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Abstract

:

Medium-deep borehole heat exchangers (MBHEs) have received increasing attention with respect to building heating. To avoid the thermal interference of adjacent MBHEs, the temperature distribution characteristics of medium-deep rock soil were investigated in this work. The evolution of the maximum rock-soil thermal affected radius (MTAR) over a full lifecycle was analyzed. The results showed that the rock-soil thermal affected area (RTAA) continuously expanded in both the radial and vertical directions when the MBHE continuously extracted geothermal energy during a heating season. The factors of the thermal extraction load, fluid velocity, geothermal gradient, and pipe length, impacted the RTAA in the vertical direction, while rock-soil thermal conductivity affected the RTAA in both the radial and vertical directions. Furthermore, the thermal affected radius (TAR) in deeper formations was larger, reaching even 96 m, such that thermal interference between adjacent MBHEs was more likely to occur. The MTAR in shallow formations was limited to 20 m. Consequently, a new layout form, achieved by inclining the borehole, was proposed to increase the distance between adjacent MBHEs in deep formations. The recommended incline angle was equal to or larger than four times the TAR angle. This work provides a scientific reference for promoting the application of multiple MBHE arrays.
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1. Introduction


With energy and environmental issues becoming increasingly prominent, the aims of peak carbon and carbon neutralization have been established by many countries [1]. Energy structure adjustment is occurring throughout all walks of life [2,3,4]. There is a trend to exploit renewable energy sources instead of traditional fossil fuel energy. Space heating is traditionally achieved using coal and natural gas, but nowadays the use of geothermal energy is gradually playing a more important role in order to depollute the atmosphere and decarbonize [5,6,7].



According to ground layer depth, geothermal energy resources can be classified into shallow geothermal energy (<200 m), medium-deep geothermal energy (200~3000 m), and deep geothermal energy (>3000 m). Shallow and medium-deep geothermal energy have been successfully applied in space heating [8,9,10,11,12,13], whereas deep geothermal energy is more commonly used for power generation due to its high energy grade [14,15,16]. With a growing awareness of the need for underground environment protection, the geothermal heating technique of indirect heat transfer has been widely promoted, especially in the form of shallow borehole heat exchangers (SBHEs) [9,10]. However, SBHE systems need a large ground occupation area, which is not preferred in densely populated areas. Medium-deep borehole heat exchangers (MBHEs), usually with depths of greater than or equal to 2000 m, have been proposed due to their lower land demand, and are used in heating demonstration projects [11,12,13]. In view of their advantages of environmental friendliness and high heating energy efficiency, multiple MBHE arrays have been applied in some heating projects [17,18].



In earlier studies, field tests [19,20,21] and numerical simulations were carried out for a single MBHE in order to ensure its thermal extraction capacity. Due to the difference from the field test results (for example, the measured thermal extraction capacity of the single MBHE ranged from 158~288 kW [20]), the effects of the influencing factors, including the operating parameters (such as the inlet temperature [22,23] and flow velocity [24,25,26]), geological parameters (such as the rock-soil thermal conductivity [27,28], rock-soil heat capacity [29], and the geothermal gradient [30,31]), and the design parameters (such as the pipe depth [32], pipe diameter [33], and inner pipe thermal conductivity [34]) on the thermal extraction capacity of the MBHE were investigated using numerical analysis, which contributed an accurate evaluation of the thermal extraction capacity. However, relevant studies found that thermal interference exists in MBHE arrays [18,35,36]. Cai et al. [18] initially analyzed the thermal performance of five MBHEs with a maximum adjacent spacing of 30 m, according to practical heating engineering, and found that thermal interactions existed among the MBHEs, which had about 12% shifted thermal load. Based on this research [18], Cai et al. [35] investigated the effects of soil thermal properties on the thermal performance of multiple MBHE arrays and optimized the system layouts. Zhang et al. [36] proposed a superposition dimension reduction algorithm to rapidly calculate the fluid temperature of multiple MBHE arrays. The optimal design spacing of MBHE arrays could be ensured by continuously computing the fluid temperatures in the conditions of various spacings and comparing their differences.



The number of MBHEs utilized can range from single to multiple arrays. The attendant problem is how to avoid thermal interference between adjacent MBHEs, in order to maintain high energy efficiency and stability of heating. To ensure a rational spacing distance, the key issue of the temperature distribution characteristics of medium-deep rock soil needed to be solved to determine the maximum rock-soil thermal affected area (RTAA). Le Lous et al. [29] analyzed the effects of the heat extraction load, inlet temperature, and geological parameters on the RTAA. Geological parameters had a more obvious effect. Groundwater also impacts the thermal performance of MBHEs, but the extent depends on the aquifer thickness, aquifer depth, and groundwater velocity [28]. The RTAA is larger in the direction of groundwater [37]. Natural convection within an aquifer significantly impacts the thermal performance when the MBHE has a shorter length [38]. Furthermore, Song et al. [26] investigated the evolution of the medium-deep rock-soil impact scope during a single year. The maximum impact scope increased from 13 m at the end of the heating season to 27 m at the end of the year. Zhang et al. [36] conducted an analysis on long-term dynamic heat transfer of multiple MBHEs. A borehole spacing of 50–60 m was recommended. Brown et al. [39] analyzed the optimal borehole spacing of MBHEs in line arrays and square arrays, indicating that the latter requires a larger borehole spacing. Cai et al. [35] compared the thermal performance of MBHEs between the different arrangement geometries, including a single line layout, circle layout, and polyline layout. The results showed that the single line layout is preferred for a higher thermal performance. As mentioned above, there are two research methods to analyze how to avoid thermal interference between adjacent boreholes. One is ensuring the maximum thermal affected radius (MTAR) of rock soil; the MTAR is set as the optimal borehole spacing. On the other hand, the optimal spacing can be ensured when the fluid temperatures of MBHE arrays hardly change by continuously changing the borehole spacing.



As mentioned above, many of the influencing factors impact the RTAA [29]. Most research in this area has been carried out based on typical conditions. The operation mode of MBHEs is extracting the geothermal energy in the heating season and stopping geothermal extraction in the non-heating season. The authors of [29] did not take this into account. The temperature distribution characteristics of medium-deep rock soil in the whole lifecycle have not yet been fully clarified. Although Cai et al. [35] investigated the distribution patterns of the maximum RTAA during a 15-year operation period, the thermal performance of MBHEs had not reached a quasi-steady state in that research according to [37], indicating the mentioned maximum RTAA may still change in later operating years. Brown et al. [39] conducted RTAA research of MBHE with depth of 922 m for 20 years and a heating load of 50 kW (54.2 W/m) was set. For the MBHE with a longer depth (such as 2000~3000 m) or/and a higher heating load (usually over 100 W/m), the effects on the RTAA should be further analyzed. Additionally, previous research has only concentrated on the MTAR. For example, Zhang et al. [36] concluded that the spacing between adjacent MBHEs comes to 50~60 m, which is 10 times larger than the spacing between adjacent SBHEs [10]. In this case, multiple MBHE arrays will occupy a large amount of ground area, which is detrimental to their application in densely populated areas. Thus, there is an urgent need to decrease the ground surface occupation of multiple MBHE arrays.



Based on an analysis of previous studies, the medium-deep rock-soil temperature distribution characteristics in different time scales were investigated in this work. The aim was to clearly demonstrate the main RTAA in the whole lifecycle, and effectively avoid thermal interference in the main RTAA. By proposing a numerical model of heat transfer between the MBHE and surrounding rock soil, the effects of influencing factors, including the thermal extraction load, operating parameters, geological parameters, and design parameters on the medium-deep rock-soil temperature distribution were analyzed, whilst ensuring consideration of the main factors which largely impact the maximum thermal affected radius (MTAR). Combining the operation mode for extracting geothermal energy in the heating season and stopping geothermal extraction in the non-heating season, the effective MTAR of the full lifecycle was analyzed and determined. Simultaneously, to reduce the ground surface occupation of multiple MBHE arrays, a new layout was proposed in this study according to the medium-deep rock-soil temperature distribution characteristics. The conclusions of this work could guide the spacing design and optimization of the layout in the application of MBHEs.




2. Methodology


2.1. Heat Transfer between the MBHE and Rock Soil


Due to the high energy grade of medium-deep rock soil, an MBHE usually extracts geothermal energy for building heating in the heating season and stops running in the non-heating season (Figure 1). During the heating season, low temperature fluid flows downwards in annular space and absorbs the heat from the surrounding rock soil, where the fluid temperature increases but the rock-soil temperature decreases. Then, the heated fluid is transported by an inner pipe to the ground surface. The energy contained in the high-temperature fluid is utilized by a heat pump for building heating. During the non-heating season, the fluid is still in the MBHE, thus there is no thermal extraction from the medium-deep rock soil. The rock-soil temperature recovers under the effect of heat supply from geothermal heat flow. Figure 2 shows the positional relationship between the MBHE and the surrounding rock soil.




2.2. Numerical Simulation and Analysis Method


2.2.1. Balance Equations in the Numerical Model


The numerical model was generated based on a 1D MBHE element coupled with a 2D rock-soil element. Some assumptions were made: (1) only pure heat conduction exists in medium-deep rock soil; (2) the ground surface temperature is constant because it hardly impacts the MBHE performance; and (3) the thermal properties of the fluid, backfill material, pipe, and rock soil do not change with the variation of temperature.



Four energy balance equations were needed, as follows:



Energy equations of inner pipe fluid:


    ∂  T   f r      ∂ t   +   ∂ (  V   f r    ·  T   f r    )   ∂ z   =    k  ff   (  T   f  an     −  T   f r    )    ρ f   A r   c  pf      



(1)




where Tfr, Vfr, Tfan, kff, ρf, Ar, and cpf are the fluid temperature in the inner pipe, fluid flow velocity in the inner pipe, fluid temperature in the annular space, heat transfer coefficient between fluids in the inner pipe and annular space, fluid density, cross-section area of the inner pipe, and fluid heat capacity, respectively.



Energy equations of annular space fluid:


    ∂  T   f  an       ∂ t   +   ∂ (  V   f  an     ·  T   f  an     )   ∂ z   =    k  fg   (  T g  −  T   f  an     )    ρ f   A  an    c  pf     −    k  ff   (  T   f  an     −  T   f r    )    ρ f   A  an    c  pf      



(2)




where Vfan, kfg, Tg, and Aan are the fluid flow velocity in the annular space, heat transfer coefficient between fluids in the annular space and backfill material, backfill material temperature, and cross-section area of the annular space, respectively.



Energy equations of the backfill material:


    ∂  T g    ∂ t   =    k  fg   (  T   f  an     −  T g  )    ρ g   A g   c  pg     +    k  gb   (  T b  −  T g  )    ρ g   A g   c  pg      



(3)




where ρg, Ag, cpg, kgb, and Tb are the backfill material density, cross-section area of the backfill material, backfill material heat capacity, heat transfer coefficient between the backfill material and borehole wall, and the borehole wall temperature, respectively.



Energy equations of rock soil:


   ρ s   c  ps     ∂  T s    ∂ t   =  ∂  ∂ z   (  λ s    ∂  T s    ∂ z   ) +  1 r   ∂  ∂ r   ( r  λ s    ∂  T s    ∂ r   )  



(4)




where ρs, cps, Ts, and λs are the rock-soil density, rock-soil heat capacity, rock-soil temperature, and rock-soil thermal conductivity, respectively.




2.2.2. Initial and Boundary Conditions


In initial conditions, the fluid temperatures and backfill material were identical to the undisturbed rock-soil temperature at the same depth.



The ground surface temperature was assumed to be constant, so the undisturbed temperature distribution of rock soil can be expressed as follows:


   T   s 0    =  T  sur   + G × z  



(5)




where Ts0 is the undisturbed temperature of rock soil and Tsur is the ground surface temperature.



The bottom boundary of the rock-soil area was set as 200 m below the borehole bottom and satisfied the Neumann boundary, which is given as:


       λ s    ∂  T s    ∂ z        z = H + 200    =  q  bot    



(6)




where qbot is the geothermal heat flow, which is the product of the rock-soil thermal conductivity geothermal gradient.



The rock-soil boundary in the radial direction met the adiabatic condition (Equation (7)), which can be expressed as follows:


        ∂  T s    ∂ r       r = ∞   = 0  



(7)








2.2.3. Model Solving and Analysis Method


The numerical model was discretized by the finite volume method (FVM) and solved by the tridiagonal matrix algorithm. Figure 3 shows the discretized model, which consisted of the MBHE area and rock-soil area. In the MBHE area, the red arrows represent the fluid flow direction in the inner pipe and the blue arrows represent the fluid flow direction in the annular space.



In the numerical model, the time step was set as 180 s and the uniform spatial step of 10 m was set in the vertical direction, as validated in a previous work [40]. The spatial steps in the radial direction were set with a logarithmic distribution as follows:


  Δ  r  i , j   = ln ( 1.2 × j )  



(8)







Furthermore, the radial step lengths close to the borehole wall were refined. Thus, the radial step length for the whole rock-soil area can be expressed as follows:


        Δ  r  i , j   = Y · ln ( 1.2 × j ) , 0 < Y < 1 , j ∈ [ 1 , u ]       Δ  r  i , j   = ln ( 1.2 × j ) , j ∈ [ u + 1 , n ]        



(9)




where u denotes the radial node number in the refined part and n denotes the radial node number in the whole model area. Y was determined as 0.5 after the mesh independence test. To satisfy the simulation requirement for the whole lifecycle, n was determined to be 80 after the mesh independence test. Thus, the maximum radial distance in the rock-soil area reached 157.7 m.



The temperatures of different elements in the numerical model could be computed so that the characteristics of the rock-soil temperature distribution could be analyzed.



The thermal performance of the MBHE was affected by various influencing factors, including the geological parameters in the rock-soil area and the thermal extraction load, operation parameters, and design parameters in the MBHE area (Figure 3). The rock-soil temperature distribution was also impacted by the abovementioned factors, which were taken into account in our numerical model. According to our previous work [40], the thermal extraction load of MBHE, rock-soil thermal conductivity, geothermal gradient of the geological parameters, flow velocity of the operation parameters, pipe length, inner pipe diameter, outer pipe diameter, and inner pipe thermal conductivity of the design parameters have a larger impact on the thermal performance than other factors, such as the outer pipe thermal conductivity and backfill material thermal conductivity. Therefore, the effects of eight influencing factors (as shown in Figure 3) on the rock-soil temperature distribution characteristics were investigated in this work. Combined with previous experimental and simulated work on MBHEs, the analyzed parameters and benchmark parameters are listed in Table 1. Other benchmark parameters are listed in Table 2.



The aim of the analysis of the medium-deep rock-soil temperature distribution was to ensure RTAA, which has a strong practical relevance to spacing design for MBHE array applications. Unlike the rock-soil temperature surrounding SBHE, medium-deep rock soil has a temperature gradient, i.e., a higher temperature with a deeper position. The heat transfer intensity along the MBHE varies at different depths, according to our previous work [33]. It can be concluded that during a heating season, the degree of change of the rock-soil temperature along the depth direction is different. To determine the thermal affected radius (TAR) at different depths, the evolution of the medium-deep rock-soil temperature in both the radial and vertical directions during the full lifecycle was analyzed in this work. TAR measures the radial distance between the borehole and rock soil where the temperature hardly changes with time increasing. The temperature change compared with the undisturbed condition can be expressed as:


   θ s  (  z s  ,  r s  , t ) =  T s  (  z s  ,  r s  , t ) −  T   s 0    (  z s  ,  r s  , 0 )  



(10)




where θs, Ts, and Ts0 are the rock-soil temperature change amount, rock-soil temperature at t time, and undisturbed rock-soil temperature, respectively. zs and rs are the depth and radial distance, respectively.




2.2.4. Model Validation


In Hawaii, a heat transfer field test of MBHE was carried out [41]. According to the measured parameters, the outlet temperatures were simulated by our model and compared with the test data (Figure 4). One power failure of 30 min occurred, which was also considered in our simulation. The simulated results were highly consistent with the field test data, with an average relative error of 0.48%, validating the accuracy of our model.






3. Results


3.1. Rock-Soil Temperature Distribution in One Heating Season


Figure 5 shows the rock-soil temperature distribution in a heating season (4 months). The longitudinal coordinate axis represents the rock-soil depth below the ground surface and the horizontal axis represents the radial distance between the MBHE and rock soil. A smaller radial distance means that the rock soil was closer to the MBHE. To analyze the temperature distribution characteristics with the thermal extraction time of the MBHE, the calculated rock-soil temperatures at typical time nodes of 30, 60, 90, and 120 days were chosen. It can be seen that the rock-soil temperature largely decreased at a smaller radial distance. As the thermal extraction proceeded, the rock-soil temperature dropped in both the radial direction and vertical direction (Figure 5A). In general, the temperature change in the radial direction is paid more attention because of its practical significance for borehole spacing design. According to the change trend of the isotherm, the rock-soil temperature hardly changed beyond the radial distance of 6, 9, 11, and 12 m at 30, 60, 90, and 120 days. During a whole heating season, the TAR of the rock soil continuously increased. However, the extent of the increase gradually dropped because the temperature difference of the equidistant rock soil became smaller and smaller in the radial direction. At the end of the heating season, the TAR reached its maximum. Figure 5B shows the rock-soil temperature change compared with the undisturbed temperature. Three temperature drop isotherms of −0.5, −0.2, and −0.1 °C were chosen to analyze the RTAA. In comparison with Figure 5A,B reflects the RTAA more clearly. The larger temperature drop isotherm had a relatively smaller RTAA. According to the statistical analysis, the MTAR of the isotherm of −0.1 °C was 6.3, 9.0, 10.9, and 12.2 m, which was nearly consistent with the aforementioned results from Figure 5A. Thus, the isotherm of −0.1 °C was selected as an RTAA reference to analyze its characteristics in the following analysis.




3.2. Effects of Influencing Factors


The effects of the eight influencing factors (as shown in Table 1) were investigated. Because the RTAA continuously increases during a heating season, the rock-soil temperature distribution under various conditions at the end of heating season (120 days) in the first year was chosen for the analysis.



3.2.1. Thermal Extraction Load


Figure 6 shows the rock-soil temperature change under a thermal extraction load of 75, 100, and 125 W·m−1. Under the lower thermal extraction load, the rock-soil temperature change at a shallow depth was positive (Figure 6A), which meant heat transmission occurred from the MBHE to the rock soil. The length where the MBHE dissipated heat to the rock soil gradually decreased with an increase of the thermal extraction load. At a thermal extraction load of 75 W·m−1, about 500 m from the MBHE underwent heat dissipation. When the thermal extraction load increases to 125 W·m−1, the whole length of the MBHE extracted geothermal energy from the rock soil (Figure 6C). This was because the fluid temperature was lower under a higher thermal extraction load, and the fluid temperature of the MBHE was always lower than the rock-soil temperature at the same depth. In the radial direction, the maximum thermal affected radius (MTAR) increased by 0.38 m (from 12.00 to 12.38 m) when the thermal extraction load increased from 75 to 125 W·m−1, with an increase ratio of 3.2%. Variation in the thermal extraction load had an obvious effect on the RTAA in the vertical direction, but only slightly affected the MTAR.




3.2.2. Geological Parameters


The quality of geothermal conditions can be indirectly evaluated by the geothermal flow, which is product of the rock-soil thermal conductivity and geothermal gradient. In this section, the effects of these two geological parameters on the rock-soil temperature distribution were analyzed.



Figure 7 shows the rock-soil temperature change at a rock-soil thermal conductivity of 2.0, 2.5, and 3.0 W·m−1·K−1. In the vertical direction, geothermal energy was extracted from the surrounding rock soil at nearly the whole depth under a lower thermal conductivity (Figure 7A). With an increase of thermal conductivity, the RTAA of the thermal extraction moved with the depth (Figure 7C). The MTAR increased by 0.89 m and 1.06 m, respectively, with an increase of 0.5 W·m−1·K−1 of thermal conductivity from 2.0 W·m−1·K−1 (Figure 7A) to 3.0 W·m−1·K−1 (Figure 7C). The MTAR increased by 17.2% when the thermal conductivity increased from 2.0 to 3.0 W·m−1·K−1, and the degree of increase further increased as the thermal conductivity increased. At a higher thermal conductivity, the thermal extraction effect of the MBHE further extended in the radial direction because the thermal resistance between the MBHE and rock soil was lower. The rock-soil thermal conductivity largely impacts the MTAR.



Figure 8 shows the rock-soil temperature change at a geothermal gradient of 25, 30, and 35 °C·km−1. As with the effect of rock-soil thermal conductivity, under lower geothermal gradient conditions, the geothermal energy was extracted from the surrounding rock soil for nearly the whole depth (Figure 8A). The RTAA of thermal extraction moved with the depth with an increase of the geothermal gradient. This was because the inlet temperature value of the MBHE was larger when the geothermal gradient was higher, resulting in an obvious temperature transfer from the MBHE to the rock soil at a shallower depth. The MTAR increased by only 0.26 m with increases of 5 °C·km−1 in the geothermal gradient from 25 °C·km−1 (Figure 8A) to 35 °C·km−1 (Figure 8C). The MTAR increased by 4.4% when the geothermal gradient increased from 25 to 35 °C·km−1, due to a negative effect from rock-soil thermal resistance, which indicated a variation in the geothermal gradient slightly impacted the MTAR of medium-deep rock soil.




3.2.3. Operation Parameters


Fluid velocity is one of the most important operation parameters for thermal extraction of an MBHE. Elevating the fluid velocity contributes to improving the convective heat transfer coefficient between the MBHE and surrounding rock soil. Figure 9 shows the effects of fluid velocity on the rock-soil temperature change. It can be seen that the RTAA of thermal extraction mainly moved in the deeper direction as the fluid velocity increased, whereas the MTAR increased by only 0.1 and 0.1 m, respectively, with an increase of 0.1 m·s−1 of fluid velocity from 0.5 m·s−1 (Figure 9A) to 0.7 m·s−1 (Figure 9C). In general, a fluid velocity of 0.7 m·s−1 occurs at a relatively high level in the application of MBHEs because the thermal extraction capacity of the MBHEs cannot be effectively improved by continuously elevating the fluid velocity. Although an intensive heat transfer effect between the MBHE and rock soil could result in a large RTAA, the increase of MTAA in the radial direction would be limited due to a higher thermal resistance between the MBHE and rock soil at a greater distance. Based on the above analysis, it can be concluded that the fluid velocity hardly affects the MTAR.




3.2.4. Design Parameters


The design parameters of MBHEs mainly involve the pipe length and diameter. MBHEs with a longer pipe length have a better thermal extraction capacity. Figure 10 shows the surrounding rock-soil temperature change of MBHEs with different pipe lengths. The RTAA was affected by different pipe lengths in the vertical direction. The RTAA of thermal extraction moved with increasing depth as the pipe length increased (Figure 10A–C). This is because an MBHE with a longer pipe length usually has a higher fluid temperature, which is even higher than that of the rock soil at a shallow depth. As the depth increases, the fluid temperature gradually becomes lower than the rock soil. In the radial direction, due to the effect of thermal resistance between the MBHE and rock soil, the MTAR increased by only 0.20 m with an increase of 500 m of pipe length from 2000 m (Figure 10A) to 3000 m (Figure 10C). The MTAR increased by 3.6% when the pipe length increased from 2000 to 3000 m, which indicates pipe length slightly impacts the MTAR of medium-deep rock soil, i.e., MBHEs under the same geological conditions have a basically constant MTAR.



Additionally, the effects of inner pipe diameter (Figure A1), outer pipe diameter (Figure A2), and inner pipe thermal conductivity (Figure A3) on the rock-soil temperature change were analyzed. We found that variation in these three factors mainly affected the RTAA in the vertical direction. For an MBHE with a smaller inner pipe diameter, larger outer pipe diameter, and/or lower inner pipe thermal conductivity, the RTAA of thermal extraction was positioned at a deeper depth. However, the MTAR hardly varied with pipe diameter and inner pipe thermal conductivity.





3.3. Rock-Soil Temperature Distribution in the Full Lifecycle


3.3.1. Rock-Soil TAR


In the full lifecycle, MBHE extracts the geothermal energy in the heating season and stops running in the non-heating season. According to the study described in Section 3.1, the TAR of medium-deep rock soil reaches the maximum value at the end of the heating season. During the non-heating season, the rock-soil temperature begins to recover under the effect of geothermal flow, which has a non-negligible impact on the TAR. In order to assess the MTAR over a full lifecycle, the rock-soil temperature distribution change during the duration of a 30-year thermal extraction was analyzed. In every year, a period of 4 months was set as the heating season and the rest of the year was set as the non-heating season, which was determined by the building heating time in northern China.



Figure 11 shows the TAR of medium-deep rock soil at the end of the heating season and non-heating season in different years. In the first year, the decline degree of the rock-soil temperature closer to the MBHE was larger, with a maximum value of 50 °C, and the MTAR was 12.2 m at the end of the heating season. During the non-heating season, the rock-soil temperature surrounding the MBHE recovered significantly but did not reach the undisturbed condition. The maximum temperature drop increased to 2.8 °C. The MTAR continued to increase during the non-heating season and expanded to 20.0 m at the end of the non-heating season, which was nearly equal to twice the MTAR at the end of the heating season (Figure 11A). It can be concluded that the temperature difference of medium-deep rock soil in the radial direction dominates the temperature recovery of rock soil surrounding the MBHE in the first year. As the thermal extraction proceeded, the MTAR continuously increased to 51.4, 72.5, and 89.9 m at the end of the non-heating season in the 10th, 20th, and 30th year (Figure 11B–D), respectively. The increase degree of the MTAR with thermal extraction time gradually declined. Comparing the TAR at the end of the heating season and non-heating season, their difference gradually reduced. After 20 years of thermal extraction, the TAR at the end of the heating season and non-heating season tended to be consistent (Figure 11C), which indicates that the geothermal flow dominates the temperature recovery. In the 30th year, the TAR at the end of the heating season and non-heating season basically coincided (Figure 11D).



While the MTAR may still continue to extend after 30 years of thermal extraction, a balance has basically been reached between the thermal extraction of the MBHE and the thermal recovery of the medium-deep rock soil at the 30th year. The thermal extraction capacity of the MBHE remains almost constant and settles into a quasi-steady state, which was validated in our previous study [40]. The MTAR in the 30th year could be considered as an effective MTAR of the full lifecycle, which has reference value for borehole spacing design to ensure the sustainable thermal extraction of a single MBHE.




3.3.2. Main Influencing Factors Analysis


According to the analysis in Section 3.2, the rock-soil thermal conductivity has an obvious effect on TAR. The thermal extraction loads of an MBHE usually have a large fluctuation range in different engineering projects. Thus, the effects of the two mentioned factors on the MTAR over the full lifecycle were investigated. The maximum radius of the full lifecycle was compared with the MTAR in the first year to analyze the variation of the TAR during the full lifecycle (Figure 12).



Figure 12A shows the effects of the thermal extraction load. Compared with the MTAR in the first year, the maximum radius over the full lifecycle was significantly larger, at over 80 m. However, the maximum radius only enlarged by nearly 5.0 m when the thermal extraction load increased from 50 W·m−1 to 125 W·m−1, indicating a slight effect on the variations in the maximum radius. Figure 12B shows the effects of rock-soil thermal conductivity. In the first year, the MTAR at 3.0 W·m−1·K−1 was 5.0 m larger than that at 1.5 W·m−1·K−1. During the full lifecycle, the difference of maximum radius between the conditions of 3.0 W·m−1·K−1 and 1.5 W·m−1·K−1 increased to 22.3 m. The MTAR at 3.0 W·m−1·K−1 reached 96 m. With higher rock-soil thermal conductivity, the increase degree of MTAR with thermal extraction year was more obvious, and the thermal interference between adjacent MBHEs should be paid attention.





3.4. New Layout Form


3.4.1. Layout Form Proposal


During the full lifecycle, the TAR significantly increases with the thermal extraction year. The maximum radius over the full lifecycle, as analyzed in Section 3.3.2, reaches over 70 m, which means a spacing of more than 140 m between adjacent MBHEs should be utilized. This is difficult to implement for heating applications using multiple MBHE arrays because of limitations in the project site area. Thus, optimizing the layout form is necessary.



Based on the above analysis of the rock-soil temperature distribution characteristics, the main RTAA was focused on the deep part of the rock soil and the MTAR in the full lifecycle was positioned nearly at the depth of the pipe bottom, whereas the MTAR at a shallow depth (<200 m) was limited to 20 m. A new layout form for an inclining borehole was proposed in this study (Figure 13), the aim of which was to reduce ground surface occupation and avoid thermal interference between adjacent MBHEs as much as possible.



By inclining the adjacent MBHEs in opposite directions, the overlapping RTAA decreased, even if the wellhead between adjacent MBHEs was close. The specific position relationship is shown in Figure 14.



The normal MBHE was vertically installed and the new layout form was obliquely installed. There was an angle (θ) formed between the normal form and the new form. One benchmark angle was proposed, as follows:


  θ = arcsin (    R  max    H  )  



(11)




where θ, Rmax, and H are the TAR angle, MTAR in the full lifecycle, and pipe length, respectively. Because the horizontal offset of the MBHE bottom was determined based on the MTAR in the full lifecycle, the formed angle (θ) was named the TAR angle in this work.




3.4.2. Thermal Affected Area Analysis


The MTAR in the full lifecycle is significantly affected by the rock-soil thermal conductivity, but is hardly affected by the thermal extraction load, fluid velocity, and design parameters. It can be concluded that the horizontal offset of MBHE after inclining it will only result in a position shift of the RTAA, rather than a variation in the MTAR.



According to the optimal design method of thermal extraction capacity in our previous study [40], the recommended thermal extraction load and optimal operating parameters in the benchmark condition (shown in Table 1) could be determined. Then, the MTAR in the full lifecycle, obtained by the rock-soil temperature distribution analysis, was 91.3 m. Consequently, the TAR angle calculated by Equation (11) was 2.1°. Figure 15 shows the effects of the TAR angle of different multiples on the MTAR in the full lifecycle. The position of the MBHE before inclining was x = 0 m. The black solid line represents the TAR of different depths for an MBHE without inclining. In order to avoid thermal interference to the right of the line x = 0 m, the MBHE would be inclined in the opposite x direction. It is noteworthy that after the incline of one TAR angle, the thermal interference could only be avoided at the depth of the MBHE bottom. A large amount of RTAA still existed to the right of line x = 0 m and may result in thermal interference if the adjacent spacing is less than the MTAR. Thus, the incline angle needed to be further enlarged. When the incline angle was increases to four times the TAR angle, about 80% of the whole depth fully avoided thermal interference, whilst the RTAA could not be efficiently reduced to the right of line x = 0 m at four times the TAR angle. Therefore, four times the TAR angle was determined as the optimal incline angle. Due to the incline, the vertical depth of an MBHE with four times the TAR angle decreased by 26.6 m compared with the initial vertical depth of 2500 m, whereas the decreased depth hardly affected the thermal extraction of the MBHE, according to a previous study [40].



Furthermore, the optimal incline angle of the MBHE under different rock-soil thermal conductivities was analyzed. The results showed that four times the TAR angle could still avoid the thermal interference of adjacent MBHEs for over 80% of the whole depth. Moreover, the thermal interference degree at a shallow depth was smaller than that at a greater depth [18], and the thermal extraction area of the MBHE was mainly positioned more deeply [33]. Four times the TAR angle can be recommended as the optimal design inflection angle. The optimal TAR angles of MBHEs and corresponding vertical depths under various rock-soil thermal conductivities of 2.0–3.0 W·m−1·K−1 are given in Table 3. The MBHE length ranged from 2000 to 3000 m. As the pipe length increased, the optimal TAR angle became smaller. Additionally, as the vertical depth of the MBHE after inclining declined, the decline degree hardly impacted the thermal extraction of the MBHE.



The new layout significantly reduced the borehole spacing between the adjacent MBHEs. According to the results in Figure 12, the installed distance on the ground surface between the two vertical MDBHEs reached over 140 m (at 1.5 W·m−1·K−1). After using the new layout in our study, the installed distance on the ground surface could be reduced to less than 5 m, reserving the positioning of the pipeline connection and monitoring equipment, which decreased the construction difficulty. Simultaneously, with the same usable ground area, more MBHEs could be utilized by using the new layout. The medium-deep geothermal energy could thus be effectively exploited and utilized.



With the new layout form, the spacing distance between the wellhead positions of adjacent MBHEs could be significantly reduced, which would greatly contribute to reducing the ground surface occupation.






4. Discussion


In previous studies, MBHEs were usually analyzed in a vertical installed form. The MTAR is a key indicator for the design of borehole spacing to avoid thermal interference. The authors of [36] suggested a borehole spacing of 50–60 m, but the referred rock-soil thermal conductivity was less than 2.0 W·m−1·K−1 and the specific heat load was less than 100 W·m−1. Rock-soil thermal conductivity in a medium-deep geothermal reservoir may reach over 2.5 W·m−1·K−1 [26,31], or even as much as 3.5 W·m−1·K−1 [30], and the specific heat load is usually over 100 W·m−1. To improve its thermal extraction efficiency, a borehole spacing of 50–60 m is insufficient for the conditions of higher rock-soil thermal conductivity and a larger heating load. A larger borehole spacing has to be used, which may be limited by the usable ground area in practical engineering. From the analysis in Section 3, we found that the TAR at a shallow depth was significantly smaller than at greater depths. The factors of the thermal extraction load, fluid velocity, geothermal gradient, and pipe length impact on the RTAA in the vertical direction. The rock-soil thermal conductivity affects the RTAA in both the radial and vertical directions. The distribution characteristics of the RTAA were clarified. Because the RTAA mainly exists at greater depths, the thermal interference could be effectively avoided if the borehole spacing was large enough for these depths. Instead of using vertical forms, the inclined form is more rational. Through simulations, four times the TAR angle was determined as the optimal incline angle, the design of which would not impact the thermal performance of every MBHE. The effect of groundwater flow was not considered in this study, mainly because MBHEs are usually applied in geological conditions with poor hydrothermal resources. A hydrothermal geothermal heating technique is preferred in geological conditions with effective groundwater velocity. However, groundwater could result in different variations in the RTAA. In a future study, the groundwater flow will be considered in our model, and its characteristics, including the groundwater velocity, groundwater position, and groundwater direction, will be further analyzed in terms of their effect on the RTAA.




5. Conclusions


In this work, the medium-deep rock-soil temperature characteristics under different time scales were investigated. Using a single heating season analysis, the TAR distribution of medium-deep rock soil at different depths was obtained so that the MTAR could be determined. Then, the rounded parametric analysis, including the effects of the thermal extraction load, geological parameters, operating parameters, and design parameters on the MTAR, was carried out to demonstrate the evolution of the MTAR. Next, considering the MBHE operation feature of extracting geothermal energy in the heating season and stopping geothermal extraction in the non-heating season, the evolution mechanism of the medium-deep rock-soil temperature over the full lifecycle was clarified, and the effective MTAR was discovered. Finally, based on the above analysis, a new layout form for the MBHEs was proposed, the advantage of which was effectively reducing ground surface occupation and simultaneously avoiding thermal interference between adjacent MBHEs.



The results showed that the rock-soil thermal affected area (RTAA) continuously expanded in both the radial and vertical directions during a heating season. The factors of the thermal extraction load, fluid velocity, geothermal gradient, and pipe parameters impacted on the RTAA in the vertical direction. The rock-soil thermal conductivity affected the RTAA in both the radial and vertical directions. In the non-heating season, the temperature difference of the medium-deep rock soil in the radial direction dominated the temperature recovery of the rock soil surrounding the MBHE in the first year, but after 20 years of thermal extraction, the geothermal flow dominated the temperature recovery. The RTAA rapidly expanded in the initial years. The thermal affected radius (TAR) in the 30th year could be determined as an effective MTAR for the full lifecycle. In order to decrease the installed distance of adjacent MBHEs on the surface, a new layout form with inclined boreholes was proposed. When the incline angle was equal to or larger than four times the TAR angle, thermal interference between the adjacent MBHEs could be effectively avoided. This work provides a theoretical foundation and scientific reference for promoting the application of multiple MBHE arrays.



	
The RTAA continuously expanded in both the radial and vertical directions during a heating season. Among the analyzed influencing factors, only the rock-soil thermal conductivity significantly affected the RTAA in both the radial and vertical directions. The MTAR increased by 17.2% when the thermal conductivity increased from 2.0 to 3.0 W·m−1·K−1, and the increase degree further increased as the thermal conductivity increased. Other factors had impacts on the RTAA only in the vertical direction.



	
The temperature recovery mechanism in the non-heating season of medium-deep rock soil varied with the thermal extraction year. In the first year, the temperature difference of the medium-deep rock soil in the radial direction dominated the temperature recovery of the rock soil, whereas the geothermal flow dominated the temperature recovery after 20 years of thermal extraction. In the 30th year, the TAR at the end of the heating season and non-heating season basically coincided.



	
The TAR in the 30th year represented the effective MTAR over the full lifecycle. According to the rock-soil temperature distribution characteristics, the main RTAA was focused on the deep part of the rock soil, and the MTAR over the full lifecycle was positioned nearly at the depth of the pipe bottom, so a new layout form with inclining boreholes was proposed. Four times the TAR angle was recommended as optimal incline angle, which could effectively avoid thermal interference between the adjacent MBHEs.
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Figure A1. Effects of inner pipe diameter on rock-soil temperature change at the end of the heating season in the first year compared with the undisturbed condition: (A) r = 0.045 m, (B) r = 0.055 m, and (C) r = 0.0625 m. 
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Figure A2. Effects of outer pipe diameter on rock-soil temperature change at the end of the heating season in the first year compared with the undisturbed condition: (A) R = 0.0889 m, (B) R = 0.1096 m, and (C) R = 0.1223 m. 
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Figure A3. Effects of inner pipe thermal conductivity on rock-soil temperature change at the end of the heating season in the first year compared with the undisturbed condition: (A) 0.45 W·m−1·K−1, (B) 0.20 W·m−1·K−1, and (C) 0 W·m−1·K−1. 
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Figure 1. Periodic heat transfer process of the MBHE. 
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Figure 2. Positional relationship between the MBHE and rock soil in cross section. 
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Figure 3. Discretized model and investigated influencing factors. 
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Figure 4. Comparison between the field test data and simulated results. 
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Figure 5. Rock-soil temperature distribution characteristics during a heating season: (A) Rock-soil temperature distribution with thermal extraction time and (B) rock-soil temperature change compared with the undisturbed condition at different times. 
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Figure 6. Effects of the thermal extraction load on the rock-soil temperature change at the end of the heating season in the first year compared with the undisturbed condition: (A) 75 W·m−1, (B) 100 W·m−1, and (C) 125 W·m−1. 
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Figure 7. Effects of rock-soil thermal conductivity on rock-soil temperature change at the end of the heating season in the first year compared with the undisturbed condition: (A) 2.0 W·m−1·K−1, (B) 2.5 W·m−1·K−1, and (C) 3.0 W·m−1·K−1. 
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Figure 8. Effects of geothermal gradient on rock-soil temperature change at the end of the heating season in the first year compared with the undisturbed condition: (A) 25 °C·km−1, (B) 30 °C·km−1, and (C) 35 °C·km−1. 
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Figure 9. Effects of fluid velocity on rock-soil temperature change at the end of the heating season in the first year compared with the undisturbed condition: (A) 0.5 m·s−1, (B) 0.6 m·s−1, and (C) 0.7 m·s−1. 
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Figure 10. Effects of pipe length on rock-soil temperature change at the end of the heating season in the first year compared with the undisturbed condition: (A) 2000 m, (B) 2500 m, and (C) 3000 m. 
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Figure 11. TAR at the end of the heating season and non-heating season: (A) 1st year, (B) 10th year, (C) 20th year, and (D) 30th year. 
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Figure 12. Comparisons between the first year TAR and the maximum radius in the full lifecycle: (A) Effect of thermal extraction load and (B) effect of rock-soil thermal conductivity. 
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Figure 13. Proposed layout form. 
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Figure 14. Positional relationship of adjacent MBHEs. 
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Figure 15. Analysis of the RTAA in the full lifecycle for the proposed layout form. 
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Table 1. Analyzed parameters and benchmark parameters.






Table 1. Analyzed parameters and benchmark parameters.





	No
	Factor (Unit)
	Analyzed Parameters
	Benchmark

Parameters





	(a)
	Thermal extraction load (W·m−1)
	75, 100, 125
	100



	(b)
	Rock-soil thermal conductivity (W·m−1·K−1)
	2.0, 2.5, 3.0
	2.5



	(c)
	Geothermal gradient (°C·km−1)
	25, 30, 35
	30



	(d)
	Flow velocity (m·s−1)
	0.5, 0.6, 0.7
	0.7



	(e)
	Pipe length (m)
	2000, 2500, 3000
	2500



	(f)
	Inner pipe diameter (m)
	0.045, 0.055, 0.0625
	0.055



	(g)
	Outer pipe diameter (m)
	0.0889, 0.1096, 0.1223
	0.0889



	(h)
	Inner pipe thermal conductivity (W·m−1·K−1)
	0, 0.20, 0.45
	0.45










 





Table 2. Other benchmark parameters used in the simulation.






Table 2. Other benchmark parameters used in the simulation.





	No
	Factor (Unit)
	Benchmark Parameter





	(a)
	Heat capacity of rock soil (kJ/(m3·K))
	2500



	(b)
	Thermal conductivity of outer pipe (W/(m·K))
	40



	(c)
	Heat capacity of inner pipe (kJ/(m3·K))
	3800



	(d)
	Heat capacity of outer pipe (kJ/(m3·K))
	2200



	(e)
	Thermal conductivity of grout (W/(m·K))
	1.5



	(f)
	Heat capacity of grout (kJ/(m3·K))
	2500



	(g)
	Ground surface temperature (°C)
	15










 





Table 3. Incline angle and vertical depth of MBHEs under various rock-soil thermal conductivities.






Table 3. Incline angle and vertical depth of MBHEs under various rock-soil thermal conductivities.





	Pipe Length/m
	TAR Angle/°
	Vertical Depth/m
	Pipe Length/m
	Optimal TAR Angle/°
	Vertical Depth/m





	2000
	2.1–2.9
	1997.4–1998.6
	2000
	8.4–11.6
	1958.6–1978.4



	2500
	1.8–2.4
	2497.8–2498.8
	2500
	7.2–9.6
	2464.4–2481.2



	3000
	1.5–2.1
	2998.0–2999.0
	3000
	6.0–8.4
	2968.6–2983.4
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