). The discretization was non-uniform in the overburden, center mud layer, and underburden.


Figure 5. Domain discretization of the hydrate reservoir in the simulations.
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3.3. Boundary and Initial Conditions


The pressure and temperature conditions in the uppermost overburden and the lowermost underburden are set as constant, which are corresponding to the inactive boundaries. The initial temperatures of the top and bottom boundaries are determined on the basis of the seafloor temperature and the geothermal gradient (shown in Table 1). Initial pressure at the top of the HBL-I (PT = 8.11 MPa) is determined by a hydrostatic distribution. Then, the P- and T- profiles in the domains are initialized through a short simulation using the boundary temperature, the hydrostatic gradient, and the adjusted brine density. Afterwards, the other initial parameters shown in Table 1 are simulated by another short simulation. Unless a perturbation occurs from the outside, any conditions in the system remain unchangeable. Figure 6 shows the distribution of the initial hydrate saturation, initial pressure, and initial temperature in this simulation. As shown in Figure 6, there are two hydrate-bearing layers at the Site GMGS2-8. The hydrate saturation in the upper gas hydrate layer is 12%, and the saturation of the hydrate in most area of the lower gas hydrate layer is 40%. However, there is a massive hydrate interval in the lower gas hydrate layer, and the hydrate saturation of this hydrate interval is 55%. The pressure and temperature distributions accord with geologic conditions.


Figure 6. Spatial distributions of hydrate saturation, pressure, and temperatureat t = 0 day.
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3.4. Simulation Process and Approach


Because of significant uncertainties about the values of the important parameters, conditions and variables that affect gas production and the overall system behavior, our approach involved two steps. The first step involved the study of a reference case, which was based on the most likely (expected) values of all the critical parameters and properties. The second step involved extensive sensitivity analyses, which covered the spectrum of the possible variations in the parameter and property values, and thus defined the envelope of the expected system performance during long-term production. However, the 2D (r-z) model in this work is hard to capture all the characteristics of the flow dynamics. In this work, the geological conditions are assumed as rotational symmetry. If the comprehensive geological data for the hydrate deposit can be obtained, a 3D model can be established to evaluate the production potential in the future.




3.5. Evaluation Method


The production potential of the hydrate deposits in the GMGS2-8 site can be evaluated by two production criteria: an absolute criterion and a relative criterion. To satisfy the absolute criterion, production potential (i.e., QP, VP and QR, VR values) needs to be attained over the duration of the study. The relative criterion is satisfied when the water/gas ratio RWG = MW/VP is low, indicating low production cost because of low energy requirements for the water lift and water disposal problems.





4. Production from GMGS2-Site 8 in the Pearl River Mouth Basin: The Reference Case


In this work, the production pressure of the well is set as 4.5 MPa, which is the same as that in the field test of the Nankai Trough [44].



4.1. Gas and Water Production


Figure 7 shows the evaluations of the cumulative volume of produced gas (Vp), cumulative volume of dissociated gas (VR), volumetric flow rate of produced gas (Qp), and volumetric flow rate of dissociated gas (QR) overtime. As shown in Figure 7, the change of the volumetric flow rate of gas (Qp and QR) can be divided into four stages (S1–S4). In the S1 (0–1.8 years), the Qp and QR firstly reach to the maximum in 0.11 year (40 days). The maximum values for the Qp and QR are 9560 m3/day and 10,600 m3/day, respectively. Afterwards, in the remaining time of the S1, the value of the Qp keeps at approximately 9500 m3/day, and the QR decrease to 9500 m3/day. The QR is higher than the QP in the S1, because some of the dissociated gas remains in the hydrate reservoir. In the S2 (1.8–4.6 years), the Qp and QR rapidly decrease to approximately 7500 m3/day in a same rate. The decrease of QR and Qp is caused by the reduction of the hydrate saturation near the vertical well. In the S3 (4.6–11.5 years), the curves of Qp and QR fluctuate in a range from 7400 to 7800 m3/day, indicating that the rate of hydrate dissociation in this stage remains stable. It could be attributed to the fact that the water with a higher temperature in the underburden flows to the HBL-II, and the sensible heat of the water is applied for hydrate dissociation in this stage. This hypothesis will be discussed in the next figures of the temperature and hydrate distributions. In the last stage S4 (11.5–30 years), the Qp and QR gradually decrease from 7500 to 4700 m3/day, which is caused by the low permeability of the system.


Figure 7. Reference case: evolution of cumulative volume of produced gas (Vp), cumulative volume of dissociated gas (VR), volumetric flow rate of produced gas (Qp), and volumetric flow rate of dissociated gas (QR) overtime.
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The cumulative released and produced volumes of gas in this figure are consistent with the observations made on the relative magnitude of Qp and QR, and their evolution overtime. The total gas production is approximately 7.3 × 107 ST m3 in 30 years. Thus, the average gas production rate in 30 years is 6.7 × 103 ST m3/day, which is much higher than the previous study in the Shenhu Area of the South China Sea by GMGS-1 (211 ST m3/day) [48].



Moreover, the maximum gas production rate has the same order of magnitude of the first offshore methane hydrate production test in the Nankai Though, Japan (2 × 104 ST m3/day) [49]. This work is based on the local conditions at GMGS2-Site 8 with limited resources. The actual gas production from hydrate deposits in the Dongsha area may obtain more economically feasible.



Figure 8 shows the evolution of the cumulative mass of the produced water (MW) and gas-to-water ratios (RGW = VP/MW) overtime. As shown in Figure 8, MW increases continuously, and the rate of water production increases over time. The final MW is 6.75 × 1010 kg, which leads to an average water production rate of 6.16 × 106 kg/day. RGW also presents a continuous decreasing trend. After t = 30 days, RGW is smaller than 5, which is uneconomical [50]. The large amount of water production is mainly caused by the thin overburden of this system. The thickness of the overburden is just 9 meters, and the pressure difference between seawater and wellbore is over 3.5 MPa. Therefore, seawater easily flows through the overburden to the wellbore.


Figure 8. Reference case: evolution of the cumulative mass of produced water (Mw) and gas to water ratio (RGW) overtime.
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4.2. Spatial Distributions of P


Figure 9 shows the evolution of pore pressure distribution in the hydrate reservoir over time. As shown in Figure 9, the carbonate layer has initially lower permeability than the other layers, resulting in an obvious pressure interrupt between the HBL-II and the middle mud layer. Meanwhile, the 3m-layer of massive hydrate in the HBL-II has initially higher permeability, resulting in a larger pressure drop over a larger distance. As shown, the largest pressure drops in the domain occur near the well and correspond to the hydrate dissociation region. As time advances, the region effected by depressurization increases continuously in the HBL-II. As also shown in Figure 9, the pressure increases in the vicinity of the borehole after 10 years. The reason for this behavior may be that the dissociation gas migrates to the vicinity of the borehole because of the pressure gradient. The high gas saturation causes the increase of the relative permeability in this region before 10 years, which leads to a low pressure area. Afterwards, the decrease of the gas saturation in the vicinity of the borehole leads to the decrease of the relative permeability, causing the increase of pressure in the vicinity of the borehole. However, the pressure distributions in the HBL-I have little change, which indicates the influence by depressurization in the HBL-I has little change over time.


Figure 9. Reference case: evolution of the pore pressure (P) distribution overtime.
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4.3. Spatial Distributions of T


Figure 10 shows the evolution of the T-distribution in the entire hydrate reservoir over time. As shown in this figure, the area in the HBL-I near the well is cooling down, which is due to the endothermic reaction of hydrate dissociation and the penetration of cooler water from the overburden.


Figure 10. Reference case: evolution of the Temperature (T) distribution overtime.



[image: Energies 09 00222 g010 1024]






The cooling area expands from t = 1–5 years. Afterwards, it remains unchanged, indicating that the corresponding area for hydrate dissociation also does not expend from t = 5–30 years, or there is an equilibrium between the hydrate dissociation (which may expend) and the heat transport from the environment. On the other hand, the area in the HBL-II near the well is continuously warmed up, and this area gradually expands from t = 1–30 years. This is because the warmer water from the underburden enters the system. The low temperature region (box with black dots line) appears in the figure of temperature distribution at t = 2 years, which is caused by the endothermic nature of the hydrate dissociation. The low temperature region disappears in the next figure, because hydrate in this region is exhausted and the warm water flows from the underburden into the HBL-II. The dissociation of hydrate increases the permeability of the HBL-II, and enhances the mobility of the warm water from the underburden. Therefore, the warm area and the corresponding area for hydrate dissociation expend continually.




4.4. Spatial Distributions of SH


The evolution of SH distributions in Figure 11 shows the progressive destruction of the hydrate through dissociation. As seen in Figure 11, the hydrate dissociation area in the HBL-I expands slowly over time. The reason for the slow rate of hydrate dissociation in this layer is that (1) the pressure gradient for hydrate dissociation in HBL-I is lower than that in HBL-II; (2) the low permeability causes the limitation of the effect region by pressure drop; (3) the cool water from the overburden enters this layer. The change of the SH distribution of HBL-I has already been identified in the P-distribution of Figure 9 and T-distribution of Figure 10.


Figure 11. Reference case: evolution of the hydrate saturation (SH) distribution overtime.
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On the other hand, the change of SH distribution in the HBL-II can be divided into two stages. Stage 1 is shown in the figures of t = 1 year and 2 years. The 3-m massive hydrate layer is dissociated rapidly, and the dissociation region in the thin layer reaches to x = 50 m in the first year. At the same time, the other hydrate dissociation regions in the HBL-II expand very slowly. The dissociation region in the other layers in the HBL-II only reaches to x = 10 m in the first year. It may be because that the higher permeability in the massive hydrate layer leads to a higher rate of mass transfer, causing a higher hydrate dissociation rate in this layer. The rapid hydrate dissociation rate causes the lower temperature region in Figure 10. Stage 2 is shown in the figures of t = 5–30 years. In this stage, the hydrate in the layer below the massive hydrate layer is dissociated quickly, and the maximum region for hydrate dissociation reaches x = 190 m. This is due to the fact that the warm water from the underburden enters the lower layer of the HLB-II. However, the hydrate in the layer above the massive hydrate layer is dissociated slowly. The region for hydrate dissociation above the massive hydrate layer has almost no change from t = 5–30 years, which indicates that the warm water has little or no effect on the dissociation of hydrate in this region, because the warm water can directly flow into the wellbore through the dissociated massive hydrate layer.





5. Sensitivity Analysis of Production from GMGS2-Site 8 in Pearl River Mouth Basin


In this work, we investigated the sensitivity of gas production to the following conditions and parameters: the production pressure PW, the thermal conductivity kΘ, and the intrinsic permeability k of the reservoir.



5.1. Sensitivity to the Production Pressure PW


Figure 12 and Figure 13 show the dependence of VP, VR, MW, RGW on the production pressure PW, respectively. As seen in Figure 12, the VP and VR increase with the decrease of the production pressure PW. The finial cumulative volumes of gas production for the cases with the PW = 2.3 MPa, 3.4 MPa, and 4.5 MPa are 1.0 × 108 ST m3, 8.8 × 107 ST m3, and 7.3 × 107 ST m3, respectively. Thus, the corresponding average gas production rates are 9.1 × 103 ST m3, 8.0 × 103 ST m3, and 6.7 × 103 ST m3, respectively. Obviously, the decrease of the PW can enhance the hydrate dissociation rate, which is caused by the larger pressure driving force for hydrate dissociation (difference between the pore pressure and the hydrate dissociation pressure) and the large pressure gradient for the movement of the warm water from the underburden to the HBL-II. When PW decreases from 4.5 to 3.4 MPa, the volume of gas production increases by 20.5%, and when PW decreases from 3.4 to 2.3 MPa, the volume of gas production increases by 13.6%. Additionally, the lowest PW is 2.3 MPa, which is lower than the quadruple point of methane hydrate (2.60 MPa [51]). However, the ice blocking does not happen in this case.


Figure 12. Sensitivity to the production pressure (PW): evolution of VP and VR overtime.
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Figure 13. Sensitivity to the production pressure (PW): evolution of MW and RGW overtime.
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As seen in Figure 13, the cumulative mass of water production increases with the decline of the PW. The finial cumulative masses of water production for the cases with the PW = 2.3 MPa, 3.4 MPa, and 4.5 MPa are 1.08 × 1011 Kg, 8.85 × 1010 Kg, and 6.75 × 1010 Kg, respectively. The RGW in the case with a lower production pressure before t = 3.7 years (1350 days) is higher. However, after t = 3.7 years, the RGW in the case with a lower production pressure is lower. The final RGW for the cases with the PW = 2.3 MPa, 3.4 MPa, and 4.5 MPa are 0.92, 0.99, and 1.09, respectively. The final RGW for these cases are close, because the gas production and water production both increase with the decrease of the PW.



Figure 14 shows the evolution of P, SH, and T distributions at t = 30 years for the cases with the PW = 2.3 MPa, 3.4 MPa, and 4.5 MPa, respectively. As seen in this figure, the regions effected by the depressurization, the hydrate dissociated area, as well as the low-temperature region in the HBL-I and high-temperature region in the HBL-II enlarge with the decline of the production pressure. The reason is that the larger pressure drop can supply the higher pressure driving force for hydrate dissociation, and the lower PW can enhance the flow rates of the water in the overburden and underburden into the hydrate bearing layers. In addition, the temperature distribution in the case with the PW = 2.3 MPa indicates that the temperatures of the HBL do not decrease to the freezing point, even when the PW is lower than the quadruple point.


Figure 14. Sensitivity to the production pressure (PW): evolution of P, SH, and T distribution at t = 30 years.
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5.2. Sensitivity to the Thermal Conductivity kΘ


Figure 15 and Figure 16 show the dependence of VP, VR, MW, RGW on the thermal conductivity kΘ (describing fully water-saturated sediments), respectively. As seen in Figure 15 and Figure 16, a change of kΘ from 2.1 to 4.1 W/mK leads to almost no change for the VP, VR, MW, and RGW. This result indicates that the production behaviors are not sensitive for the thermal conductivity kΘ. Thus, the effect of the heat conduction during hydrate dissociation in this case is not obvious.


Figure 15. Sensitivity to the thermal conductivity (kΘ): evolution of VP and VR overtime.
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Figure 16. Sensitivity to the thermal conductivity (kΘ): evolution of MW and RGW overtime.
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Figure 17 shows the evolution of P, SH, and T distributions at t = 30 years for the cases with the kΘ = 2.1 W/mK, 3.1 W/mK, and 4.5 W/mK, respectively. As seen in this figure, the P and SH distributions for the cases with the kΘ = 2.1 W/mK, 3.1 W/mK, and 4.5 W/mK are almost identical. However, the T distributions for these cases have a slight difference: the high-temperature region in the HBL-II with the lower kΘ is larger than that with the higher kΘ. However, this difference has no effect on the production behavior.


Figure 17. Sensitivity to the thermal conductivity (kΘ): evolution of P, SH, and T distribution at t = 30 years.
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5.3. Sensitivity to the Intrinsic Permeability k


Figure 18 and Figure 19 show the dependence of VP, VR, MW, RGW on the intrinsic permeability k, respectively. In the sensitivity cases, the k of the 3 m-massive hydrate layer (7.5 × 1012 m2) and the carbonate layer (7.5 × 1020 m2) keep no change, and the k of the other layers changes from 7.5 × 1014 m2 (75 mD) into 7.5 × 1015 m2 (7.5 mD) and 7.5 × 1013 m2 (750 mD), respectively.


Figure 18. Sensitivity to the intrinsic permeability (k): evolution of VP and VR overtime.
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Figure 19. Sensitivity to the intrinsic permeability (k): evolution of MW and RGW overtime.
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As seen in Figure 18, the changes of the VP and VR are evident. In the initial 10 years, the higher k leads to a larger rate of gas production. However, the rates of gas production gradually decrease, and the decrease of the gas production rate in the highest k case is the quickest. Finally, the final VP and VR in the case with the k = 7.5 mD are the highest. As seen in Figure 19, the MW in the case with lower k is smaller, and the RGW with lower k is higher. On the aspect of the water production, the production in the lower k case has a better commercial value and potential.



Figure 20 shows the evolution of P, SH, and T distributions at t = 30 years for the cases with the k = 7.5 mD, 75 mD, and 750 mD, respectively. As seen in the figure of P distributions, the regions influenced by the depressurization in the HBL-II enlarge with the decline of the k, and that in the HBL-I is similar in the cases with the different k. As seen in the figure of SH distributions, the dissociated hydrate area in HBL-I enlarges with the increase of the k. However, in the HBL-II, the regions of hydrate dissociation with different k are totally different. In the case with the k = 7.5 mD, the hydrate in the massive hydrate layer is dissociated rapidly, which is on account of the high intrinsic permeability and porosity of this layer. The dissociated region in this layer reaches about r = 180 m, which is the largest among the three cases. However, the hydrate in the other layer of the HBL-II is dissociated slowly. In the case with the k = 750 mD, the dissociated region in the massive hydrate layer only reaches about r = 120 m, but the dissociated region in the layer above the massive hydrate is the largest in the three cases. As seen in the figure of T distributions, the low temperature region in the HBL-I and the high temperature region in the HBL-II enlarge with the increase of k. This is because the reservoir with the higher k can enhance the mass of water from the over- and under-burden. Therefore, in the case with k = 7.5 mD, the hydrates in the HBL-II are mainly dissociated under the effect of depressurization. However, in the case with k = 750 mD, the hydrates in the HBL-II are mainly dissociated under the effect of warm water flow.


Figure 20. Sensitivity to the intrinsic permeability (k): evolution of P, SH, and T distribution at t = 30 years.
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6. Conclusions


In this work, the production potential of the gas hydrate accumulation at Site GMGS2-8 of the Dongsha Area in the Pearl River Mouth Basin has been firstly evaluated by the TOUGH-Hydrate code. A single vertical well is considered as the well configuration, and depressurization is employed as the dissociation method. Analyses of gas production sensitivity to the production pressure PW, the thermal conductivity kΘ, and the intrinsic permeability k of the reservoir are investigated as well. The following conclusions can be obtained:

	
The total gas production is approximately 7.3 × 107 ST m3 in 30 years. Thus, the average gas production rate in the entire 30 years is 6.7 × 103 ST m3/day, which is much higher than the previous study in the Shenhu Area of the South China Sea by the GMGS-1. Moreover, the maximum gas production rate (9.5 × 103 ST m3/day) has the same order of magnitude of the first offshore methane hydrate production test in the Nankai Though.



	
The decrease of the PW can enhance the hydrate dissociation rate. When PW decreases from 4.5 to 3.4 MPa, the volume of gas production increases by 20.5%, and when PW decreases from 3.4 to 2.3 MPa, the volume of gas production increases by 13.6%. Furthermore, the lowest PW is 2.3 MPa, which is lower than the quadruple point of methane hydrate. However, the ice blocking does not happen in this case.



	
Production behaviors are not sensitive to the thermal conductivity kΘ.



	
In the initial 10 years, the higher k leads to a larger rate of gas production, but the final VP and VR in the case with the lowest k are the highest.
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Notation








	G
	
thermal gradient within the sea (°C/m)





	H
	
depth of the sea water (m)





	k
	
intrinsic permeability (m2)





	keff
	
effective permeability (m2)





	krA
	
aqueous relative permeability (m2)





	krG
	
gas relative permeability (m2)





	kΘC
	
thermal conductivity (W/m/K)





	kΘRD
	
thermal conductivity of dry porous medium (W/m/K)





	kΘRW
	
thermal conductivity of fully saturated porous medium (W/m/K)





	kΘI
	
thermal conductivity of ice (W/m/K)





	VP
	
cumulative volume of produced gas (m3)





	VR
	
cumulative volume of released gas (m3)





	MW
	
cumulative mass of produced water (kg)





	P
	
pressure (MPa)





	PB
	
initial pressure at base of HBL (MPa)





	P0
	
atmosphere pressure (MPa)





	PW
	
working pressure at the well (MPa)





	PW0
	
initial pressure at the well (MPa)





	Q
	
injected heat (J)





	Qavg
	
average gas production rate (ST m3/day/m of well)





	Qinj
	
heat injection rate (W/m of well)





	r
	
radius (m)





	RGW
	
the gas to water production ratio (ST m3 of CH4 / m3 of H2O)





	S
	
phase saturation





	t
	
time (days)





	T
	
temperature (°C)





	T0
	
the temperature of the sea floor (°C)





	TW
	
injected warm water temperature (°C)





	TB
	
initial temperature at the base of HBL (°C)





	TT
	
initial temperature at the top of HBL (°C)





	W
	
pump work (J)





	x,y,z
	
cartesian coordinates (m)





	SH
	
hydrate saturation





	SG
	
gas saturation





	XS
	
the mass fraction of salt in the aqueous phase





	ΔHc
	
combustion enthalpy of produced methane (J)





	ΔPW
	
driving force of depressurization, PW0—PW (MPa)





	Δx
	
discretization along the x-axis (m)





	Δy
	
discretization along the y-axis (m)





	Δz
	
discretization along the z-axis (m)





	φ
	
porosity





	η
	
energy ratio





	λ
	
van Genuchten exponent—Table 1







Subscripts and Superscripts 








	0
	
denotes initial state





	A
	
aqueous phase





	B
	
base of HBL





	cap
	
Capillary





	G
	
gas phase





	H
	
solid hydrate phase
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