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Abstract

:

With the changing world energy structure, the development of renewable energy sources is gradually accelerating. Among them, close attention has been given to geothermal energy because of its abundant resources and supply stability. In this article, a deep borehole heat exchanger (DBHE) is coupled with a heat pump system to calculate the heat supply and daily electricity consumption of the system. To make better use of the peaks and valleys in electricity prices, the following three daily operating modes were studied: 24-h operation (Mode 1), 8-h operation plus 16-h non-operation (Mode 2), and two cycles of 4-h operation and 8-h non-operation (Mode 3). Simulation results show that scheduled non-continuous operation can effectively improve the outlet temperature of the heat extraction fluid circulating in the DBHE. The heat extraction rates of Mode 1 is 190.9 kW for mass flowrate of 9 kg/s; in Mode 2 and Mode 3 cases, the rates change to 304.7 kW and 293.0 kW, respectively. The daily operational electricity cost of Mode 1 is the greatest because of 24-h operation; due to scheduled non-continuous operation, the daily operational electricity cost of Mode 3 is only about 66% of that of Mode 2. After an 8-month period without heating, the formation-temperature can be restored within 4 °C of its original state; 90% recovery of the formation-temperature can be achieved by the end of the second month of the non-operation season.
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1. Introduction


To achieve the goal of an emission peak and carbon neutrality in China, it is necessary to change China’s energy structure and vigorously develop renewable energy sources. Geothermal energy will become the focus of renewable energy development in the future because of its advantages of large reserves, stability and cleanliness. Although geothermal energy reserves are large, modern technology can transform only a small part of these reserves into electric energy and heat energy for human use [1].



In geothermal energy, the reserves of hot dry rocks (HDR) are the largest, but the engineering applications of HDR are very few. Aghahosseini et al. [2] expounded on applying the existing theory and technology of enhanced geothermal energy (EGS) systems to dry hot rock and expressed their own views on the economy and development potential of the system. However, the maintenance of cracks, corrosion, and scaling of geothermal water in EGSs are urgent problems to be solved before applications to dry hot rock [3,4,5]. To solve these problems, Rybach et al. [6] first proposed the concept of deep borehole heat exchangers (DBHEs) in 1995. The DBHE system is composed of a coaxial heat exchanger, and water flows in pipes, avoiding direct contact with rock, which solves the corrosion problem of EGS, but the heat transfer is much smaller than EGS. To improve the heat transfer capability of DHBEs, a series of simulations and experiments have been carried out.



Dijkshoorn et al. [7] evaluated the cooling capacity of a 2500 m deep DBHE system located in the center of Aachen, Germany. The results show that the well can provide the required temperature for a short time, but if the system is operated for 20 years, it cannot drive the adsorption device to cool buildings to low temperatures. However, the system can still provide enough heat to buildings in winter. In the town of Penzlau, Sapinska-sliwa et al. [8] also conducted experimental studies on DBHE systems. In China, Xi’an Jiaotong University has established a demonstration project to study the thermal performance of DBHEs [9,10]. Due to high drilling costs, most researchers have carried out simulations of DBHEs.



To improve the heat transfer performance of DBHEs, Li et al. [11] replaced the inner smooth tube with a spiral tube and a corrugated tube. They concluded that the change of geothermal water flowrate and rock temperature has more influence than the shape of the inner pipe on the heat extraction capacity of the DBHE system. Ali et al. [12] replaced the inner tube of the coaxial heat exchanger with an eccentric tube and made the eccentric tube rotate. Research showed that the heat transfer efficiency reached 223% when the rotational speed was 500 rpm and the eccentricity was 40 mm; but at the same time, the pressure loss of the system also increased by 53%. For the influence of the ratio of the inner and outer diameters of DBHEs on the heat transfer performance, Mokhtari et al. [13] and Iry et al. [14] carried out a detailed study and reached similar conclusions. The research results of Mokhtari et al. [13] show that the system pressure drop is the largest when the diameter ratio is 0.675, and the system thermal efficiency is the highest when the diameter ratio is 0.353. Oh et al. [15] carried out an experimental study on coaxial heat exchangers with different tubes, diameters and grouting materials at a depth of 50 m. The results showed that the thermal conductivity of pipes and grouting materials directly affect the performance of coaxial heat exchangers. He et al. [16] improved the filler part of DBHE system by mixing graphene with mud and cement respectively. On this basis, simulations of DBHEs were gradually proposed. Fang et al. [17] developed a thermal analysis software package of a coaxial heat exchanger based on the finite difference method, which greatly improved the calculation efficiency by directly solving the algebraic equations. Naldi et al. [18] proposed an iterative method with uniform temperature and constant heat flux as boundary conditions to calculate the characteristics of a group of 3 × 2 coaxial heat exchangers. Song et al. [19] established an unsteady heat transfer model of a coaxial heat exchanger and analyzed the factors affecting the heat transfer effect. Luo et al. [20] established a segmented finite cylinder-source model (SFCS) for simulating the DBHE system and compared it with finite difference model. Beier [21] established a transient heat transfer model and verified it by measured vertical temperature profiles in a borehole and temperatures of previous simulations. Li et al. [22] established a model by MATLAB and verified it by an experiment located at the Chang’an District of Xi’an. The radius of influence of rock temperature change during one heat season is about 7 m and the linear meter heat extraction rates is less than 150 W. For the working fluid in DBHEs, Daneshipour [23] added two kinds of nanoparticles to water and carried out the corresponding research. The results showed that a CuO-water nanofluid had better heat transfer performance than an Al2O3-water nanofluid, but the pressure loss and axial power were higher for the CuO-water nanofluid than the Al2O3-water nanofluid.



Bu et al. [24] conducted a 138-day experiment of a DHBE in a geothermal well with a depth of 2605 m. The average heating capacity of the well was 448 kW. Bär et al. [25] used deep rock as an energy storage device to study the effect of storing heat with the temperature of rock exceeds 110 °C with a depth of 500–1500 m in the summer. The results show that this method can realize the operation of heating temperatures above 45 °C during the winter. Welsch et al. [26] conducted a similar study.



Although there has been much research on DBHE systems, study on the heat supply performance of a DBHE under different scheduled operation conditions is weak, and hence the reason why this research is carried out. Additionally, there are almost no integrated calculations of underground heat extraction, aboveground application, and the costs of operations. In view of the lack of research on these topics, this paper proposes three operational strategies for different building types and analyzes the heat transfer performance of DBHEs combined with heat pump systems. Additionally, the daily costs of different operating strategies are calculated according to the peaks and valleys in electricity prices in China. The results of this study can provide technical support for engineering applications of DBHEs.




2. Models and Methodology


In order to consider the decrease of the daily operation electricity cost of the system. A set of integrated system including underground Deep Borehole Heat Exchanger (DBHE) system and aboveground heat pump system has been built for winter heating of commercial buildings, with consideration of peak–valley electricity price. The DBHE model and heat pump model with governing equations are shown in Appendix A and Appendix B, respectively.



In this study, Fluent is used for DBHE simulation and the Engineering Equation Solver (EES) is used for heat pump system simulation.



2.1. DBHE Model and Validation


To research the heat extraction performance of DBHE systems, a 3-D model is established and verified by the demonstration project (Wang et al., 2019) located in Xi’an [9,10]. Figure 1 shows a simple diagram of the DHBE system.



As shown in Figure 1, water flows in the DBHE from the annular pipe. After extracting heat from rock, water is pumped out from the inner pipe in the heating season (four months during winter).



In this study, the equations of DBHE system are shown in Appendix A. In the DBHE model, the domain is set to be 100 m long, 100 m wide, and 2100 m deep. The depth of the well is 2000 m; there is a 100-m rock layer under the well. In terms of the meshes, denser grid is used around the well; the minimum grid size is 0.02 m and the width of each next grid increases by 1.5 times. In the depth direction, the grid size is set as 10 m considering the vertical geothermal temperature gradient is only 30 °C/km.



The boundary conditions are as follows:




	
Surface temperature is set to be 15.6 °C;



	
The inlet temperature of geothermal water is set to be 17.3 °C and the flow rate is set to be 28 m3/h;



	
The boundaries of the domain, expect the surface, are heat insulated boundaries.








The initial conditions are as follows:




	
The initial formation temperature profile is detaining by the surface temperature and geothermal temperature gradient (30 °C/km);



	
The initial water temperature in the well is set to be the same as the formation temperature distribution.



	
The initial pressure of water in the well is set to be its hydraulic pressure.








The following assumptions are also made in this model:




	
The parameters of the rock physical properties are symmetrical, thus a ¼-model is established to reduce the computation time.



	
The surface temperature is set to a constant value.



	
The contact thermal resistance between the rock and shaft wall is ignored.








According to these assumptions, a mesh of the 3-D model is established.



In the demonstration project [9], the formation is divided into four layers according to the field exploration data and the geological parameters of Shaanxi Province, and the physical parameters of each layer are shown in Table 1. The geothermal temperature gradient is 30 °C/km, the depth of the well is 2000 m and the depth of the inner pipe is 1998 m. A gap of 2 m is used for water (heat extraction fluid) to flow through. Material of Annular and inner pipe is shown in Table 2. During the test, the temperature of ground is 15.6 °C and the average inlet temperature of the water is 17.3 °C. The average flow is 28 m3/h.



The simulation results are shown in Figure 2a and the results of the experiment are shown in Figure 2b.



According to the results of the simulation of the system in Figure 2a, after one month of operation, the outlet temperature of water is 22.6 °C. Figure 2b shows the temperature during the last four days of a month of continuous operation of the demonstration project, and the average temperature is in the range of 25.4–26.8 °C [9]. The error is in the range of 2.8–4.2 °C. The most important factors are as follows. First, in the simulation, the temperature gradient is set as 30 °C/km, and it is slightly different in the demonstration project. Second, the thermal conductivity and other physical parameters of rock are set as constant in the simulation, but they vary with the depth and the radial direction of the well and cannot be completely consistent with the simulation. The simulation results are considered to be correct. The following study was carried out on this basis.



After validating the model, we also carried out a series of studies on different mass flows and operation modes. In these studies, the inlet temperature and the surface temperature of rock are 20 °C, the inner tube wall is insulation, the temperature gradient is 30 °C/km, the rock material is calcium carbonate, and the working fluid is water. The performance of different mass flow rates was compared.




2.2. Heat Pump Model


In China, the temperature of heating in winter should be higher than 40 °C, but the outlet temperature of geothermal water is lower, and thus heat pump systems are necessary. A heat pump system was modeled by an engineering equation solver (EES) software. The model governing equations are shown in Appendix B. In this system, the inlet and outlet temperatures of heating are 45 °C and 35 °C, respectively. The heat source temperature is the outlet temperature of geothermal water in Figure 1, and the heat source temperature changes to 20 °C after heat release at the evaporator. The working fluid is R123. The specific parameters of the heat pump system are shown in Table 3.





3. Operation Mode Description


In this paper, the heating season is four months, and the remaining eight months of the year are used for the temperature recovery of rock. According to different building types, we discuss three operation modes:



Mode 1: Running 24 h a day for buildings with all day heating demand.



Mode 2: Running 8 h and non-operation 16 h for residential buildings where there is a demand for heating at night.



Mode 3: Running for 4 h and non-operation for 8 h during the day, then running for 4 h and non-operation for 8 h at night, for commercial buildings, such as office buildings, where there is heating load during the day.



In this article, Mode 3 is designed for commercial buildings that need heating during the day (9:00–17:00). However, in China, there is a peak and valley electricity price policy, and the specific prices are shown in Table 4. Thus, for heating from 9:00 to 11:00, the price is 0.21 USD/kW·h, and for heating from 11:00 to 5:00, the price is 0.18 USD/kW·h. To take advantage of the electricity price of 0.07 USD/kW·h from 23:00 to 7:00, heat storage is combined with the DBHE. The specific operating strategy from 1:00 to 5:00 is to store energy as heat. During this period, the price of electricity is only 0.07 USD/kw·h. When buildings need heat from 9:00 to 13:00, energy is released from heat storage. Then, from 13:00–17:00, a heat pump system was used to heat the building directly. During this period, the price of electricity is 0.18 USD/kW·h. This operation mode effectively avoids running the heat pump system during the period of high electricity price.




4. Simulation Results


4.1. Comparison of Outlet Temperature


In this study, the formation is chosen to be CaCO3. The temperature of ground is set to be 20 °C and the inlet temperature is set to be 20 °C as well.



After four months of operation, the outlet temperature under different mass flow rates is shown in Figure 3. Figure 3a–c shows the results for Modes 1, 2, and 3, respectively. With the increase of mass flow, the time when the outlet temperature tends to be flat is gradually shortened. The reduction in outlet temperature gradually decreases with increasing mass flow. In Figure 3b,c, the outlet temperature fluctuates because when the DBHE stops operating, the temperature of the rock around the well rises, which causes the outlet temperature to rise during the next operating period. The temperature fluctuation range is approximately 7 °C for Mode 2 and 3 °C for Mode 3; they are determined by the length of time that the system is not running.



Table 5 shows the outlet temperatures for the three modes. It is obvious that scheduled non-continuous operation (Modes 2 and 3) can improve the outlet temperature efficiency. However, the outlet temperatures of Mode 2 and Mode 3 are very close when the mass flow is larger than 1 kg/s. The temperature difference between Modes 1, 2, and 3 decreases from approximately 14 °C to 3 °C as the mass flow changes from 1 kg/s to 9 kg/s. Comparing the numerical results for outlet temperature with time during, the simulation shows that the temperature difference of Mode 2 is greater than Mode 3. It is because Mode 2 has a longer shutdown time than Mode 3, which leads to a higher temperature of rock around the well, but the longer running time of Mode 2 eliminates this advantage. Thus, scheduled non-continuous operation can increase the outlet temperature, but redistributing the operating time has only a small effect on the outlet temperature.




4.2. Heat Extraction Capacity


In this research, the heat extraction capacity of a DBHE system is compared for three modes in two aspects: 1. heat extraction rates from wells, 2. heat extraction rates from the condenser of the heat pump system.



4.2.1. Heat Extraction Rates from Wells


Figure 4 clearly shows the values and comparison of the heat extraction rate from wells operating under different modes. Modes 2 and 3 greatly improve the heat extraction rates for different mass flows. Compared to Mode 1, the percentage increase of the heat extraction rates are 46.1%, 65.0%, 63.1%, 61.1%, and 59.6% for Mode 2 and 42.9%, 65.5%, 61.3%, 61.0%, and 53.5% for Mode 3 at the mass flow rates of 1, 3, 5, 7, and 9 kg/s, respectively. In Figure 5, the percentage increase of heat extraction rates from the condenser of the heat pump system basically unchanged.




4.2.2. Heat Extraction Rates from the Condenser of the Heat Pump System


During the heating season, the temperature of the building inlet is approximately 45 °C, thus most cases cannot directly heat buildings in three modes. To better compare the performance of the coupled heat pump system, all mass flows of the three modes are calculated by the EES. All calculation results are exhibited in Figure 5. Comparing Figure 4 and Figure 5 shows that the heat pump system can effectively improve the heat extraction rates. For Mode 1, the heat extraction rate increases from 22.2 to 33.5 kW with increasing mass flow. However, for Mode 2 and Mode 3, the growth range changes to 32.4–53.4 kW and 31.7–51.4 kW, respectively. However, with increasing heat extraction rates, the energy consumption of the working fluid pump also increases. More detailed data are shown in Table 6. According to these data, the energy consumption is greater for Modes 2 and 3 than Mode 1.




4.2.3. Comparison of Electricity Charge and Heat Extraction Rates of Mode 3


The electricity charge for the heat pump system running in the three modes for one day is shown in Table 7. In this table, because the system operates all day in Mode 1, the total price of operating the heat pump for one day is much greater than that for Modes 2 and 3. Although both Modes 2 and 3 operate for 8 h one day, Mode 2 runs from 9:00 to 17:00 and Mode 3 runs from 13:00–17:00 and 1:00–5:00. As shown in Table 4, different times have different electricity prices. Hence, the electricity price during the operation time of Mode 3 is lower than that of Mode 2. Through comparison, it is found that the electricity price of Mode 3 is 65.2%, 66.9%, 65.9%, 66.6% and 64.1% of that of Mode 2 for the mass flow increases from 1 kg/s to 9 kg/s. The percent is basically determined by the peak–valley electricity prices. Therefore, Mode 3 is the most suitable mode for commercial buildings.





4.3. Rock Temperature Change


To research the sustainable operation of the system, rock temperatures at different depths after the heating season and recovery during the other eight months were also studied.



4.3.1. Rock Temperature at Different Depths


Figure 6 shows the rock temperature at different depths after four months of operation in Mode 1. Results at four depths and five mass flows are displayed. The rock temperature decreases at every depth with increasing mass flow from 1 to 9 kg/s. The temperature difference between 1 and 3 kg/s is much larger than that of the other two adjacent mass flows. The reason is that when the mass flow is less than 3 kg/s, low velocity corresponds to low convective heat transfer coefficient, the heat conduction inside the rock can make up for the heat absorbed by the fluid. When the mass flow is greater than 3 kg/s, the heat conduction inside the rock is much smaller than the heat absorbed by the fluid, the rock thermal conductivity becomes the key limiting factor for geothermal heat extraction. At the same time, 8 m from the well, the rock temperature shows almost no change after four months of operation. A rock temperature comparison for the three modes is shown in Figure 7. Because the comparison of the same mass flow shows the same trend for the three modes, Figure 7 only shows the rock temperature for a mass flow rate of 9 kg/s. The tock temperature of Mode 3 is between those of Modes 1 and 2. The temperature near the well of Modes 2 and 3 is much higher than that of Mode 1. The cause of this phenomenon is that during the last period of four months of operation, Mode 1 runs full time, Mode 2 stops running for 16 h and Mode 3 stops running for 8 h. This leads to temperature recovery over different periods of time for Mode 2 and Mode 3.




4.3.2. Temperature Recovery of Rock


After four months of operation, the rock has a period of eight months of temperature recovery. Therefore, the temperature increase of rock month by month is researched. The results for Mode 1 are shown in Figure 8 and Figure 9. Figure 8 and Figure 9 show the temperature at depths of 1998 m and 1000 m, respectively, calculated as mass flows at 9 kg/s. These two figures show that the recovery of rock temperature is very obvious at the end of the first month of system non-operation. The temperature recovery effect gradually decreases with the passage of time. The difference between the rock temperature after eight months of system non-operation and the initial temperature of the rock is less than 4 °C. Similar conclusions are obtained in Modes 2 and 3, thus those figures are not shown.



The temperature change is shown in more detail for the rock temperature recovery at 1998 m deep for the three modes in Table 8. All data in Table 8 are based on a mass flow of 9 kg/s. At the end of eight months of system shutdown, the temperature difference of rock at 1998 m for the three modes is less than 1 °C. Subsequent calculations showed that the temperature recovery during the first month and the first two months accounted for 83% and 90% of the total temperature recovery during eight months for Mode 1, 79% and 88% for Mode 2, and 81% and 89%, for Mode 3, respectively. Thus, the rock temperature recovery was mainly concentrated in the first two months.






5. Conclusions


In this article, the heat extraction performance and formation temperature recovery characteristics of a 2000-m borehole heat exchanger with different heat-extraction mass flowrates were investigated in terms of three operational modes. Based on the analysis of the simulation results, the following results were obtained:




	
Comparing the outlet temperature of the heat extraction fluid (water) from the well for the three operating modes showed that the outlet temperatures, from high to low, were in the following order: Mode 2, Mode 3, and Mode 1. Heat extraction rates also maintained the same trend.



	
The heat pump system can effectively increase the final heat supply to the consumer, especially for Mode 2 and Mode 3. The increase percentage is about 60%. With increasing heat extraction rates, the heat pump power consumption also increases and is directly proportional to the heat supply.



	
The daily heat pump operational electricity cost in Mode 1 is the greatest because of the 24-h operation. Among the scheduled non-continuous operation modes, Mode 3 consumed about 66% of the daily electricity cost of Mode 2. Mode 3 is more suitable for commercial buildings.



	
The formation temperature recovery becomes slower over time during the non-operation season, and the difference between the final and the initial formation temperatures is only 4 °C or less; in other words, 90% recovery of formation-temperature can be achieved by the end of the second month of the non-operation season.
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Appendix A. DBHE Model


The governing equations of DBHE in this study are shown as follow.



Continuity equation:


   ∂  ∂ t   ( ρ ) = −  ∂  ∂ z   ( ρ v ) + m  



(A1)




where  ρ  is the density of water, kg/m3;  v  is the velocity of water, which is the rate of volume flow across the cross-sectional area of the annular or the inner pipe in this 1D equation, m/s;  m  is the mass sink/source term, kg/m3·s.



Momentum equation:


    ∂ P   ∂ z   = ρ g cos ( θ ) ±   f ρ  v 2    2 d   ± (  ∂  ∂ t   ( ρ v ) +  ∂  ∂ z   ( ρ  v 2  ) )  



(A2)




where  P  is the fluid pressure, Pa;  g  is the gravitational acceleration, m/s2;  θ  is the inclination of the well;  f  is the fraction factor;  d  is the wellbore hydraulic diameter, m.



Energy equation:


   ∂  ∂ t   ( ρ ( h −  P ρ  +    v 2   2  ) ) = −  ∂  ∂ z   ( ρ v ( h +    v 2   2  ) ) − ρ v g cos ( θ ) −  q A  + Q  



(A3)




where  h  is the enthalpy of water, kJ/kg;  q  is the lateral heat flow, W;  Q  is the heat sink/source term, W/m3. In the formula, z is the coordinate in vertical direction.



For inner pipe fluid, the heat flow is calculated by:


  q =  q 1  =  A 1  U (  T 1  −  T 2  )  



(A4)




where    q 1    is heat exchange rate between inner pipe flow and the annular flow, W;  U  is overall heat transfer coefficient between the inner pipe flow and annular flow, W/(m2·K);    A 1    is the heat exchange area of the inner pipe inside surface, m2;    T 1    is water temperature of inner pipe flow, K;    T 2    is water temperature of annular flow, K.


  U  A 1  =  π   1  2  a 1   r 1    +  1  2  λ 1    ln    r 2     r 1    +  1  2  a 2   r 2       



(A5)




where    a 1    is convective heat transfer coefficient corresponding to the inner pipe flow, W/(m2·K);    r 1    is inner radius of inner pipe, m;    λ 1    is thermal conductivity of the inner pipe material, W/(m·K);    a 2    is convective heat transfer coefficient corresponding to the annular flow associated with the outer wall of the inner pipe, W/(m2·K);    r 2    is outer radius of inner pipe, m.



For annular pipe fluid, the heat flow is calculated by:


  q =  q 2  +  q 1   



(A6)






   q 2  = 2 π  r 3   a 3  (  T 3  −  T 2  )  



(A7)




where    q 2    is heat exchange rate between outer pipe and rock, kW;    a 3    is convective heat transfer coefficient corresponding to the annular flow associated with the inner wall of the outer pipe, W/(m2·K);    r 3    is inner radius of annular pipe, m;    T 3    is the temperature of the outer-pipe wall, K.



In this model, the energy conservation equation of the geological formation around the well is as follows:


    ∂  T  fm     ∂ t   =  1   ρ  fm    C  fm     (  1 r   ∂  ∂ r   (  λ  fm   r   ∂ T   ∂ r   ) +  ∂  ∂ z    λ  fm     ∂ T   ∂ z   ) )  



(A8)




where    T  fm     is the temperature of formation, K;    λ  fm     is thermal conductivity of the formation, W/(m·K);    ρ  fm     is the formation density, kg/m3;    C  fm     is the specific heat of formation, J/(kg·K).



The three convective heat transfer coefficients,    a 1   ,    a 2   , and    a 3   , can be determined by using the following equations and Table A1:


  a =   N u λ  d   



(A9)






  N u = 0.023 R  e  0.8   P  r n   



(A10)






  R e =   ρ v d  μ   



(A11)






  P r =    c p  μ  λ   



(A12)




where   N u   is Nusselt number; λ is thermal conductivity of the water, W/(m·K)  d  is the characteristic length, m;   R e   is Reynolds number;   P r   is Prandtl number; ρ is the density of the water (kg/m3); v is the volumetric flux of water, m/s;  μ  is the dynamic viscosity of water, Ns/m2;    c p    is the specific heat capacity, J/(kg·K). The characteristic length d, the value of n (Index in Equation (A10)), and other relevant parameters are defined in Table A1.
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Table A1. Parameters used for determining the convective heat transfer coefficients.






Table A1. Parameters used for determining the convective heat transfer coefficients.











	
	     a 1     
	     a 2     
	     a 3     





	λ
	Thermal conductivity of water in the inner pipe
	Thermal conductivity of water in the annular
	Thermal conductivity of water in the annular



	d
	Inner diameter of the inner pipe
	Inner diameter of the outer pipe minus outer diameter of the inner pipe
	Inner diameter of the outer pipe minus outer diameter of the inner pipe



	v
	Volumetric flux of water in the inner pipe
	Volumetric flux of water in the annular
	Volumetric flux of water in the annular



	μ
	Dynamic viscosity of water in the inner pipe
	Dynamic viscosity of water in the annular
	Dynamic viscosity of water in the annular



	cp
	Specific heat capacity of water in the inner pipe
	Specific heat capacity of water in the annular
	Specific heat capacity of water in the annular



	n

(Index in Equation (A10))
	0.3
	0.4
	0.4








In this study, the governing equations are solved in the following way:



For a given time-step, pressure field, and other initial and boundary conditions, the discrete momentum equation is solved to obtain a velocity field.



The relationship between the pressure and velocity specified by the discrete momentum equation is brought into the discrete continuity equation to obtain a revised pressure field, based on which a new velocity field can be obtained.



Check whether the new velocity field satisfies Equations (A1) and (A2). If not, do the calculation by iteration. Once convergence is achieved, based on the obtained velocity field, the convective heat transfer coefficients as well as a new temperature field can be obtained by solving Equations (A3)–(A12). Do the calculation by iteration until convergence is achieved. Eventually, a new temperature field that satisfies all governing equations can be determined.



Then, the next time-step calculation is carried out.



It is worth noting that the Equations (A1)–(A3) and the energy balance Equation (A8) are coupled and solved simultaneously in this numerical study.




Appendix B. Heat Pump Model


Figure A1 shows the Temperature entropy (T–S) diagram of the heat pump system.
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Figure A1. Temperature entropy diagram of heat pump system (working fluid: R123). 






Figure A1. Temperature entropy diagram of heat pump system (working fluid: R123).
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In this system, the heat exchange rate of evaporator is


   Q  eva    =     m •    hp   (  h 2  -  h 4   ) = 4   . 2     m •    hw   (  T   hw , in    -  T   hw , out    )  



(A13)




where    m  hp     is the mass flow rate of heat pump, kg/s;    h 2    is the outlet enthalpy of evaporator, kJ/kg;    h 4    is the inlet enthalpy of evaporator, kJ/kg;    m  hw     is the mass flow rate of hot water (mass flow of geothermal water), kg/s;    T   hw , in      is the inlet temperature of hot water, K;    T   hw , out      is the outlet temperature of hot water, K;    Q  eva     is the heat exchange rate of evaporator, kW.



The heat exchange rate of condenser is


   Q  con    =     m •    hp   (  h 1  -  h 5   ) = 4   . 2     m •    cw   (  T   cw , in    -  T   cw , out    )  



(A14)




where    h 1    is the inlet enthalpy of condenser, kJ/kg;    h 5    is the outlet enthalpy of condenser, kJ/kg;    m  cw     is the mass flow rate of cooling water, kg/s;    T   cw , in      is the inlet temperature of cooling water, K;    T   cw , out      is the outlet temperature of cooling water, K;    Q  con     is the heat exchange rate of condenser, kW.



The isentropic efficiency of the working fluid pump is 0.76. Theoretically, the compression process of the working fluid is an isentropic process (process 2-1s). However, the real process is irreversible (process 2-1). The isentropic efficiency of the working fluid pump is:


   η  is    = (     h   1 s    -  h 2   )   /   (   h 1   -     h 2  )  



(A15)




where    h   1 s      is the outlet enthalpy of working fluid pump in theory, kJ/kg;    η  is     is the isentropic efficiency of the working fluid pump, %.



The Energy consumption of working fluid pump is:


   W   hp , pump     =     m •    h p   (  h 1  -  h 2   ) /  η  



(A16)




where    W   hp , pump      is the energy consumption of working fluid pump, kW;  η  is the efficiency of working fluid pump, %.



The coefficient of performance (COP) of the heat pump is:


   COP =   Q  con    /     W   hp , pump     



(A17)
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Figure 1. Diagram of the DBHE system. 
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Figure 2. (a) Outlet temperature from the simulation; (b) experimental outlet temperature [9]. (Reproduced with permission from Wang, Applied Thermal Engineering; published by Elsevier, 2019). 
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Figure 3. (a) Outlet temperatures of Mode 1, (b) Mode 2, and (c) Mode 3. 
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Figure 4. Heat extraction rates from wells. 
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Figure 5. Heat extraction rates from the condenser of the heat pump system. 
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Figure 6. Rock temperature at different depths for Mode 1. 
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Figure 7. Rock temperature comparison for three modes. 
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Figure 8. Rock temperature recover at 1998 m for Mode 1. 
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Figure 9. Rock temperature recover at 1000 m for Mode 1. 
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Table 1. The parameters of demonstration project [9] (Reproduced with permission from Wang, Applied Thermal Engineering; published by Elsevier, 2019).
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	Rock Soil Area
	Depth (m)
	Density (kg/m3)
	Specific Heat Capacity (J/kg·K)
	Thermal Conductivity (W/m·K)





	1
	0–500
	1760
	1433
	1.59



	2
	500–720
	1860
	1025
	1.65



	3
	720–1450
	2070
	878
	1.76



	4
	1540–2000
	2270
	848
	1.88
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Table 2. The parameters of the DBHE [9] (Reproduced with permission from Wang, Applied Thermal Engineering; published by Elsevier, 2019).
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	Size

(mm)
	Length (m)
	Density (kg/m3)
	Specific Heat Capacity (J/kg·K)
	Thermal Conductivity (W/m·K)





	Inner pipe (HDPE)
	Φ110 × 10
	1998
	950
	2300
	0.45



	Outer pipe (Seamless steel J55)
	Φ177.8 × 9.19
	2000
	7850
	498
	40










[image: Table] 





Table 3. The parameters of the heat pump system.
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	Parameter
	Value
	Parameter
	Value





	Evaporation temperature
	50 °C
	Superheat of evaporator
	10



	Condensation temperature
	15 °C
	Supercool of condenser
	5



	Working fluid pump efficiency
	60%
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Table 4. Peak and valley electricity prices in China.






Table 4. Peak and valley electricity prices in China.





	Time
	Unit Price (USD/(kW·h))





	8:00–11:00, 18:00–23:00
	0.21



	7:00–8:00, 11:00–18:00
	0.18



	23:00–7:00
	0.07
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Table 5. Outlet temperatures of Modes 1, 2, and 3.
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Mass Flow (kg/s)




	
1

	
3

	
5

	
7

	
9






	
Outlet temperature (°C)

	
Mode 1

	
50.12

	
33.54

	
28.68

	
26.38

	
25.05




	
Mode 2

	
64.02

	
42.34

	
34.16

	
30.28

	
28.06




	
Mode 3

	
63.05

	
42.41

	
34.00

	
30.27

	
27.75
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Table 6. Energy consumption of the working fluid pump in the heat pump system.
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Mass Flow (kg/s)




	
1

	
3

	
5

	
7

	
9






	
Energy consumption (kW)

	
Mode 1

	
37.00

	
49.89

	
53.31

	
54.86

	
55.83




	
Mode 2

	
54.07

	
82.32

	
86.96

	
88.39

	
89.10




	
Mode 3

	
52.88

	
82.58

	
85.98

	
88.30

	
85.67
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Table 7. The electricity charge for the heat pump system running for one day in each mode.






Table 7. The electricity charge for the heat pump system running for one day in each mode.





	

	

	
Mass Flow (kg/s)




	

	

	
1

	
3

	
5

	
7

	
9






	
Total price (USD)

	
Mode 1

	
136.2

	
183.6

	
196.2

	
201.9

	
205.5




	
Mode 2

	
81.1

	
123.5

	
130.4

	
132.6

	
133.7




	
Mode 3

	
52.9

	
82.6

	
86.0

	
88.3

	
85.7
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Table 8. Monthly temperature recovery of rock.






Table 8. Monthly temperature recovery of rock.





	

	
Temperature (°C)




	
Time (Month)

	
Mode 1

	
Mode 2

	
Mode 3






	
0

	
28.55

	
51.95

	
43.25




	
1

	
69.15

	
72.45

	
71.25




	
2

	
72.55

	
74.85

	
74.05




	
3

	
74.25

	
75.95

	
75.35




	
4

	
75.35

	
76.65

	
76.25




	
5

	
76.05

	
77.15

	
76.75




	
6

	
76.55

	
77.55

	
77.15




	
7

	
76.95

	
77.85

	
77.45




	
8

	
77.25

	
78.05

	
77.75
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