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Abstract

:

Supercritical geothermal resources are in the preliminary exploration stage as a new type of clean energy and there are no practical utilization projects. The IDDP-2 well at Reykjanes geothermal field in Iceland encountered supercritical geothermal conditions in 2017, with a maximum temperature of 535 °C. The system is still in the field experiment stage and no exploitation work has been carried out. Hence, a hypothetical doublet geothermal system was simulated based on IDDP-2 to study the power generation potential and favorable operating conditions for future development of supercritical geothermal resources. A multiphase flow model is established to predict the fluid and heat flow characteristics. Furthermore, sensitivity and economic analyses were performed to evaluate the expected commercial and environmental benefits of the supercritical geothermal system. The results show that the system’s evolution could be briefly divided into three stages according to the temperature variation. The power generation ranges between 5.4 MW~16.5 MW, and the levelized cost of electricity (LCOE) is 0.02 $/kWh. In addition, the system can reduce CO2 emissions, which are 1.2~7.75 Mt less than that of fossil fuel plants with the same installed capacity. The results prove the great development potential and commercial competitiveness of the supercritical geothermal system.
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1. Introduction


With growing concern about the environmental impacts of climate change, there is a growing call to reduce the use of fossil fuels [1]. Currently, many countries worldwide are trying to adjust their strategic energy structure toward being more diversified, green, and low carbon. Renewable energy is gradually being valued as an environmentally friendly green energy source. According to the renewable energy statistics 2020 of the International Renewable Energy Agency (IRENA), the amount of electricity generated from renewable energy was 2.47 × 1016 J in 2018 (https://irena.org/publications/2020/Jul/Renewable-energy-statistics-2020, accessed on 2 July 2019).



Among all sorts of renewable energy resources, geothermal energy is widely distributed, low carbon, and safe. Supercritical geothermal is an emerging type of geothermal resource, which refers to the P, T condition beyond the critical point of the heat transmission fluid, typically such as water (374 °C, 22.1 MPa). Compared with traditional geothermal resources, supercritical water possesses the characteristics of high specific enthalpy and low viscosity, which is advantageous for heat extraction. Therefore, many countries have conducted relevant research on exploring, drilling, and developing supercritical geothermal resources, including the IDDP in Iceland, Newberry and Salton Sea in the United States, DESCRAMBLE in Italy, and JBBP in Japan. However, it is still in the preliminary exploration stage and commercial development has not been achieved.



Among them, the sites in Iceland and Italy have made rapid progress in drilling and field experiments [2]. The Iceland Deep Drilling Project (IDDP) was mainly launched in the early 21st century to find suitable sites of 450–600 °C conditions at 3.5~5 km underground to achieve economic development [3,4]. The IDDP-2 well started in December 2015, based on an existing borehole RN-15 with a depth of 2500 m, and was completed in January 2017. The depth of the well is 4659 m and 4500 m vertically. The trajectory of the well is inclined to the southwest below 2750 m [5]. The bottom hole temperature is 535 °C [6], which meets the supercritical conditions. After the completion of the IDDP-2 well, several injection tests were carried out to evaluate the injectivity and hydrogeological properties of the reservoir [5]. According to the P-T measurements, they found three highly permeable reservoirs below 3000 m depth, with depths of 3400 m, 4300 m, and 4500 m.



The Reykjanes geothermal field is located in the southwestern part of the Reykjanes Peninsula, Iceland. The volcanic coverage area is about 25 km2. Its position is transitional between the Reykjanes Peninsula’s trans-tensional plate boundary and that of the Reykjanes Ridge of primarily extensional structure [7]. There is a total of 34 drill holes, which can supply steam to a 100 MWe power plant from a 300 °C reservoir at 1000 to 2500 m depth [8]. The lithology of the Reykjanes Peninsula can be divided into two parts. The upper part (above ~1400 m depth) mainly contains volcanic rock with interbedded zones of basalt flows, pillow lavas, and hyaloclastite. The lower part (below ~3500 m depth) is the sheeted dike complex [8,9]. The zone between 1400 and 3500 m is the transition zone. According to Cladouhos et al. [10], the heat extraction rate at 400 °C can reach 50 MW at a mass flow rate of 60 kg/s, which is approximately 10-fold the heat extraction efficiency of liquid water at 200 °C. Their study also showed that it requires 18 injection wells and 23 production wells, covering an area of 30 km2 at a flow rate of 85 kg/s, for a conventional geothermal system (200 °C) to generate 120 MW power. Whereas for a 400 °C supercritical geothermal system, it only needs one injection and two production wells, covering an area of 1 km2, which can generate 106 MW of power at a flow rate of 60 kg/s.



Numerical simulation is a convenient and effective method to predict and optimize the operating conditions of a geothermal system. However, these investigations above are based on ultra-simplified models, not focusing on any specific geothermal site. The reason for this is that the description of multiphase flow in supercritical conditions is still a challenge for numerical simulations. There is no mature commercial software that can handle supercritical conditions and most academic programs are in the in-house testing stage. This study adopts the program developed by Feng et al. [11,12]. Given the current development status of supercritical geothermal resources—there is only one IDDP-2 well completed—the candidate well to be deepened and combined with IDDP-2 to form a geothermal doublet has not been determined. Hence, it is significant to evaluate the development potential and economic and environmental benefits of the supercritical geothermal system. The wellbore layout, operating conditions, etc., all need to be properly designed to maximize the geothermal development.




2. Materials & Methods


2.1. Model Setup


A doublet geothermal system was simulated for the development of supercritical geothermal resources to study the power generation performance based on the IDDP-2 conditions. Although the permeability of the upper layer is higher, it is more likely to be a large fracture zone and its boundary is not clear, which may cause most of the injected fluid to be lost. Therefore, the reservoir selected for this study is the lowest layer with the highest temperature at a depth of 4500 m.



In order to simplify the model and to improve the calculation efficiency, the low-permeability confining formation is not considered, and the heat exchange between these formations with the reservoir and wellbore is taken into account by specific semi-analytical solutions. The mesh for the simulation is shown in Figure 1. According to the drilling trajectory, the angle between the borehole below 2750 m and vertical is about 23°. The thickness of the reservoir is assumed to be 50 m. The lateral boundary is set to 10 km, which is sufficient to eliminate the influence of lateral flow. In order to properly capture the heat transfer process and fluid flow in detail, the spatial discretization in the vicinity of the wellbores is refined [13,14,15], and the size of the gridblock gradually becomes larger away from the wellbores to improve the calculation efficiency.



Constant cold-water injection could stimulate the reservoir to enhance its permeability and injectivity. According to the injection test, the injectivity of the reservoir increases from 1.71 kg/s/bar to 3.11 kg/s/bar in less than one month. Hence, it is feasible to realize commercial development for IDDP-2 in the future. In this work, the reservoir is assumed to be homogeneous with a permeability of 50 mD.



Hokstad and Tanavsuu-Milkeviciene [16] combined the gravity and electromagnetic measurement data of the well to predict the initial temperature and pressure conditions of the reservoir. The temperature of the reservoir is set to 500 °C. Under hydrostatic conditions, the pressure is about 25.2 MPa. The mass flow rate for production is 25 kg/s. Due to the phase change from the in-situ high-temperature steam to water, some more water is required to be injected for pressure balance (it will be discussed later). Here, an extra 10% is given, i.e., 27.5 kg/s for injection with a temperature of 60 °C. Other thermo-physical parameters are shown in Table 1. In this work, the numerical simulation program used is TOUGH2-scESO1 developed by Feng et al. [11] based on the TOUGH2 code.




2.2. Performance Criteria


The development of geothermal energy generally focuses on the production temperature and flow rate [17,18,19]. However, it is not accurate to evaluate the power generation potential of the geothermal system based on these alone. Therefore, in this work, the output temperature, flow rate, power generation, energy efficiency, and economic and environmental benefits have been comprehensively considered.



During the development of geothermal resources, the produced high-temperature steam cannot be directly converted into electrical energy. It is a two-step process; first from thermal to mechanical, and then to electricity. The net heat flow (   W h   ) is calculated according to the formula in Pruess [20], as Equation (1)


   W h  =  Q  p r o      h  p r o   −  h  i n j      



(1)




where    Q  p r o     is the production mass flow rate and    h  p r o     and    h  i n j     are the specific enthalpy of production and injection fluid.



The conversion efficiency (f1) from thermal to mechanical energy is proportional to the production temperature. According to the second law of thermodynamics, the conversion efficiency (f1) could be calculated as Equation (2)


   f 1  = 1 −    T  i n j   /  T  p r o      



(2)




where    T  p r o     and    T  i n j     are the temperature of production and injection water.



In the process of converting mechanical energy to electrical energy, the maximum efficiency (f2) is 0.45 [21]. Therefore, the conversion efficiency from thermal to electricity (f) could be calculated as Equation (3)


  f =  f 1  ×  f 2  = 0.45 − 0.45    T  i n j   /  T  p r o      



(3)




and the power generation (   W e   ) could be calculated as Equation (4):


   W e  = f  W h   



(4)







In addition, energy efficiency (   η e   ) is also an important parameter in the process of power generation, which is the ratio of power generation (   W e   ) to energy consumption (   W p   ) [22], as Equation (5). The energy consumption is mainly caused by injection and production well pumps. The higher the energy efficiency, the better the economic benefits. The energy consumption calculation process of the pump is as follows:


   η e  =  W e  /  W p   



(5)






   W  p 1   = q  P  i n j   / ρ  η P   



(6)






   W  p 2   = q  P  p r o   / ρ  η P   



(7)






   W p  =  W  p 1   +  W  p 2    



(8)




where    W p    is the consumption energy of the pump and the subscripts 1 and 2 represent production and injection well, respectively. P is the pressure at the wellhead.  ρ  is the fluid density.    η P    is the pump efficiency. According to previous studies, the value is 80% [23].





3. Results


3.1. Fluid and Heat Flow


3.1.1. P/T Distribution in the Reservoir


At first, the same mass flow rate is given for both injection and production as the experience in the traditional geothermal system applications. However, after several simulation trials, it is found that the scheme of the same mass rate is inapplicable. The pressure distribution at different times is shown in Figure 2. It can be seen that the pressure keeps decreasing over the whole area and it has dropped by nearly 3 MPa around the production well. This is attributed to the condensing of the in-situ supercritical fluid. An equivalent mass flow rate for both injection and production will bring a constant reduction of the pore pressure. It will cause mechanical damage to the reservoir for a long-term operation, which is not conducive to sustainable development and utilization.



Therefore, we proposed a compensatory injection scheme with a higher mass rate for injection than the production, which will keep the reservoir pressure stable. It is found that an extra 10% injection amount is effective in maintaining the reservoir pressure in fifty years of operation (as shown in Figure 3). Thus, the scheme of 27.5 kg/s for injection and 25 kg/s for production is set as the base case for subsequent analysis.



The temperature distribution in the reservoir at different times is shown in Figure 4. The temperature at the bottom of the production well is about 337 °C, which has dropped by 163 °C (32.6%) in 50 years. It is worth noting that according to the past development experience of the traditional geothermal system, the temperature drop should be regulated within 10 °C during the operation period [24]. Otherwise, the thermal breakthrough will pose a threat to the sustainability of the system. However, it may not be suitable for the supercritical geothermal system. Although it experienced a considerable drop, the temperature is still high enough for future utilization.




3.1.2. Evolution in the Production Well


Figure 5 shows the evolution of temperature, pressure, and steam saturation at the production wellhead over 50 years. The whole operation could be approximately divided into three stages according to the temperature evolution. The first is a stable stage from 0 to 4 years, during which the producing fluid presents in steam, with a temperature of 415 °C at the wellhead. Subsequently, it reaches a plummet stage, lasting about 1.2 years, with the temperature dropping to 342 °C. The reason for this is that the injected cold water reaches the production well in a two-phase state. The relatively low pressure at the production well bottom corresponds to a low saturation temperature, which is far lower than the in-situ temperature. At the same time, because of the higher mobility (defined as   ρ / μ  ) of the liquid than the steam phase, a smaller pressure difference at the well bottom can maintain the fixed mass flux. Hence, there occurs an increase in the pressure. This is followed by the third stage, where the producing fluid turns into the two-phase state, and the temperature and pressure continue decreasing gradually and simultaneously until the end of the operation.



The production fluid in supercritical geothermal systems experiences a complicated phase transition process, which differs from the traditional ones. In Stages 1 and 2 (0~5.5 years), the production fluid presents in steam. When the fluid flows upward from the production well bottom to the wellhead, even though the pressure drops below the critical pressure, the high in-situ temperature of the reservoir ensures that the P-T profile along the wellbore does not intersect with the saturation line. Thus, the fluid transits directly from the supercritical phase to steam. After 5.5 years of operation, the cold front in the reservoir expands toward the production well, which cools the reservoir, making the P-T profile fall on and evolve along the saturation line. Hence, the outflow transit to a water-steam mixture. After about 15 years, the bottom transits to the liquid state totally (Figure 6a). When the fluid flows upward, the decrease in pressure makes part of the liquid transit to steam and form a two-phase mixture at the wellhead.



In addition, following the continuous decrease of the reservoir temperature, the steam saturation of the production fluid also gradually decreased, dropping to a minimum of 0.85 in 20 years (Figure 5). Although there is a slight increase in the steam saturation after 20 years, the mass flux in the steam phase keeps decreasing since the two-phase fluid occurs; it is only 5 kg/s, accounting for about 20% in total (Figure 6b). If the system runs long enough, the production fluid will eventually exist only in a liquid phase, which is more like a conventional thermal reservoir.





3.2. Heat Extraction Performance


3.2.1. Heat Production Rate and Power Generation Efficiency


The variation in net heat flow (Wh) and power generation (We) for 50 years is shown in Figure 7a, sharing a similar evolutional pattern. The values of Wh and We maintain 70.0 MW and 16.2 MW. Compared with the temperature evolution, the evolution of net heat flow and power generation looks smoother, without a distinct boundary between Stages 2 and 3. The values of Wh and We drop to 57.5 MW/11.8 MW and 31.0 MW/5.4 MW at the end of Stages 2 and 3, respectively. The conversion efficiency (f) is the ratio of power generation to the net heat flow, which considers the two processes from thermal to mechanical and then to power, and positively strictly relates to the outflow temperature. Such a high temperature brings a high efficiency of over 0.23 when the fluid presents in the single-steam phase. Then, it decreases with the temperature to 0.174 at the end of the operation.




3.2.2. Energy Consumption of Pump and Energy Efficiency


Applying pressure at the wellhead is the main reason for the energy consumption of the pump. For the injection well, the reservoir is located at a depth of about 4500 m with a temperature of 500 °C. Assuming the injection well is filled with cold water with a density of over 950 kg/m3, the pressure at the injection well bottom could reach 42 MPa, far higher than the in-situ pressure. Hence, the recharged fluid could flow into the reservoir spontaneously without any pressurization at the wellhead.



The blue line in Figure 7b shows the evolution of energy consumption in the production well. According to Equation (5), the pump’s energy consumption positively relates to the wellhead pressure and negatively to the fluid density. In Stages 1 and 2, the production well is filled with low-density high-temperature steam, which results in high energy consumption and low energy efficiency. In Stage 3, the fluid density in the wellbore increases with the decrease in temperature and steam saturation. Thus, the pressure at the wellhead decreases, lowering the energy consumption and increasing energy efficiency.





3.3. Effects of Mass Flow Rate on Production Performance


3.3.1. Mass Flow Rate


For realistic geothermal engineering, the injection and production flow rate greatly affect the performance and sustainability of the geothermal system. A higher mass flow rate will bring better heat extraction performance, but it also implies an earlier thermal breakthrough, influencing the system’s sustainability. It is significant to determine a proper mass flow rate for any geothermal system. The production flow rate in the base case is 25 kg/s. Here, two cases with higher (35 kg/s) and lower (15 kg/s) mass flow rates are given for discussion. For both cases, the injection mass flow rate is set as 10% higher than the production.



The net heat flow of the three cases keeps proportional to the mass flow rate during the operation; as shown in Figure 8, a higher rate corresponds to a shorter Stage 1. Meanwhile, the conversion efficiency (f) negatively relates to the mass flow rate, even in the single-steam phase stage (Stage 1). The reason is that the higher rate corresponds to a lower pressure at the production well bottom and a larger frictional pressure loss along the wellbore, i.e., a lower production pressure at the wellhead. According to the Joule–Thomson effect, the pressure keeps proportional to the temperature during an approximately isenthalpic process. When it comes to the late stage, the fluid in higher rate cases could not be heated enough as in the lower cases. Thus, the conversion efficiency negatively relates to the mass flow rate, and the power generation of the 35 kg/s case is close to the base case at the end of the operation (6.2 MW vs. 5.4 MW). Hence, the sustainability of a geothermal system is decided by the reservoir’s characteristics, such as size and permeability distribution. For the present case, with a well spacing of 600 m, 35 kg/s nearly reaches the maximum for a sustainability of 50 years.




3.3.2. Reservoir Permeability


Permeability is critical for assessing the potential of a geothermal system [25,26,27,28]. Many factors will affect the permeability distribution of the reservoir, such as the local stress conditions, natural fractures, reservoir lithology, and fluid chemical composition. Moreover, the reservoir is stimulated by cold water and gets an excellent result [6]. Multiple factors contribute to the uncertainty of the reservoir’s permeability distribution. Therefore, a lower (25 mD) and a higher (100 mD) permeability case with other parameters unchanged are given to study the influence of different permeabilities.



Because of the same mass flow rate, the Wh evolution of the three cases almost overlaps perfectly. In comparison, higher permeability means higher pressure at the production well bottom. A weaker J-T effect brings a higher temperature at the wellhead and conversion efficiency, as shown by the red lines in Figure 9b. The minor difference in conversion efficiency causes a slight difference in power generation. In addition, under the combined effect of the pressure and fluid density at the wellhead, a higher permeability brings a higher energy efficiency (η). It can be drawn that for the mass flow under the scheme of fixed injection-production rate, the permeability has a minor influence on the heat extraction performance in some certain range. If the permeability is low enough, the pump should even be assembled in the production well to help extract the fluid. The flow rate should be elaborately regulated according to the wellhead pressure.




3.3.3. Well Spacing


The well spacing determines the time of thermal breakthrough and the sustainability of the system; a large well spacing is conducive for a long lifetime, but the unknown connectivity between wellbores is a potential threat. There is only one borehole for the IDDP-2 project. The location of the second well has not been decided. Here, different well spacing is given to provide a guide. The cases include 400 m, 600 m (base case), and 800 m. The results are shown in Figure 10.



It can be seen from Figure 10 that the duration of the single-steam phase stage (Stage 1) increases significantly with the well spacing, as well as the net heat flow (Wh) and power generation (We) in the late stage. The main reason for this is that as the well spacing increases, there is a larger room for the fluid to absorb heat from the reservoir. The conversion efficiency shares a similar evolutionary tendency with the net heat flow. However, the evolution of energy efficiency is not monotonous. In the first 30 years, the energy efficiency negatively relates to the well spacing, but only in the small well spacing case, the efficiency decreases with time. The reason is that the efficiency is decided by both pressure and fluid density; at the same time, fluid density is affected by pressure and temperature. Thus, the energy efficiency is also a function of the wellhead pressure, which needs to be elaborately regulated in practical engineering.






4. Discussion


4.1. Economic Analysis


The construction of geothermal power plants generally involves the following steps: (1) preliminary geological, hydrogeological, and geothermal geological surveys; (2) drilling; (3) reservoir reconstruction; (4) construction of a geothermal fluid circulation system; (5) construction of ground power generation equipment; and (6) installation of transmission lines [23,29,30]. At present, the power generation plant well mainly includes the following aspects: (1) drilling; (2) reservoir reconstruction; (3) surface power generation equipment installation; and (4) operation and maintenance.



Since there is no related report after the well is completed, the cost before drilling is estimated to be 14~16 million dollars (www.iddp.is, accessed on 20 December 2020). Regarding the cost of the reservoir reconstruction part, although the supercritical geothermal system has a higher temperature, the hot stimulation effect during hydraulic fracturing is better. The mechanical properties of the rock have changed under the influence of high temperature and high-pressure conditions; it is the transformation from brittle rock to plastic rock. After fracturing, most of the open racks may recover naturally, so special proppants are required for operation. The cost of reservoir reconstruction for a traditional geothermal system is about 0.5 million dollars [28], while the cost of a supercritical geothermal system is assumed to be 2 million dollars. In terms of surface power generation equipment, since there is a power plant in the Reykjanes geothermal field and the IDDP-2 well continues to be drilled based on the RN-15 well, the cost of this part is negligible. Operation and maintenance costs include system energy consumption, personnel, insurance costs, and so on. Figure 11 shows the energy consumption of the pump for 50 years and it reaches 950.09 GWh. The price of industrial electricity in Iceland in 2021 is 0.051 $/kWh, and the cost of internal energy consumption is 48.45 million dollars, combined with other consumption for a total of 55 million dollars.



In summary, the total cost of the supercritical geothermal power station in the Reykjanes geothermal field is 72 million dollars. The main impact on the total cost is the operation and maintenance costs. The levelized cost of electricity (LCOE) is the most commonly used indicator for evaluating the economic feasibility of a power generation system [28,30,31]. It is the ratio of the total cost of the power station system to the total power generation in 50 years. In this study, the 50-year average installed capacity of the proposed supercritical power station is 8.13 MW, and the total power generation is 3551 GWh. Therefore, the LCOE is approximately 0.02 $/kWh, which is much lower than the commercial electricity price in Iceland. Therefore, the supercritical geothermal resources of the Reykjanes geothermal field have great development and utilization value.




4.2. Environmental Benefits


As a type of clean energy, supercritical geothermal resources can greatly reduce the CO2 emissions from fossil fuels. According to previous research experience, the greenhouse gas emissions of geothermal power plants are about 122 g/kWh, while the emissions of traditional power plants are 460~1290 g/kWh [23,28]. The power station proposed in this study can reduce 1.2~7.75 Mt of greenhouse gases in 50 years, which also shows the importance of alleviating the greenhouse effect.



At the same time, there are many problems in the development of supercritical geothermal resources: (1) the change of supercritical temperature and pressure conditions of the salt-containing fluid; (2) the blockage of the reservoir that may be caused by the injection fluid, etc. The authors will continue this research in follow-up works.





5. Conclusions


In this study, a doublet supercritical geothermal system is simulated based on IDDP-2 in Reykjanes for thermal energy extraction. The favorable conditions for operation are discussed, and an economic analysis is conducted. According to the simulation results, the following conclusions can be drawn:




	
The fluid existing in the supercritical state behaves like a gas. The injected cold water makes the fluid condensed and brings a constant decrease in pressure. A compensatory injection-production scheme is needed for supercritical geothermal development to maintain the reservoir pressure and sustainability.



	
The pressure at the production wellhead is the main reason for the pump’s energy consumption. However, extremely low pressure decreases the fluid’s density, also increasing energy consumption. Moreover, it will cool the production fluid and lower the conversion efficiency. It is a dilemma for the schematic design and needs more optimization work.



	
The LCOE assessment is 0.02 $/kWh, which is lower than the commercial electricity price in Iceland, and it reduces greenhouse gas emissions by 1.2~7.75 Mt compared with traditional power plants. According to the comprehensive analysis of economic and environmental benefits, the proposed power plant has greater development and utilization value.
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Nomenclature




	Wh
	Net heat production rate, W



	hpro
	Production specific enthalpy, J/kg



	f1
	Conversion efficiency, from thermal to mechanical energy



	f
	Conversion efficiency, from thermal to electrical energy



	Wp1
	Energy consumption of injection pump, W



	Tinj
	Injection temperature, °C



	ηe
	Energy efficiency



	qinj
	Injection mass flow rate, kg/s



	ρ
	fluid density, kg/m3



	We
	Electric power, W



	hinj
	Injection specific enthalpy, J/kg



	f2
	Conversion efficiency, from mechanical to electrical energy



	Qpro
	Water production rate, kg/s



	Wp2
	Energy consumption of production pump, W



	Tpro
	Production temperature, °C



	ηP
	Pump efficiency



	qpro
	Production mass flow rate, kg/s



	P
	Pressure, MPa
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Figure 1. Sketch of the doublet supercritical geothermal system based on IDDP-2 (the reservoir thickness is 50 m). 
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Figure 2. The reservoir pressure distribution at different times with the scheme of the same mass flow rate for injection and production. 
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Figure 3. The reservoir pressure distribution at different times with the scheme of the different mass flow rate for injection (27.5 kg/s) and production (25.0 kg/s). 
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Figure 4. The reservoir temperature distribution at different times. 
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Figure 5. The evolution of pressure, temperature, and steam saturation at the production wellhead. 
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Figure 6. Gas saturation distribution in production well (a) and the production mass flow rate in different phases (b). 
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Figure 7. The evolution of net heat flow (Wh), power generation (We), and conversion efficiency (f) (a); and energy consumption, energy efficiency, and density of outflow (b). 
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Figure 8. The evolution of net heat flow (Wh), power generation (We) (a), and conversion efficiency and energy efficiency (b) with different flow rates. 
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Figure 9. The evolution of net heat flow (Wh), power generation (We) (a), and conversion efficiency and energy efficiency (b) with different reservoir permeabilities. 
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Figure 10. The evolution of net heat flow (Wh), power generation (We) (a), and conversion efficiency and energy efficiency (b) with different well spacing. 
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Figure 11. Evolution of the internal energy consumption and the cumulative energy consumption of the production pumps in 50 years lifetime. 
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Table 1. Thermo-physical parameters and initial/boundary conditions for the numerical simulation.
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	Reservoir Formation
	





	Density
	2700 kg/m3



	Specific heat capacity
	900 J/(kg·°C)



	Porosity
	0.05



	Thickness
	50 m



	Wellbore
	



	Diameter
	0.1778 m



	Roughness
	10−5 m



	Well spacing
	600 m



	Initial/Boundary condition
	



	Reservoir pressure
	25.20 MPa



	Reservoir temperature
	500 °C



	Injection temperature
	60 °C



	Production mass flow rate
	25 kg/s



	Injection mass flow rate
	27.5 kg/s
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