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Abstract

:

Ground source heat pumps (GSHPs), a high-efficiency and energy-saving air-conditioning technology that utilizes shallow geothermal resources for both heating and cooling, are a vital green energy system for residential and commercial buildings. Improving the performance of such a system was the focus of the current research. As soil temperature and thermal radius are two important aspects that affect the performance of ground source heat pump systems, we conducted a new numerical simulation to capture the changes in sensitive factors and propose the optimized paths. The numerical simulation analyzed the thermal characteristics of a borefield under different pre-cooling times and soil types. The results indicated the following: (1) The rate of the ground temperature change with pre-cooling during the discharging period had a faster rise than in the case without pre-cooling. The longer the precooling time was, the smaller the thermal radius became. In particular, when the precooling time was longer than 14 days, the decrease in the thermal radius rate percentages was less than 4%. (2) Among the three kinds of soils compared, the soils with lower thermal conductivity and thermal diffusivity best suppressed the thermal interference effects. (3) Using a multivariate nonlinear function regression model, a simulation formula was proposed to predict- the thermal radius, which considered the factors of thermal diffusivity, precooling time, and discharging time. The prediction deviation was within 14.8%.
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1. Introduction


Ground source heat pumps (GSHPs) are a high-efficiency and energy-saving air-conditioning technology that utilize shallow geothermal resources for both heat and cooling. They can transfer energy from low-temperature heat sources to high-temperature heat sources by inputting a small amount of electric energy. In winter, the heat in the soil is “taken out”, and the temperature is raised and supplied to the room for heating; in summer, the indoor heat is “taken out” and released into the soil, and the underground temperature can be balanced all year round. GSHPs can significantly reduce the emissions of greenhouse gas and have a high thermal efficiency. The use of this technology has become a trend in the development of energy systems of residential and commercial buildings in recent years [1,2]. According to the International Geothermal Association (IGA), the number of countries and regions using shallow geothermal energy in the world has been increasing year by year, reaching 54 by 2020, and the five countries with the largest installed capacity of GSHPs in the world are China, the United States, Sweden, Germany, and Turkey, accounting for 71.1% of the global use of shallow geothermal energy. China’s installed ground source heat pump capacity is 26,450 MWt, accounting for 34.11% of the global share, ranking first in the world.



Due to the unevenly distributed heating and cooling load of buildings in the hot summer and cold winter climate zone, the long-term operation of the GSHP makes the recovery time of the soil temperature insufficient. This will make the underground temperature change with time, which eventually causes “heat accumulation” and leads to a rapid decline in the performance parameters [3]. To solve these problems, borehole thermal energy storage technologies [4,5,6,7,8] were proposed because the rock and soil are suitable thermal storage materials that have high specific heats and are inexpensive. The cold energy storage in soil is enough to space cooling directly when the GSHP stops running. The other optimal thermal performance of the system’s method includes precooling the ground to prevent heat accumulation around the boreholes and improve GSHP efficiency attributed to space cooling. Studies on the precooling of the ground have primarily focused on cooling-dominated buildings [9,10] using the so-called hybrid ground-source heat pump (HGSHP) system that utilizes auxiliary energy equipment (such as cooling towers, auxiliary ASHP systems, or dry coolers) to improve the system’s performance and provide economic benefits [11,12,13,14,15,16,17,18]. Johansson [13] showed that introducing a dry cooler to recharge the borehole can reduce borehole depth and investment costs. Hackel et al. [14] used the timing of a precooling ground strategy and showed that when precooling started later, this was beneficial for saving energy. Zhou et al. [15] simulated an office system with a ground source heat pump and a cooling tower that utilized the cooling water provided by the cooling tower entering the GHE to extract more heat in transitional seasons; he found that the ground temperature could be decreased effectively. Precooling the ground can be used for seasonal and diurnal purposes. An example of seasonal precooling ground is activated during transitional seasons when GSHPs usually do not run and the ambient temperature is lower and pump the circulating water flow through the auxiliary energy equipment for cool ground around BHE and provide more effective performance during the coming summer [18]. With regard to the diurnal precooling ground, the auxiliary energy equipment is similarly taken as the heat rejecter for the BHE during off-peak periods (such as night) to improve the cooling efficiency ability during on-peak times [16,17], especially when expected cooling demand is high. Fan et al. [18] analyzed the HGSHP system. Their goal was to optimize a system and establish a control strategy that would reduce operational consumption and improve system performance during the summer. Through a comparison of four strategies they found the strategies with the precooling of the ground, where the cooling tower was used to cool the ground in the transition season, to better improve the cooling efficiency by a controlled rise in the soil temperature rise within 3 °C after 10 years of operation but lose the benefit of lower energy use. Yi, et al. [17] simulated four strategies to control HGSHP with a cooling tower in Hong Kong, and it was concluded from the HGSHP that a control strategy combined with the temperature difference and precooling ground can decrease operating costs compared with a single GSHP. Furthermore, Alaica et al. [16] presented the operating cost of precooling the ground when associated with time-of-use electricity rates, and indicated the value of an off-peak ground pre-cool strategy on a summer night that can not only realize the operational cost savings, but also reduce the carbon emission and peak power consumption compared with a typical operation strategy. The An optimum pre-cool strategy can save 16.4% operational cost savings, 15.0% carbon emission and 58.5% peak power consumption for three simulated buildings, including the mid-rise, high-rise, and school located in Vaughan, Canada. After increasing the operation of precooling duration times, the hybrid ground-coupled heat pump system can improve by up to 43.7% the total cooling capacity. These studies can be expanded to improve system economics by updating the strategies with precool ground. However, the HGSHP system has an additional investment cost due to the auxiliary energy equipment and is more complex to operate.



Previous studies have been mainly focused on the effects of precooling the ground on the system’s performance or economic benefits. It is noted that results quantifying the improvement of the thermal characteristics of the borefield by precooling the ground are rather scarce. Precooling the ground changes the thermal radius, which is a key parameter for providing a close-to-actual calculation basis for the determination of borehole spacing in practical applications. In this study, precooling the ground refers to an additional operation of the conventional GSHP by extracting more heat during the early summer in order to improve the potential of thermal efficiency during the following cooling season. We evaluated the effect of precooling on the thermal characteristics of the borefield under different precooling times and soil types. The study employed a U-tube BHE since previous studies [19] have extensively demonstrated its effectiveness for BHE heat transfer applications.




2. Model and Validation


To analyze the effect of precooling the ground, a vertical U-tube BHE model was developed by ANSYS 18.0 software. This model consisted of a heat carrier (water), a single U-tube heat exchanger, a geological medium backfill, and surrounding soil. Figure 1 shows the structure and detailed meshes.



The detailed design parameters were set according to the measured data, which are listed in Table 1. The physical parameters of the materials are shown in Table 2. The assumptions in this 3D transient heat transfer model were: the material properties of the water, the U-tube, the backfill material, and the soil do not vary with temperature; we ignored the impact of outdoor air temperature fluctuations on soil surface temperature. Moreover, Fan et al. [6] found that due to the existence of groundwater flow, it will move the cold energy charged to the soil using the BHE into the downstream zone, which is not conducive to cold energy storage. Similarly, the effect of precooling might be sharply decreased in the presence of groundwater flow. Therefore, we assumed that the underground area was approximated to a homogeneous field without an underground water flow. The boundary conditions are shown in Table 3.



The numerical model of the GHE was compared with the experimental data from Zhou et al. [20] and the thermal response test (TRT) experiment constructed in this research. The TRT experiment was constructed in the laboratory of the ground source heat pump in Donghua University. The inlet velocity and inlet temperature of the simulated working condition were set to the same the experimental data. To make a further validation about the thermal radius behaviour of the single U-tube BHE for the numerical model built in this research, an analytical solution developed by Zhang et al. [21] was introduced, which combined the transient moving finite line heat source (MFLS) model in the soil outside the BHE with the quasi-three-dimensional borehole thermal resistance model for the heat transfer inside the BHE. As shown in Figure 2, it was found that the results from the numerical model in this research agreed well with the results from Zhou et al. [20] and the TRT experimental data in this paper, respectively. As shown in Figure 2a, the maximum of relative error was 2%, 2%, and 4% when compared with the outlet temperature under three different heating power values of 4.79, 4.14, and 3.47 kW in a previous study [20]. As shown in Figure 2b, it was found that the trend of outlet temperature variation between the two methods was consistent, and the maximum error was 6%. As shown in Figure 2c, after 72 h of continuous operation for the tested inlet temperature of 35 °C, we compared radial soil temperature (at y = 0 m and z = 41 m) distribution in the simulated model and the Zhang’s analytical model [21]. It can be seen that the maximum error between the two methods was 4%.




3. Results and Analyses


In this study, precooling was used to give a lower soil temperature field before the start of the cooling season. Precooling refers to water continuously entering at 7 °C, flowing into the BHE for the cold energy injected into the soil. Then, water entering at 35 °C flows into the BHE (discharging) for cold energy extraction by the ground source heat pump system to meet the cooling load in buildings. We investigated how precooling and extended precooling impacted the improvement of the thermal radius in this study. The discharging process lasted for 7 days, during which the operation lasted for 12 h with the heat pump shutting down for 12 h every day. One was the no-precooling mode (Case 1); another four different precooling times were set before the start of the discharging process, including the precooling 3 d mode (Case 2), the precooling 7 d mode (Case 3), the precooling 14 d mode (Case 4), and the precooling 30 d mode (Case 5). A comparison of the different simulation cases is discussed in this section. The soil’s physical properties and related parameters were as mentioned above. Then, we focused on clarifying the impact of precooling and extended precooling on soil temperature and the thermal radius during the discharging process.



3.1. The Influence of Precooling Time on the Dynamic Soil Temperature


Without precooling, the soil temperature field was considered to be basically uniform at the beginning of the discharging process, which was equal to the initial soil temperature; precooling decreased the soil temperature to a greater extent, which was the same as the soil temperature at the end of the precooling period.



Figure 3 shows the distribution of soil temperature at the beginning of the discharging process under different precooling times. It can be seen that the lower soil temperature can be obtained when the precooling time is extended. Figure 4 shows the dynamic trend of the surrounding soil temperatures under different precooling times at the center cross-section of a 41 m depth (half depth of the borehole) at four different distances from U-tube pipes for a 168 h discharging process. The distances are with the magnitudes of 0.075 m, 0.5 m, 1 m, and 2 m from the BHE.



The excess temperature  θ  represents the soil temperature differences between a certain time and initial time for each monitoring point in the soil. Equation (1) for this calculation is as follows:


  θ  ( t )  =  T s   ( t )  −  T 0   



(1)




where    T s   ( t )    is the temperature of the soil at a certain time, °C, and    T 0    is the initial temperature of the soil, 18.4 °C.



As shown in Figure 4, in the mode without precooling (Case 1), the soil temperatures at the operation time of 168 h were 22.81, 20.74, and 19.22 °C at the borehole wall (r = 0.075 m) and in the soil at radial distances of 0.5 and 1 m from the borehole axis, respectively; the corresponding values were 4.41, 2.34, and 0.82 °C for the  θ  at the borehole wall and at radial distances of 0.5 and 1 m from the borehole axis, respectively. In the mode with precooling for 30 d (Case 5), the soil temperatures at the operation time of 168 h were 21.36, 19.21, and 17.79 °C at the borehole wall and in the soil at radial distances of 0.5 and 1 m from the borehole axis, respectively; the corresponding values were 2.96, 0.81, and −0.61 °C for the  θ  at the borehole wall and at radial distances of 0.5 and 1 m from the borehole axis, respectively. At the same time, the soil temperatures at a radial distance of 2 m in Case 1 and Case 5 were nearly equal to 18.47 and 17.66 °C. A comparative analysis of cases with and without precooling during the discharging process showed that Case 1 and Case 5 had a similar trend on the whole; the soil temperature change was more intense near the BHE than away from the BHE. In the radial direction of BHE (0.075 m), there was a rapid change. Compared with Case 1, Case 5 had a lower soil temperature, and Case 5 had a faster rise in soil temperature within the thermal radius range at each monitoring point due to the greater temperature difference between the BHE and soil temperature.



Figure 5 compares the soil temperature (at the center cross-section of a 41 m depth) field in Case 1 and Case 5 at the end of the operation and recovery period (the 156th and 168th hour) on the seventh day during the discharging process, respectively. It can be seen that the soil temperature around the BHE with precooling was still lower than that without precooling at the end of the discharging process. This suggests that precooling can improve the thermal efficiency of the BHE. As shown in Figure 5a,b, the soil temperature at the end of the discharging period increased due to the amount of thermal energy released within thermal radius zone. Figure 5c,d shows that the temperature decreased at the end of the recovery period.




3.2. The Influence of Precooling Time on Thermal Radius


Hart and Couvilison [22], based on the Kelvin line source theory [23], proposed the concept of far-field radius and defined it as    r ∞  = 4    a τ     , which depends on the duration of the operation time and the thermal diffusivity of the soil. It is suitable for the case without precooling in which the soil temperature field was considered to be basically uniform at the beginning of the cooling condition and was equal to the initial soil temperature, but after precooling, the soil temperature decreased to a greater extent and was the same as the soil temperature at the end of recharging cold energy. The far-field radius formula described above needs further verification. In this paper, the variation thermal radius during the discharging process after precooling was studied. Although the thermal radius can be extended to infinity over time in theory, the excess temperature caused by it decays exponentially along the increase of distance in radial direction. When it decays to small enough, it can be approximately considered that all the heat dissipated by the BHE is absorbed by the soil within the corresponding distance, where it can be considered as the thermal radius. Therefore, compared with the initial temperature of the soil, the distance where the soil temperature change increased by 2.5‰ can be defined as the thermal radius (   r  thermal    ), which can be calculated as in Equation (2):


     T s   ( t )  −  T 0       T   0    = 2.5  ‰  →  s   ( t )  =  r  thermal    



(2)







When the initial soil temperature    T 0    is 18.4 ℃,    T s   ( t )  −  T 0  = 0.046   ℃  .



To evaluate the accuracy of the indicator of 2.5‰ for determining the thermal radius, the sensitivity analysis about a range from 0.5‰ to 5‰ were conducted in the simulated Case 5, as illustrated in Figure 6. It can be seen that the indicator of 0.5‰, 2.5‰ and 5‰ for determining the thermal radius yields approximately the same results at the early stage. As time goes by, the thermal radius of using the indicator of 0.5‰ is the biggest, while that of the indicator of 5‰ is the smallest. It is obvious that the deviation between the results of the indicator of 0.5‰ and 5‰ are within the range of ±10%. As a compromise, the indicator of 2.5‰ for determining the thermal radius was then employed for the following calculations.



According to Equation (2), the hourly soil temperature value of each grid node around the BHE was derived from the ANSYS software, and then the thermal radius and the area-weighted average soil temperatures within the thermal radius are calculated.



Figure 7 shows the change in average soil excess temperature and thermal radius at the end of the 168 h discharging process under different precooling times. It can be seen that as the precooling time increased, the change rate of average soil excess temperature and thermal radius decreased, becoming smaller to different extents. The decreasing rate of the thermal radius became no more than 4% when the precooling time was longer than 10 days. For example, when the precooling time was from day 1 to day 10, the thermal radius decreased from 2.58 to 1.12 m, and the corresponding values were from 1.12 to 0.86 m from day 10 to day 20. The thermal radius difference of the former and latter was 1.46 and 0.26 m, respectively.



The change in the thermal radius zone under different precooling times was calculated as shown in Figure 8. It can be seen that the mode without precooling (Case 1) had a similar trend to that of Equation (2) for the thermal radius, which suggests that the equation is suitable for the intermittent operation conditions with a constant inlet temperature and variable heat flow boundary. Although the thermal radius kept increasing with the increase in the operating time, the increase in the degree decreased. However, Figure 8 shows that this equation was obviously not suitable for the mode with the precooling time including 3, 7, 14, and 30 d (Case 2, Case 3, Case 4, and Case 5). Compared to Case 1, the thermal radius in the mode with precooling fluctuated in the early stage and was smaller than that in Case 1. Furthermore, the thermal radius decreased as the precooling time increased. For example, the thermal radii at the end of 168 h of operation were 2.63, 1.72, 1.22, 0.92, and 0.71 m in Case 1, Case 2, Case 3, Case 4, and Case 5, respectively.



In order to provide more detail about the variation laws of the thermal radius in the mode without and with precooling, it was necessary to analyze the soil excess temperature distribution at the end of 12 h and 24 h under different precooling times, as shown in Figure 9. It can be seen that the soil excess temperature distribution in Case 1 had the exponential form of the temperature profile, but the mode with precooling was initially the exponential and then the logarithm form of the temperature profile. This was mainly because the longer the precooling time, the greater the injection of cooling energy, and thus the lower the soil temperature and the smaller the thermal radius. Figure 9a shows that the soil excess temperature’s degree increase decreased with the discharging time. For example, at 12 h, which was the end of the operation period on the first day, the soil excess temperature at the borehole wall decreased from 7.5 to 7.15 °C in Case 2 and Case 3, and the corresponding values were from 6.89 to 6.64 °C in Case 4 and Case 5. The temperature difference of the former and latter was 0.35 °C and 0.25 °C, respectively. Figure 9b shows that the soil excess temperature recovery degree increased with the precooling time. For example, at 24 h, which was the end of recovery period on the first day, the soil excess temperature at the borehole wall was 2.37 °C in Case 1, and the corresponding values were, respectively, 0.65, 0.07, −0.4, and −0.95 °C in Case 2, Case 3, Case 4, and Case 5.




3.3. The Influence of Soil Type on Thermal Radius


The change in the soil type strongly affected the thermal properties of the soil and therefore influenced the thermal radius of the BHE. For the effects of soil type on thermal radius during the 168 h discharging process, the detailed thermophysical properties of three kinds of typical soils, including clay (Zhou et al., 2016) [24], sand (the TRT experiment), and sandstone (Li et al., 2018) [25], are given in Table 4. The simulated results are shown in Figure 10.



Three kinds of soils were in the mode with precooling for 3 d. Figure 10 shows the thermal radius with time under the three kinds of soil types. The thermal radius zones of clay, sand, and sandstone at the end of 168 h were 1.38, 1.72, and 1.86 m, respectively. It can be concluded that in terms of reducing the radius of thermal interference, clay is the most advantageous. The main reason is that the thermal conductivity and thermal diffusivity of clay is the smallest; the heat released to the soil near the BHE cannot be diffused rapidly outward, and thus results in the smallest thermal radius; the thermal diffusivity of sandstone is the largest, resulting in the heat released near the BHE diffusing outward rapidly. Therefore, it is suggested that smaller thermal conductivity and thermal diffusivity of a soil is beneficial to suppress the thermal interference effects of BHEs.




3.4. Numerical Formula for the Thermal Radius


The thermal radius (   r  thermal    ) of the BHE during the discharging process was subjected to regression analysis. Based on Figure 8 and Figure 10, we found three main factors affecting the thermal radius, which were thermal diffusivity (a, within the range of   0.42 ×   10   − 6   ·  m 3  ·  s  − 1    ~  1.08 ×   10   − 6   ·  m 3  ·  s  − 1    ), precooling time (   τ 1   , within the range of 0~30 day), and discharging time (   τ 2   , within the range of 0~7 day). Therefore, there was one dependent variable and three independent variables in the regression analysis. The nonlinear relationship between the dependent variable and the independent variables is essential, which belongs to the multivariate nonlinear regression analysis [26,27]. We initially assumed a power function for the regression model, as defined by Equation (3):


   r  thermal   =  β 0   τ 1   β 1     τ 2   β 2     a   β 3     



(3)




where:    r  thermal    —thermal radius, m; a—thermal diffusivity, m2/s;    τ 1   —precooling time, s;    τ 2   —discharging time, s.



We took the logarithm of both sides to obtain:


  ln  r  thermal   = ln  β 0  +  β 1  ln  τ 1  +  β 2  ln  τ 2  +  β 3  ln a  



(4)







Using   ln  r  thermal     as the dependent variable,   ln  τ 1   ,   ln  τ 2   , and   ln a   as the independent variables, a multiple linear regression fitting was used. The results are shown in Table 5. Equation (6) shows the empirical correlation of the thermal radius, which was decided by thermal diffusivity; precooling time and discharging time can be obtained when the multiple nonlinear regression analysis was performed.


  ln  r  thermal   = − 3.06761 − 0.36646 ln  τ 1  + 0.932308 ln  τ 2  + 0.301736 ln a  



(5)






   r  thermal   = EXP  (  − 3.06761  )   τ 1  − 0.36646    τ 2  0.932308    a  0.301736    



(6)







Table 5 shows that the coefficient of determination in the model was 0.944948, and the significance sig was 4.21 × 10−42, indicating that the correlation between the dependent variable and the independent variable after regression was high and the fitting effect was good.



In order to test the regression prediction model, the simulated values and the predicted values of the thermal radius in the mode with four different precooling times, including 3, 7, 14, and 30 d (Case 2, Case 3, Case 4, and Case 5), were compared with the predicted values for the sandy soil, as shown in Figure 11, and the regression prediction formula shows that the calculated results were in good agreement with the simulated calculation results, and the deviation was not more than 14.8%.





4. Conclusions


In this work, a numerical study on the effects of precooling the ground to improve the performance of GSHP was investigated. For this purpose, Ansys 18.0 software was extended to a BHE in a fully coupled three-dimensional model. The model result was compared to experimental data, indicating that the maximum error of the outlet temperature was 6% and ensuring correct implementation. This extended feature allowed the simulation of a model with four different precooling times, which included 3, 7, 14, and 30 d, and then we evaluated the influence of the precooling time on two key operation characteristic parameters during the discharging process: soil temperature and the thermal radius (   r  thermal    ). To further obtain the effects of soil type on thermal radius (   r  thermal    ) of the BHE, three kinds of typical soils were chosen, and the following conclusions can be drawn:



(1). The quantitative comparison of the soil temperature response to the intermittent discharging process with and without precooling. The result showed that, the soil temperature increased more with precooling, but the soil temperature was lower than the case without precooling. However, when the precooling time was longer than 14 days, the thermal radius rate percentages decline less than 4%.



(2). The analysis of the three soil types showed that sandstone had the largest thermal conductivity and thermal diffusivity, followed by sand and clay. It was demonstrated that clay is the most advantageous from the perspective of thermal interference. Therefore, this suggests that a lower thermal conductivity and thermal diffusivity of soil is beneficial for suppressing the thermal interference effects of BHEs.



(3). The thermal radius with and without precooling is different. There was a characteristic in that the thermal radius with precooling fluctuated in the initial stage and was smaller than without precooling. The numerical expressions of the thermal radius comprehensively considered the effects of the thermal diffusivity; the precooling time and discharging time were fitted, and the prediction deviation was within 14.8%.
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Figure 1. Geometry and its mesh for the numerical simulations. 
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Figure 2. (a): Comparison between the results from the simulative model built in this research and experimental data from Zhou et al. [20]. (b): The simulative model built in this research was compared with the results from TRT experimental data and Zhang’s model [21]. (c): Comparison of the radial soil temperature (at y = 0 m and z = 41 m) from the simulative model built in this research and the analytical solution from Zhang’s model [21]. 
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Figure 3. The distribution of soil temperature at the beginning of the discharging process under different precooling times. 
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Figure 4. Dynamic temperature response at the borehole wall (r = 0.075 m) and in the soil at radial distances of 0.5, 1, and 2 m from the borehole axis under different precooling times. (a) Without precooling (Case 1); (b) With precooling 3 d (Case 2); (c) With precooling 7 d (Case 3); (d) With precooling 14 d (Case 4); (e) With precooling 30 d (Case 5). 
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Figure 5. The simulation results of the soil temperature (at the center cross-section of 41 m depth) field at the end of the operation and recovery period during the discharging process with and without precooling, respectively. (a) Operation period end without precooling (Case 1); (b) Operation period end with precooling (Case 5); (c) Recovery period end without precooling (Case 1); (d) Recovery period end with precooling (Case 5). 
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Figure 6. The indicator for determining the thermal radius sensitivity analysis results. 
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Figure 7. Variation in average soil excess temperature and thermal radius at the end of the 168 h discharging process under different precooling times. 
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Figure 8. Variation in thermal radius with time under different precooling times. 
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Figure 9. The distribution of soil excess temperature at the end of the operation and recovery period (at 12 h and 24 h) on the first day during the discharging process under different precooling times. (a) Operation period end; (b) Recovery period end. 
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Figure 10. Variation in thermal radius with time under three kinds of soil types. 
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Figure 11. Comparison of simulated and predicted thermal radius. 
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Table 1. Design parameters for the numerical model.
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	Parameters
	Value





	Boreholes depth (m)
	82



	Pipe outer diameter (m)
	0.032



	Pipe wall thickness (m)
	0.003



	Legs center distance (m)
	0.07



	Borehole diameter (m)
	0.15



	Inlet velocity (m/s)
	0.7



	Inlet temperature for cool charged (°C)
	7



	Inlet temperature for cool discharged (°C)
	35



	Initial soil temperature (°C)
	18.4
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Table 2. The physical parameters of the materials.
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Item

	
Density/

	
Thermal Conductivity/

	
Specific Heat Capacity/




	

	
     kg  ·   m   − 3      

	
     W  ·   (   m  · ℃  )   − 1      

	
     J  ·    (   kg  · ℃  )    − 1      






	
soil (sand)

	
1790

	
2.1

	
1465




	
Backfill material

	
2266

	
2.3

	
1731




	
HDPE

	
1100

	
0.46

	
1450




	
water

	
998.2

	
0.6

	
4182
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Table 3. Boundary and simulation conditions.
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	Terms
	Conditions





	Inlet of U-tube
	Tinlet = 7/35 °C; vinlet = 0.7 m/s



	Outlet of U-tube
	Pressure outlet



	Top and bottom boundaries of backfilling
	No-slip wall with heat flux = 0 W/m2



	Soil zone Faraway boundary
	No-slip wall with Dirichlet condition (T = 18.4 °C)
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Table 4. Thermophysical parameters for three kinds of soils.
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Type

	
Density

	
Specific Heat Capacity

	
Thermal Conductivity

	
Thermal Diffusivity




	

	
     kg  ·   m   − 3      

	
     W  ·    (   m  · ℃  )    − 1      

	
     J  ·    (   kg  · ℃  )    − 1      

	
    ×   10   − 6   ·   m  3  ·   s   − 1      






	
Clay

	
1430

	
1439

	
0.862

	
0.42




	
Sand

	
1790

	
1465

	
2.1

	
0.8




	
Sandstone

	
2592

	
1065

	
2.98

	
1.08
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Table 5. Regression analysis results.






Table 5. Regression analysis results.












	
	Coefficients
	p-Value
	Significance F
	R Square





	   ln  β 0    
	−3.067613
	0.0015009
	4.2053 × 10−42
	0.9449479



	    β 1    
	−0.366463
	6.322 × 10−30
	
	



	    β 2    
	0.9323077
	1.591 × 10−39
	
	



	      β   3    
	0.301736
	5.492 × 10−7
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