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Abstract

:

Super-thick shallow granites without a cap layer are widely distributed in the Wendeng geothermal field. To evaluate the field’s productivity potential for an enhanced geothermal system (EGS), we carried out field tests, laboratory tests and numerical simulations in succession. The geothermal characteristics and deep rock mechanical properties were identified based on real geological and core data from the borehole ZK1 in Wendeng geothermal field. Then, a numerical model of reservoir hydraulic fracturing based on a discrete fracture network was established. Thermal extraction simulations were then conducted to assess the long-term productivity of an EGS project based on the fracturing results. Possible well layout patterns and operational parameters were considered. Results indicated that, for naturally fractured formations, large well spacings should be used and reservoirs with overdeveloped natural fractures should not be selected. For the same reservoir, created by stimulation, the production performances of five-spot and triplet-well modes were different. The pressure indicator was more sensitive to the choice of well layout mode than the temperature indicator. The power generation of the five-spot well mode was slightly improved above that of the triplet-well mode. When selecting the target reservoir, the formations with high temperatures, moderate natural fractures, and high in-situ stress shielding are preferable. On this basis, a large volume of fracturing fluids should be injected to stimulate the reservoir, making the reservoir length and width as large as possible. If the desired large-scale reservoir is created, the five-point well mode should be selected.
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1. Introduction


Geothermal energy is a clean and renewable energy source that can be developed for power generation and for direct use, such as space heating. Hot dry rock (HDR) resources denote high-temperature geothermal energy occurring in crystalline rock with low permeability and porosity. The total HDR resources within a 10 km depth all over the world amounts to about 40–400 M EJ (1EJ = 1018J), approximately 100–1000 times the quantity of fossil fuel energy [1]. In the past five years, the government of China has been actively investing in the exploration of HDR resources. Many potential HDR targets in China have been found, including the Songliao Basin, southern Hainan, Wendeng, Datong, Zhangzhou, Gonghe-Guide basin and Subei Basin [2]. In 2020, the government of China announced that China’s carbon emissions will peak by 2030, and they will strive to achieve carbon neutrality by 2060. Large-scale non-carbon energy sources are urgently needed to improve China’s energy structure. Therefore, HDR geothermal energy has attracted the attention of the government and researchers because of its huge reserves and low-carbon emissions.



Economical quantities of geothermal fluids cannot be obtained directly from HDR reservoirs due to their naturally low permeability. Enhanced geothermal systems (EGS), including reservoir stimulation and heat mining technology, can be adopted to extract the thermal energy stored in the HDR. Since the 1970s, numerous EGS projects have experimented with enhancing permeability at both existing and new geothermal sites. Pollack et al. reviewed and described challenges experienced in EGS projects, based on observations from 64 EGS sites [3]. Six sites ceased operations due to seismicity concerns. Drilling and plant operation issues, such as stuck drill strings and well collapses, delayed or terminated at least 24 EGS projects. At least 18 sites faced challenges in reservoir creation and circulation. The inability to raise financing either initially or in later project phases has been a major block for many EGS projects. While EGS sites have often encountered difficulties, at least 29 of the projects, including in-field and green field projects, continue to operate and generate electricity at an increasing rate.



Lessons learned from these EGS projects show that there are many factors affecting the final heat production of an EGS reservoir during the whole operational process. The stress state and rock properties of the target reservoir have an important influence on the geometry and permeability of the created reservoir [4]. When selecting the target reservoir for an EGS, the ideal target formation is one with a high temperature and well-developed natural fractures. The temperature factor is easy to determine, just by the selection of a high-temperature layer. However, better natural fracture development does not necessarily mean better productivity. This depends on fracturing and heat transfer effects. The effect of reservoir stimulation determines the amount of thermal energy that can then be extracted. During the heat-extraction stage, the well layout pattern and operational parameters affect the final productivity significantly. Therefore, the influence of reservoir characteristics and the stimulation scheme on heat-production performance from EGS should be investigated to optimize the heat-mining strategy.



Hydraulic shear stimulation in naturally fractured formation has been proven to be effective for power generation and has been used widely in EGS projects [5,6,7]. The fracture network is formed through the self-support of staggered natural fractures after fracturing [8,9]. For the stimulated EGS reservoir, there are mainly two methods for characterizing the fracture network for evaluating the heat-production performance: the equivalent continuous porous medium and real discrete fracture network [10,11]. The equivalent continuous porous method approximates the discrete fracture system as continuous porous media. Variants of this approach are the equivalent porous media method (EPM), the effective continuum method (ECM), the double-porosity method (DPM), and the multiple interacting continua (MINC) method. EPM is mainly used to model densely fractured reservoirs, where fracture density is high and fracture spacing is small, with the average fracture spacing less than 2~3 m, for example [5,10]. When the average fracture spacing is small, the EPM can attain good simulation results, while for large average fracture spacings, the DPM method gives better results [12]. The MINC method yields intermediate behaviors between a porous medium model and a single fracture model [13]. Suzuki et al. [14] conducted fractional diffusion modeling of heat transfer in porous and fractured media. They concluded that the porous media model matched the results of the MINC model for smaller fracture spacing (<5 m), while the single-fracture model agreed with the results of the MINC model for larger fracture spacing (>20 m). Fracture networks are the dominant channels for water to transfer mass and heat in an HDR reservoir. A detailed description of the fractures is critical for numerical simulations. The discrete fracture network (DFN) model can be used to analyze the fracture orientation, size, spacing and other mechanical properties [15]. If the data of reservoir fracture distribution are adequate, the DFN model can be adopted.



Geological conditions and the fracturing scheme have a significant influence on fractured HDR reservoirs. Hence, the heat-extraction scheme should be optimized based on the results of the reservoir stimulation. Whether a formation is suitable as an EGS target reservoir is mainly determined by the final productivity performance. During the water circulation stage, the well pattern and operational parameters have important effects on thermal energy production. The main indices for evaluating EGS performance include power generation and flow impedance (or injectivity). The water production rate [16], production temperature [17], injection pressure [18], pump power [8,19], and energy efficiency [18,20], are also considered by many researchers.



Wendeng geothermal field has been developed for its hydrothermal geothermal resources for many years. This indicates that there exist abundant thermal resources in the underground. Super-thick shallow granites are widely distributed in Wendeng geothermal field. They are largely exposed to the surface without a cap layer, and their thermal structure is different from sedimentary-type geothermal fields. In order to evaluate whether this area has the potential for the development of HDR geothermal resources, Shandong provincial government has carried out a geothermal geological survey, drilling and logging in the Wendeng geothermal field area. The project is still in the feasibility study stage. The next plan is to select the appropriate reservoir for reservoir stimulation. In this study, we carried out field tests, laboratory tests and numerical simulations in succession to evaluate its productivity potential as an EGS. The geothermal characteristics and deep rock mechanical properties were identified based on real geological and core data from the borehole ZK1 in Wendeng geothermal field. Then, a numerical model of reservoir hydraulic fracturing based on discrete fracture network was established. Thermal extraction simulations were conducted to assess the long-term productivity of an EGS project based on the fracturing results. These research conclusions could serve as a reference for the development of future HDR geothermal resources in the Wendeng geothermal field.




2. Site Characteristics


2.1. Geological Background


Wendeng geothermal field is located in the east of the Shandong Peninsula in China (Figure 1a). It borders the Yellow Sea to the south. Tectonically, the Shandong Peninsula is located in the northwest side of the subduction zone between the Eurasian plate and the Philippine plate and is close to the western Pacific back-arc basin [21]. During the Mesozoic Indosinian period, a series of NS-trending tensional faults and NE-trending, NW-trending and EW-trending torsional faults were formed due to the strong brittle tension of the crust. Large-scale granitic magma intruded up the fault and formed some shallow dikes (Figure 1b). Thus, Wendeng geothermal field has good geothermal conditions and many hot springs. Exposed Meso-cenozoic magmatic rocks are widely distributed in the Wendeng geothermal field, and the thickness of the granite layer is up to 10 km [22].




2.2. Strata and Lithology


In 2018, the location of the deep geothermal borehole ZK1 was determined. It has a three-stage completion, with an opening diameter of 150 mm and a final diameter of 98 mm (Figure 2). In November 2019, the ZK1 well was completed to a depth of 3003.17 m. The core length is 2914.87 m in total. The lithology is mainly monzonitic granite, with high core integrity on the whole (Figure 2). A total of 20 diabase dykes were drilled, ranging in thickness from 2 m to 19.76 m, with different intrusion angles. Three hydrothermalized fractured zones were observed at 280 m~317 m, 625 m~660 m and 985 m~1015 m, respectively. These zones caused high fluid losses during drilling and had high geothermal gradients. The lithology at different depths has a similar geochemical composition, indicating that the strata were formed by the same magmatic intrusion.





3. Methods


3.1. Field and Lab Test


The fracture ratio was obtained through comprehensive logging carried out on the whole borehole. In the measurement of field temperatures, the probe drop rate was set to about 6 m/min. The instrument recorded the temperature at intervals of 0.1 m. The sensitivity and accuracy of temperature measurement are ±0.01 °C and ±0.1 °C, respectively.



Rock samples were taken at intervals of 100 m (0~2000 m) and 50 m (2000 m~3000 m) to test their thermal-physical properties. Rock mechanics parameters were determined by tests on core samples from depths of 2950–3000 m.




3.2. Hydraulic Fracturing Simulation


The discrete fracture network (DFN) fracturing simulator MShale was used to model hydraulic fracturing in the target reservoir. MShale can simulate hydraulic fracture morphology in fractured and cave-dual media reservoirs [23]. The feasibility of using the DFN method of the MShale simulator for EGS fracturing has been proved by many scholars [6,24,25,26].



A series of laboratory tests were conducted to measure the mechanical and thermal parameters of core samples taken from the ZK1 well. The main rock mechanical parameters affecting hydraulic fracturing include the elastic modulus, Poisson’s ratio, fracture toughness, and critical stress [27]. MTS 816.01 Direct shear test equipment was used to measure the mechanical parameters of core samples. The results showed that the elastic modulus is 70 GPa, Poisson’s ratio is 0.16, fracture toughness is 1.5 MPa·m1/2, and critical stress is 24 MPa.



Hydraulic shear fracturing in naturally fractured formations has been proven effective in EGS projects, thus it was adopted for simulation this time. For fracturing, the operational parameters include pump rate and injection fluid volume. The larger the pump rate, the greater the net pressure, and the more easily a complex fracture network is formed [28,29]. The maximum pump rate that can be achieved by domestic fracturing construction technology is about 16 m3/min. The maximum injection volume was assumed to be 50,000 m3.



The density of natural fractures has a great influence on fracturing results. The fracture network is formed through the self-support of staggered natural fractures after water shear fracturing. A formation with developed fractures is generally selected as the target reservoir. This study initially investigated the conditions when the natural fracture spacing was 20 m.



Longer fractures/fracture networks, more favorable for heat transfer, are formed when the reservoir is shielded by stress, which can increase the flow path from the injection well to the production well. In the vertical direction, the in situ stress usually varies with depth according to past EGS projects. Longer fractures would be formed when the reservoir is shielded by a high stress contrast at the upper boundary. Thus, the stress shielding layer is preferred when selecting the target reservoir. In summary, the following fracturing scenario (Case 1) was designed to represent a potential fractured reservoir (Table 1).




3.3. Thermal Extraction Simulation


3.3.1. Numerical Model, Parameters, Initial and Boundary Conditions


The TOUGH2-EOS1 code uses the integral finite difference method to solve the conservation equations of mass, momentum, and energy [30]. Their accuracy and reliability have been widely proven [2,4,6,8]. The MINC (Multiple Interacting Continua) approach is used to model flow in a fractured EGS reservoir. It is a generalization of the classical double-porosity concept developed by Warren and Root [31]. In the dual-porosity option, communication throughout the model is through the fractures, and communication between the fractures and matrix is through the inter-porosity flow defined by nested elements. Matrix blocks are discretized into a sequence of nested volume elements, which are defined on the basis of distance from the fractures [18,31].



The stimulated reservoir is discussed in Section 4.3. Because of symmetry, only half of the reservoir was included in the model. Figure 3 illustrates the 3D hydro-thermal numerical model of the stimulated reservoir. The geometric size of the model is 1000 m (x) × 700 m (y) × 200 m (z). The geometric size of EGS reservoir zone is 700 m (x) × 400 m (y) × 35 m (z) (Case 1 discussed in Section 4.3). To ensure that the simulation results are mesh-independent, the production temperatures after 20 years under various mesh numbers were obtained, as shown in Table 2. It can be observed that when the mesh number exceeds 7850, the production temperature remains nearly constant. Therefore, the simulations were conducted with a grid of 23 (x) ×32 (y) × 11 (z) and a total of 8096 primary cells. The matrix blocks were divided into four sub-grids with volume fractions of 0.08, 0.2, 0.35, and 0.35. The fracture domain occupied a volume fraction of 0.02. After this partition, there were a total of 40,480 sub-grid blocks nested in the 8096 primary grid blocks. In order to obtain reliable results, the grid was refined near the wells to accommodate the high pressure and temperature gradients.



In this study, the boundaries of the EGS reservoir zone were open for mass and heat exchange with the surrounding rock. The model size was large enough to avoid the heat transfer impact from the boundary, and no flow and adiabatic condition were applied on the model boundaries. For simplification, the fracture was assumed to be unchanged during the simulation process. Water losses were ignored, and the injection rate was assumed to be equal to the production rate.



The EGS project was assumed to run for 20 years. The design injection temperature was 65 °C. When the temperature is lower than 65 °C, it can lead to scaling and chemical deposition, which would reduce the efficiency of heat extraction and cause damage to the EGS project [18]. Table 3 lists the reservoir parameters in the hydro-thermal simulation. The fracture permeability was calculated according to the cubic law with an aperture of 0.5 mm. The values of thermal conductivity and specific heat capacity were obtained from measured data.




3.3.2. Production Performance Indicators


Production temperature (Tpro): the selection of different organic fluids in an organic Rankine cycle system results in specific requirements for production temperature [32]. Generally, the production temperature drop during the life of EGS project should be less than 10% [1].



Power generation (We): EGS has the highest priority for power generation, followed by heating. In this work, we presumed that all the extracted heat was used for power generation. The heat rejection temperature T0 is 65 °C. If the utilization efficiency of maximum available work transferred to power is 0.45, then the power generation We can be calculated as


   W e  = 0.45  q  pro   (  h  pro   −  h  inj   ) ( 1 −    T 0     T  pro     )  



(1)




where qpro is the production flow rate; hpro and hinj are the bottom-hole production and injection specific enthalpy, respectively.



Bottom-hole injection pressure (Pinj): excessive injection pressure can cause closed fractures to reopen, leading to secondary reservoir growth. This growth is hard to define as either good or bad. However, excessive injection pressure requires greater pressure resistance from casing and surface lines, and it consumes more power. Therefore, the injection pressure should be as small as possible.



Flow impedance (IR): this represents the power consumption of the unit production rate for penetrating the fractured reservoir. Water loss in the operation is ignored at this time. The injection flow rate is equal to the production flow rate. According to the experience with past EGS projects, IR should be less than 0.1 MPa/(kg/s) as far as possible [1]. IR is calculated by


   I R  = (  P  inj   −  P  pro   ) / q  



(2)




where Ppro is the bottom-hole pressure of the production well.



Energy consumption (Wp): It mainly includes the energy consumed by the injection pumps and the production pumps, which can be calculated using


   W P  =   q (  P  inj   −  P  pro   ) − ρ q g (  h 1  −  h 2  )   ρ  η p     



(3)




where h1 is the depth of the injection well and h2 is the depth of production well. The average density ρ = 945 kg/m3 is adopted for calculations. If the energy loss due to duct friction and water internal friction is neglected, the pump efficiency ηp is 80% [8].



Energy efficiency (ηe): the energy efficiency of EGS is the ratio of the total power generation to the internal energy consumption in the system. ηe can be calculated as Equation as


   η e  =    W e     W p    =   0.45 ρ  η p  (  h  pro   −  h  inj   ) ( 1 −  T 0  /  T  pro   )   (  P  inj   −  P  pro   ) − ρ g (  h 1  −  h 2  )    



(4)










4. Results


4.1. Geothermal Features


The trend line of temperature changes with depth was obtained (Figure 4). The average geothermal gradient was 36.8 °C/km between 0 m and 3000 m. The geothermal gradient decreased gradually from 55 °C/km at 200 m to 0 °C/km at 3000 m. Between 0 m and 1100 m, the formation temperature changes were almost linear. The reason is that the lithology is uniform, its thermal conductivity changes little, and there is no cap layer. Below 1100 m, the temperature drops because the well has penetrated along the water-conducting fault, which indicates a possible convection-type geothermal system. This is good for traditional hydrothermal geothermal development, but the temperature is still too low for a HDR reservoir, which require further drilling. Generally, geothermal gradients increase linearly with depth in this super-thick shallow granite area, as long as water-filled faults are not drilled. Therefore, when choosing shallow high-temperature HDR reservoirs in such super-thick granite areas, attention should be paid to avoiding deep fault zones.



The thermal properties of 40 core samples taken at different depths were obtained. Their heat conductivity ranged from 3.02 to 4.82 W/(m·K), with an average value of 3.52 W/(m·K). The average specific heat capacity was 850 J/(kg·K).



At present, the ZK1 well is only drilled to 3000.17 m, and the bottom-hole temperature is about 121.09 °C, which still corresponds to a middle-low temperature geothermal resource. To extract higher quality energy from the HDR resource, the well needs to be drilled deeper in the future. In this study, the formation at depth of 4000 m was initially selected as the potential target reservoir for production analysis. The formation temperature is expected to be about 181 °C at 4000 m if the deep formation belongs to conductive type of geothermal system.




4.2. Stress State


The natural formation is in a triaxial stress state. The size and morphology of hydraulic fractures are greatly affected by the in situ stress. During the process of drilling, the ZK1 well encountered 20 “broken cake” rock layers. “Broken cake” is an indicator of a high level of existing in situ stress. The thinner the cake, the higher the stress. Table 4 lists a total of five layers with a thickness of “broken cake” layer greater than 7 m. After drilling, the original stress condition is destroyed, leading to the cracking.



Hou proposed that once the in situ stress is large enough, “broken cake” core will occur [33]. The maximum horizontal principal stress (σH) can be deduced from the “broken cake” core characteristics according to the following equations


t < 0.35D



(5)






   σ H  =   π D  τ 0    2 t [ 4 −   3 t   0.35 D   + 0.5   (  t  0.35 D   )  2  ]    



(6)




where t is the thickness of each “broken cake” core (mm); D is the diameter (mm); τ0 is the shear strength.



In well ZK1, the thickness of “broken cake” core varies with depths. Taking the layer 2838.98~2872.51 m as an example, the thickness of “broken cake” core is mostly between 12 mm and 18 mm. The known core diameter is 62 mm, and the average shear strength is 24 MPa. Therefore, the calculated value of σH between 2838.98 m and 2872.51 m is 70.0~78.1 MPa.



After analyzing the hydraulic fracturing data from 13 oil wells in Shengli Oilfield in Shandong province [34], the stress magnitude as function of depth (for 1300 m~3300 m depth) can be summarized as


σH = −66 + 0.029H



(7)






σh = − 124+ 0.023H



(8)




where H is the depth (m); σH is the maximum principal stress (MPa); σh is the minimum principal stress (MPa). The vertical principal stress (σv) is often calculated by σv = ρgh. Thus, at the depth of 2850 m, the calculated in-situ stress is σH = 76.1MPa, σh = 53.2MPa, σV = 74.1 MPa. It can be seen that the difference of σH calculated according to Equations (6) and (7) is very small. It shows that horizontal stress plays a dominant role in the study area. Therefore, at the depth of 4000 m, the calculated σH, σh and σV are expected to be 109.4 MPa, 79.6 MPa and 103.9 MPa, respectively.




4.3. Stimulated Reservoir and Well Pattern


Table 5 shows the results for the stimulated fracture network under Case 1. Due to the limitation of stress shielding and the large maximum horizontal principal stress, the reservoir fracture network mainly extends in the horizontal direction.



Horizontal or deviated wells were used in this study. The fracturing well was used as the injection well. The production wells are not fractured and are drilled directly through the boundary of the EGS reservoir (Figure 5). Due to the low permeability of the boundary zone of the fractures, the internal zone of the fracture network was selected as the simulated EGS reservoir. Based on the fracturing result, the thermal extraction well layout mode was set up as seen in Figure 6. The size of the EGS reservoir is 1400 m (Length) × 400 m (Width) × 35 m (Height). A triplet well layout mode was considered. It should be noted that the MShale simulator processes fractures into an orthogonal distribution. Thus, the injection and production wells are placed on the main fracture profile to obtain the longest flow path, as shown in Figure 6b. However, the natural fracture distribution has the characteristics of spatial heterogeneity. Well placement is strongly influenced by the fracture map and has a great impact on the heat productivity [35]. When more detailed reservoir information is available in the future, the effect of fracture properties should be considered in determining the well placement pattern.




4.4. Heat Production Performance


Figure 7 shows the evolutions of Tpro and We at different injection rates (qinj) over the 20 years. With the increase of injection rate, Tpro decreases continuously. When the injection rate is 20 kg/s, Tpro decreases down to 119.8 °C. When the injection rate increases to 70 kg/s, Tpro drops to 109.6 °C in the 5th year and 85.2 °C in the 20th year, which is 20.2 °C higher than the injection temperature. The higher the injection rate, the higher the We in the early stages of the project, but the decline rate of We is fast, and We is soon lower than that at the low injection rate. For 20 kg/s and 70 kg/s, for example, the two We curves intersect in the fifth year. Five years later, the We at 20 kg/s is consistently higher than that at 70 kg/s.



Figure 8 shows the evolutions of IR and Pinj at different injection rates (qinj) over the 20 years. The IR and Pinj both increase with the increase of injection rate. During the 20 years of operation, the IR and Pinj at 70 kg/s are, respectively, 0.03 MPa/(kg/s)~0.05 MPa/(kg/s) and 38.3 MPa~40.0 MPa.



Figure 9 shows the evolution of WP and ηe at different injection rates (qinj) over the 20 years. As the injection rate increases, WP increases, and its increment also increases. Since the We between different injection rates does not change much at the later stage of the project, the efficiency ηe is greatly different. During the 20-year period, the efficiencies ηe at 20 kg/s and 70 kg/s are 197.2~44.1 and 57.2~2.1, respectively.



For the stimulated reservoir, because its length and width are both large, the injected fluid has sufficient time to exchange heat with the reservoir. In addition, the fracture network reservoir has good connectivity between fractures, and so even when the injection rate reaches 70 kg/s, the IR and Pinj indicators are still within the engineering allowable range. However, a too large injection rate results in large energy consumption and makes the energy efficiency decrease too fast. Thus, from the point of view of energy efficiency and power generation, an injection rate of 30 kg/s would be more suitable. For the triplet-well mode, the maximum injection rate is 60 kg/s, the power generation over 20-year period is 8.32 MW~1.62 MW, and the energy efficiency ranges from 142.4 to 17.1.



Figure 10 shows the spatial variations of reservoir temperature fields at the plane z = 100 m when qinj is 30kg/s during the 20-year period. The cold halo expands fastest on the connection between the injection well and the production well (the axis). Due to better fracture permeability and connectivity, the cold halo has arrived at the production well by year 2.94. Then, the water flow mainly began to extract heat from the reservoirs on both sides of the axis. In the 20th year, the influence range of heat transfer at the side of the EGS reservoir has extended to 650 m at the plane z = 100 m.





5. Discussions


5.1. Influence of Well Pattern on Production Performance


According to Section 4.3, the size of EGS reservoir under Case 1 is 1400 m (Length) × 400 m (Width) × 35 m (Height). Because the fracture network is long and wide, production wells can be drilled through different areas of the reservoir. Therefore, thermal extraction simulation analysis with a five-spot well layout mode (Case 2) was also considered to investigate the influence of the well-layout mode on heat-transfer performance (Figure 11).



Figure 12 shows the evolution of Tpro and We at different injection rates (qinj) over the 20 years under Case 2. By comparing Figure 7 and Figure 12, it can be seen that the variation trend of Tpro and We curves for Case 2 is almost the same as that for Case 1. However, at the same injection rate, the Tpro and We curves in Case 2 are both slightly higher than those in Case 1.



Figure 13 shows the evolution of IR and Pinj at different injection rates (qinj) over the 20 years under Case 2. The IR and Pinj of Case 2 are both smaller than those in Case 1. For 70 kg/s, as an example, the IR and Pinj are respectively 0.02 MPa/(kg/s)~0.03 MPa/(kg/s) and 37.0 MPa~38.2 MPa.



Figure 14 shows the evolution of WP and ηe at different injection rates (qinj) over the 20 years under Case 2. The WP of Case 2 is smaller than that in Case 1, thus the ηe of Case 2 is higher than that in Case 1. The reason for the increasing pump consumption over time is that the temperature decreases, resulting in a viscosity increase, and this requires more injection pressure to push the fluid toward the production wells.



Case 2 and Case 1 have the same reservoir, but different well-layout modes. Therefore, the variation trends of each indicator for the two cases are very similar, but the indicator values are different. The pressure indicator is more sensitive to the well-layout mode than the temperature indicator. For Case 2, from the point of view of energy efficiency and power generation, an injection rate of 30 kg/s or 40 kg/s would be more suitable. For the five-spot well mode, and a maximum injection rate between 60 kg/s and 80 kg/s, the power generation over the 20-year period is 8.32 MW ~1.92 MW or 11.08 MW~1.74 MW, and the energy efficiency ranges from 176.5 to 25.8 or from 131.0 to 12.6. It can be seen that for the same reservoir, the production temperature of the five-spot well mode is slightly improved over that of the triplet-well mode (Figure 15). However, drilling extra-deep wells will increase the initial cost of the project.



Figure 16 shows the spatial variations of reservoir temperature fields at the plan z = 100m when qinj is 30kg/s during 20 years under Case 2. Comparing Figure 10 (Case 1) and Figure 16 (Case 2), there are the following differences between them: (1) The temperature field on both sides of Case 2 are less affected by cold water injection than those of Case 1; (2) More heat was extracted from the EGS reservoir in Case 2 than from Case 1, with more cold zones in Case 2; (3) the area of low temperature in Case 2 is larger than that in Case 1 in the 20th year. Therefore, the five-spot well mode is better for energy extraction than the triplet-well mode for the same reservoir.




5.2. Influence of Fracture Spacing on Production Performance


The logging results for well ZK1 show that there are multiple fracture zones in the super-thick granite strata and the formation fracture ratio varies with depth (Figure 17). Generally, the formation with developed fractures is selected as the EGS reservoir. However, the fracture spacing may vary greatly at different depths. Therefore, the selection of the target EGS reservoir should consider the influence of fracture spacing.



Figure 18 shows the characteristic parameters of stimulated fracture networks under different fracture spacing. With the increase of fracture spacing, the length, width and SRV of the fracture network all increase, while the SRA decreases. When the same fluid volume is injected, the larger the fracture spacing, the longer is the length of fracture network that is formed. Overall, the SRV is also larger. The decrease of the total fracture area indicates that the smaller the fracture spacing, the larger the heat exchange area is. When the fracture spacing increases from 0.5 m to 20 m, the half-length increases from 13.27 m to 75.61 m, an increase of 469.78%; the SRV increases by 3064.18% and the SRA decreases by 10.64%.



Based on the small fracture spacing of 0.5 m, representing a very developed fractured reservoir, fracturing simulation was performed to obtain the stimulated reservoir (Case 3). Table 6 lists the results of stimulated fracture network based on the natural fracture spacing of 0.5 m (Case 3). With the same volume of injection fluid, the reservoir size of Case 1 is much larger than that of Case 3. The Case 1 stimulation is more difficult to generate and more energy-consuming than Case 3 during actual fracturing operation. Then, thermal extraction simulation analysis with triplet-well mode was carried out based on the fractured reservoir (Figure 19).



Figure 20 shows the evolution of Tpro and We at different injection rates (qinj) over the 20 years under Case 3. The Tpro and We decrease with the increase of injection rate. At 1 kg/s, the Tpro is relatively stable at the beginning (0~1.5 a) and begins to decrease at the later stage. When the injection rate is greater than 3 kg/s, the Tpro drops rapidly at the initial stage of the project operation, and then enters a slow decline stage. The We also declines fast in the early stages.



Figure 21 shows the evolution of IR and Pinj at different injection rates (qinj) over the 20 years under Case 3. The IR and Pinj both increase rapidly in the early stages and then enter a slow rise stage. When the injection rate is 20 kg/s, the maximum IR is 0.025 MPa/(kg/s) and does not exceed 0.1 MPa/(kg/s). The corresponding Pinj is 41.1 MPa, which increases by 1.1 MPa compared with the initial value.



Figure 22 shows the evolution of WP and ηe at different injection rates (qinj) over the 20 years under Case 3. As can be seen, the WP and ηe vary greatly with injection rate. At the injection rate of 1 kg/s, during the 20-year period the WP is 1 × 10−5 MW~3 × 10−5 MW, and the ηe is 10044~1118. Because the ηe of 1 kg/s and 2 kg/s are too large, these two cases are not reflected in the figure.



Because the fractures in the EGS reservoir were very well developed (fracture spacing is 0.5 m) and the well spacing was only 110 m, a thermal short circuit occurred early, and the production temperature dropped very quickly. Meanwhile, the IR and Pinj quickly reached a quasi-steady state after about two years. Thus, from the point of energy efficiency and power generation, an injection rate of 5 kg/s would be more suitable. For the triplet-well mode, the maximum injection rate is 10 kg/s, the power generations over the 20-year period are 1.40 MW~0.2 MW (0~2 a) and 0.2 MW~0.06 MW (2~20a), and the energy efficiency ranges from 2106.5 to 131.3 (0~2a) and from 131.3 to 38.1 (2~20a).




5.3. Recommendations for EGS Operation


Taking the above three cases together, Case 3 has a good reservoir stimulation effect, but due to the small well spacing and good permeability, the circulating water flow is short-circuited prematurely, and the final power generation is not ideal. For an EGS project with a doublet of wells to be profitable over a 25-year life cycle, the boreholes at depth should be at least 0.5–2 km from each other [1,3]. Longer reservoirs are preferred over thicker ones. Accurate measurement of the variation of in situ stress with depth is helpful for predicting the direction of the reservoir extension. At Rosemanowes, shallow stress measurements at 300m test wells did not correspond to stress measurements at the reservoir creation depth, which led to propagation of the stimulated zone in unexpected directions [1]. Thus, naturally fractured formations with stress shielding should be selected and well spacing should be maintained as large as possible. Meanwhile, reservoirs with overdeveloped natural fractures should not be selected in order to avoid premature thermal short circuit.



The most favorable option is Case 2, which has high injection rates and good power generation, but is prone to high pump costs when the reservoir length is too long, and the flow rate is too high. In addition, due to the lack of natural fractures (fracturing spacing is 20 m), it is difficult to stimulate such a large reservoir. It should be noted that the premise of the MINC method is good connectivity between fractures, even if the fractures are far apart. However, in practice, the size of self-supported fractures is too large to cause partial area closure, affecting the whole connectivity. Therefore, in theory, when selecting the target reservoir, the formations with moderate natural fracturing, high in situ stress shielding and small shielding thickness are preferred. On this basis, a large volume of fracturing fluids should be injected to stimulate the reservoir, making the reservoir length as large as possible. The fracturing fluids can carry low concentrations of proppant to maintain fracture aperture and ensure overall connectivity of large fracture networks. If the desired large-scale reservoir is created, the five-point well mode is preferable.





6. Conclusions


In this paper, we carried out a field test, laboratory test and numerical simulation in succession to evaluate the EGS productivity potential of Wendeng geothermal field. The geothermal characteristics and deep rock mechanical properties were identified based on real geological and core data of the borehole ZK1. Then, a numerical model of reservoir hydraulic fracturing based on a discrete fracture network was established. Thermal extraction simulations were conducted to assess the long-term dynamic productivity of EGS based on the fracturing results. The main conclusions are shown as follows:




	(1)

	
For Wendeng geothermal field, the average geothermal gradient is 36.8 °C/km between 0 m and 3000 m. It can be seen that the temperature of the super-thick shallow granite reservoir in Wendeng geothermal field is not as high as the ideal, and the temperature change of shallow strata is almost linear. The reason is that the lithology is uniform and there is no insulating cap layer to keep in the heat. The high thermal conductivity of granite rocks radiates heat from below into the atmosphere. The deep geothermal gradient greatly decreases because it is controlled by tectonic faults and belongs to a convective geothermal zone. Therefore, when choosing shallow high-temperature HDR reservoirs in such super-thick granite areas, attention should be paid to avoiding deep water-filled faults.




	(2)

	
Wendeng geothermal field has high horizontal tectonic stress, which is conducive to forming a horizontal EGS reservoir after stimulation. The well-logging results show that there are also multiple fracture zones in the super-thick granite strata and the formation fracture ratio varies greatly at different depths. The selection of a target EGS reservoir should consider the influence of fracture spacing.




	(3)

	
For naturally fractured formations with stress shielding, large well spacings should be maintained and reservoirs with overdeveloped natural fractures should not be selected. For the same created reservoir, the production performance of five-spot and triplet-well modes of production is different. The variation trends of each production indicator of the two modes are very similar, but the indicator value is different. The pressure indicator is more sensitive to the choice of well-layout mode than the temperature indicator. For the same reservoir, the power generation of the five-spot well mode is slightly improved over that of the triplet-well mode.




	(4)

	
When selecting the target reservoir, formations with high temperatures, moderate natural fractures and high I -situ stress shielding are preferable. On this basis, a large volume of fracturing fluids should be injected to stimulate the reservoir, making the reservoir length as large as possible. If the desired large-scale reservoir is created, the five-point well mode is preferable.




	(5)

	
For the potential target reservoir at depth of 4000 m in the Wendeng geothermal field, the optimal scenario for an EGS reservoir is Case 2. With the five-spot well mode, and a maximum injection rate between 60 kg/s and 80 kg/s, the power generation over a 20-year period is 8.32 MW~1.92 MW or 11.08 MW~1.74 MW, and the energy efficiency ranged from 176.5 to 25.8 or from 131.0 to 12.6. It can be seen that the Wendeng geothermal field also has an HDR-resource development potential after reasonable screening of target reservoirs and good targeted fracturing and thermal extraction design.









As the stress regime of the study area is mainly a compressive one, it may close the fractures and reduce the hydraulic conductivity. In practical EGS projects, we suggest that one should be very careful when choosing which formation to use as the EGS target reservoir. Additionally, a previous study showed that a large portion of the heat loss happens inside the wellbore and it may be more important than the reservoir response [36]. The wellbore model should be taken into account when a more accurate heat transfer simulation is carried out in the future. In this study, we used a simplified numerical model. Only the coupling of the hydraulic-thermal effect was considered and water losses in the reservoir were neglected. The distribution characteristics of the fracture spacing, aperture, and orientation should be collected to establish a more realistic hydraulic–thermal–mechanical–chemical model in the future.
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Figure 1. Location (a); and structure section map (b) of Shandong Peninsula [21,22]. 
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Figure 2. ZK1 borehole structure and formation lithology. 
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Figure 3. 3D schematic diagram of a numerical model of Case 1. 
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Figure 4. Results of temperature measurement and heat conductivity of ZK1 well. 
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Figure 5. Schematic diagram of well layout. 
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Figure 6. Thermal extraction well layout mode under Case 1. 
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Figure 7. Evolution of Tpro and We at different injection rates (qinj) over the 20 years under Case 1. 
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Figure 8. Evolutions of IR and Pinj at different injection rates (qinj) over the 20 years under case 1. 
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Figure 9. Evolution of WP and ηe at different injection rates (qinj) over the 20 years under Case 1. 
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Figure 10. Spatial variations of reservoir temperature fields at the plane z = 100 m when qinj is 30kg/s during 20 years (Case 1). 
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Figure 11. Thermal extraction with a five-spot well layout mode under Case 2. 
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Figure 12. Evolution of Tpro and We at different injection rates (qinj) over the 20 years under Case 2. 
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Figure 13. Evolution of IR and Pinj at different injection rates (qinj) over the 20 years under Case 2. 
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Figure 14. Evolution of WP and ηe at different injection rates (qinj) over the 20 years under Case 2. 
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Figure 15. Comparison of Tpro and Pinj between Case 1 and Case 2 over the 20 years. 
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Figure 16. Spatial variations of reservoir temperature fields at the plane z = 100 m when qinj is 30kg/s during 20 years (Case 2). 
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Figure 17. Formation fracture ratio at different depths of well ZK1. 
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Figure 18. Characteristic parameters of the created fracture networks under different fracture spacing. 
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Figure 19. Thermal extraction with triplet-well layout mode under Case 3. 
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Figure 20. Evolution of Tpro and We at different injection rates (qinj) over the 20 years under Case 3. 
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Figure 21. Evolution of IR and Pinj at different injection rates (qinj) over the 20 years under Case 3. 






Figure 21. Evolution of IR and Pinj at different injection rates (qinj) over the 20 years under Case 3.



[image: Sustainability 15 03551 g021]







[image: Sustainability 15 03551 g022 550] 





Figure 22. Evolution of WP and ηe at different injection rates (qinj) over the 20 years under Case 3. 
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Table 1. Parameters of fracturing simulation under Case 1.
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Parameters

	
Type

	
Values






	
Stress state

	
Shielding

	
Stress difference is 10 MPa

Shielding thickness is 50 m




	
Mechanical parameters

	
Elastic modulus

	
70 GPa




	
Poisson’s ratio

	
0.16




	
Fracture toughness

	
1.5 MPa·m1/2




	
Critical stress

	
24 MPa




	
Operation parameters

	
Pump rate

	
16 m3/min




	
Injection volume

	
50,000 m3




	
DFN

	
Fracture spacing

	
20 m
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Table 2. Production temperature after 20 years under various mesh numbers.
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	Mesh Number
	Production Temperature (°C)





	3300
	121.3



	6600
	120.4



	7850
	119.9



	8420
	119.8



	9250
	119.8
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Table 3. Reservoir parameters in the hydro-thermal simulation.






Table 3. Reservoir parameters in the hydro-thermal simulation.





	Items
	Value





	Matrix density
	2650 kg/m3



	Matrix porosity
	2%



	Matrix permeability
	1 × 10−17 m2



	Fracture permeability
	0.21 × 10−8 m2



	Fracture spacing
	20 m



	Heat conductivity
	3.52 W/(m·K)



	Specific heat
	850 J/(kg·K)



	Initial pore pressure
	P = 4 × 107 – 10,000z (Pa)



	Injection water temperature
	65 °C



	Injection water specific enthalpy
	305.80 kJ/kg



	Initial reservoir temperature
	181 °C



	Productivity index
	5.4 × 10−12 m3



	Production bottom-hole pressure
	35 MPa
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Table 4. Five main “broken cake” layers.
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	No.
	“Broken Cake” Location
	Thickness (m)
	Pictures





	1
	2109.54 m~2264.17 m
	244.63
	[image: Sustainability 15 03551 i001]



	2
	2342.74 m~2386.90 m
	44.16
	[image: Sustainability 15 03551 i002]



	3
	2501.44 m~2551.19 m
	49.75
	[image: Sustainability 15 03551 i003]



	4
	2615.06 m~2622.29 m
	7.23
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	5
	2838.98 m~2872.51 m
	33.53
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Table 5. Results for the stimulated fracture network under Case 1.
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	Results
	Values





	Lhf
	822.4 m



	Whf
	410.5 m



	Hf
	50.0 m



	SRA
	675.0 × 104 m2



	SRV
	4600 × 104 m3
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Table 6. Results of stimulated fracture network based on the natural fracture spacing of 0.5 m (Case 3).
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	Results
	Values





	Lhf
	139.1 m



	Whf
	68.3 m



	Hf
	50.0 m



	SRA
	700.0 × 104 m2



	SRV
	123 × 104 m3
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