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Abstract

:

To contribute to the goal of carbon neutralization, the closed-loop borehole heat exchanger system is widely applied to use geothermal energy for building cooling and heating. In this work, a new type of medium-shallow borehole heat exchanger (MSBHE) is proposed, which is coaxial type and has a depth range between 200 m to 500 m. To investigate the long-term performance of MSBHE in the area with unbalanced cooling and heating load of buildings and the sustainable load imbalance ratio under different design parameters, a comprehensive numerical model is established. The results show that the drilling depth significantly influences the sustainable load imbalance ratio of MSBHE. As the drilling depth is increased from 200 m to 500 m, the load imbalance ratio of the MSBHE increases from 20.76% to 60.29%. In contrast, the load imbalance ratio is always kept at the same level with different inlet velocities and operation modes. Furthermore, in a 9-MSBHE array system, the heat exchanger located in the middle of the array has the lowest load imbalance ratio of 48.97%, which is 15.98% lower than the borehole in the edge location. This is caused by the significant influence of the shifted-load phenomenon among MSBHEs in an array system. The findings of the work imply that this newly proposed MSBHE can sustain a notable load imbalance ratio, which is particularly applicable to the areas with a strong imbalance of annual building load.
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1. Introduction


In the 21st century, with the rapid development of the global society, the whole world is facing problems such as a sharp increase in energy consumption and increasingly severe environmental pollution [1,2]. Therefore, many countries worldwide have announced corresponding carbon-neutrality policies in recent years. For example, China declared that the carbon peaking and carbon neutrality will be achieved in 2030 and 2060, respectively [3]. The European Union plans to achieve a 55% reduction in greenhouse gas emissions by 2030 [4]. At present, the construction industry consumes about 36% of the global primary energy use and accounts for nearly 40% of the global carbon dioxide emissions [5]. Therefore, using renewable energy to reduce building energy consumption is of great significance for mitigating climate change. Geothermal energy, as a clean energy solution, has the advantages of stability, continuity, and high efficiency [6,7]. With the increasing shortage of fossil energy, the application of geothermal energy in the fields of space heating, bathing, agriculture, and industrial uses has received extensive attention from countries around the world [8].



China has abundant geothermal resources, along with huge demand in the densely populated urban areas and broad developing potential for the market [9,10]. Under the promotion of governments and the efforts of practitioners in related fields, in recent years, geothermal energy utilization technology has been widely used in the field of providing cooling and heating for buildings in China. The primary application forms of geothermal energy include Ground Source Heat Pump (GSHP) coupling with Borehole Heat Exchanger (BHE) and Deep Borehole Heat Exchanger (DBHE) [11].



By the end of 2020, the installed capacity of the geothermal heat pump reached 26,450 MW in China, which is the highest in the world [8]. The application area of shallow geothermal energy and DBHE reached 858 and 13 million m   2  , respectively, in 2019 [8,12]. The deep borehole heat exchanger system extracts the geothermal energy for building heating through a closed metal casing pipe located in a 2000 m∼3000 m depth borehole [13]. This system does not affect groundwater and will not damage the geological environment. However, the initial investment of drilling for the DBHE system is enormous, so it does not currently have broader application worldwide [14,15].



The borehole heat exchanger coupled heat pump also has the following problems in practical application: (1) The ground source heat pump system mainly uses the annual heat storage effect of shallow soil. If the annual cooling and heating load is imbalanced during the long-term operation, the system performance will have obvious degradation [16,17]; (2) The ground source heat pump coupling with borehole heat exchanger system covers a vast area [18]. In urban development, the building density is generally high, so land resources are increasingly scarce. Therefore, the application of ground source heat pump coupled with heat pump is easily restricted by on-site conditions. At present, the imbalance of cooling and heating load of the ground source heat pump system is usually alleviated by adding auxiliary systems. However, this is bound to increase the initial investment, operation cost, and control complexity of the system [19]. Therefore, the analysis of soil thermal balance of a ground source heat pump system in long-term operation is crucial.



Nowadays, three methods are mostly adopted to execute the BHE-related research: field monitoring test, analytical solution analysis, and numerical simulation. However, only a few studies [20,21,22,23] give the monitoring data of long-term operation of ground source heat pump system and only include single BHE or small-scale BHE system. In recent years, some scholars have studied large-scale [24] and super large-scale [25] BHE systems. However, they only have short-term operation data. Compared with the research on actual monitoring data, the analytical solution and numerical solution make it more economical and convenient [26,27]. The commonly used analytical solution models can be roughly divided into line source [28], cylindrical source [29] and finite line source (FLS) models [30,31]. Philippe et al. [32] compared the results among the infinite line source, infinite cylindrical source, and FLS models to determine their validity domains. In order to predict the temperature of circulating fluid, Li et al. [33] proposed a composite medium line source model. Zhang et al. [28] proposed a transient quasi three-dimensional line source model to calculate the temperature response in the whole life cycle and used the model to analyze the temperature field distribution of heat transfer fluid and soil. However, the analytical solution model adopts many assumptions in the calculation process, which has limitations in time and space [26]. The numerical solution has fewer assumptions and is more practical [34]. The commonly used numerical solution models include the finite difference method [35,36], finite volume method, and finite element method [37]. Many researchers also use commercial software for calculation and analysis, such as FEFLOW [38,39], COMSOL [40], and FLUENT [41].



Based on the above three methods, many scholars use the load imbalance ratio to analyze the ground source heat pump system’s cooling and heating load imbalance feature. Yang et al. [16] pointed out that the underground thermal imbalance will become more severe when the ratio of heat rejected into the soil and heat abstracted from the soil increases. Qian and Wang [17] also reached a similar conclusion: the accumulation of heat in the soil will reduce the system performance, and the intermittent operation mode can balance the accumulation of heating load and cooling load to improve the system performance significantly. Luo et al. [42] analyzed the measured data of an office building and found that the cooling energy efficiency of the GSHP system is gradually improved, and the heating energy efficiency is progressively reduced because the building’s heating load is much greater than the cooling load. These studies show that the cooling and heating load imbalance will harm the system’s performance. However, most of the existing studies concerning load imbalance ratio are based on short-term simulations [16], and the depth of the borehole heat exchanger is basically within 200 m [16,17].



Generally, it is necessary to maintain load balance for the conventional shallow borehole heat exchanger. However, the imbalance of annual building load is widely existing in many areas. This paper proposes a medium-shallow borehole heat exchanger (MSBHE), which breaks the limitation that the shallow borehole heat exchanger is no more than 200 m in depth. When the drilling depth is appropriately increased, the heating capacity of the MSBHE will be stronger than the cooling capacity [43], and a load imbalance is allowed in the whole system. This MSBHE system can avoid the decline of system performance caused by the load imbalance of the conventional shallow ground source heat pump system and make up for the disadvantage of the deep borehole heat exchanger by providing cooling for buildings. When applying the MSBHE system to building cooling and heating, the following questions need to be answered: Can the MSBHE operate stably for the long term under an imbalanced load? How does the sustainable load imbalance ratio of MSBHE change under different design parameters?



In this paper, OGS-TESPy software is used to construct the MSBHE array model according to the actual geological parameters of Xi’an, China, and then the scientific problems raised above are studied through detailed numerical simulation. The long-term numerical simulation confirmed that MSBHE can operate for 15 years in the presence of load imbalance. Then, the changes of load imbalance ratio of a single MSBHE and typical MSBHEs in the MSBHE array are analyzed in detail. The research of this paper will provide a new scheme for the utilization of geothermal energy and the borehole heat exchanger can be utilized in broader areas.




2. Methodology


This section presents the model framework and numerical methods for simulating MSBHE arrays.



2.1. OpenGeoSys


There are several types of conventional shallow borehole heat exchangers, including single U-shape pipe (1U), double U-shape pipe (2U), and coaxial pipe. As for the medium-shallow borehole heat exchanger proposed in this research, the coaxial pipe is selected because of its higher pressure endurance and convenience in construction. Based on the previous research, a coaxial pipe with an annular inlet (CXA) obtains better performance in heat exchanger capacity than a coaxial pipe with a centered inlet (CXC). Thus, the simulation carried out in this study is aimed at the medium-shallow borehole heat exchanger with CXA type. In order to investigate the two key scientific questions raised above, it is necessary to establish a numerical model of the MSBHE array with geothermal gradient and hydraulic interaction. Furthermore, OpenGeoSys (OGS) software will be the preferred numerical simulation software for this study because the calculation speed of long-term operation simulation is maintained at an acceptable level [44].



As the core mechanism of the   H E A T _ T R A N S P O R T _ B H E   module [45] in OGS software, Dual-continuum Finite Element Method (DC-FEM) divides the model domain into two parts: one is a simplified 1D linear finite element mesh for the borehole part (including MSBHE and surrounding grout), the other consists of discretized 3D prism cells for the soil part. The coupling between the borehole part and soil part depends on the Robin-type boundary condition of heat flux. Convective and conduction heat balance equations are solved in the 3D model domain, reflecting heat dissipation from the subsurface. For the interested reader, the governing equations of heat conduction and convection deployed in the OpenGeoSys software can be found in previous publications [44,46]. Compared with the analytical solution, OGS can describe complex boundary conditions and consider complex geological conditions successfully, and compared with other mature commercial software, such as FLUENT and COMSOL, the number of meshes can be greatly reduced by neglecting the diameter and thickness of the tube in millimeters.




2.2. Coupling OpenGeoSys and TESPy


In practical engineering applications, multiple borehole heat exchangers often operate at the same time to meet the load requirements of buildings. Therefore, the thermal interaction between MSBHEs needs to be considered to accurately calculate the heating and cooling capacity of MSBHE. The software Thermal Engineering System in Python (TESPy) [47] can be used to calculate the pressure, mass flow, and fluid enthalpy at each network connection in the MSBHE network. TESPy is to solve the control equation of mass and energy balance through Newton–Raphson iteration, in which the properties of circulating fluid in MSBHE pipe network are dynamically updated through CoolProp library [48].



In OpenGeoSys, we embed the Python interface library pybind11 [49], which can realize the mutual transmission of calculation results between OpenGeoSys and TESPy. Within every time step and each iteration, the outflow temperature from each MSBHE is simulated by OpenGeoSys and then transferred to TESPy via the Python interface. The circulation temperature and the current hydraulic state are transmitted to TESPy for pipe network calculation. TESPy will calculate the current inflow temperature of each MSBHE and their flow rate, which satisfies the thermal load imposed on the pipe network. These computed data are then transferred back to OpenGeoSys for the next iteration. The convergence will be achieved when the norm difference from the last two iteration results is smaller than a preset tolerance of 10    − 6    for both types of software. The detailed calculation logic can be found on TESPy’s website [50].




2.3. Load Imbalance Ratio


In this work, the load imbalance ratio (LIR) is proposed to assess the level of the difference between the cumulative heating and cooling load imposed on the MSBHE. It is defined as:


  L I R =    Q  A H I   −  Q  A C S     max (  Q  A H I   ,    Q  A C S   )   × 100 %  



(1)




where   Q  A H I    is the accumulated heat imposed on the MSBHE during the heating season and   Q  A C S    is the accumulated cooling supplied by the MSBHE during the cooling season. A positive LIR indicates that the imposed heating load is greater than the cooling load. In contrast, a negative LIR indicates that the imposed heating load is less than the cooling load.





3. Model Configuration and Verification


The model in this study is set up according to the geological conditions of the Xi’an area [13]. At the top of the model domain, the monthly mean ambient air temperature of Xi’an is imposed as a Dirichlet boundary condition [51]. The lateral surface of the model domain is set as the no-heat-flux boundary condition. The bottom of the model domain is also set as Neumann boundary condition with the standard geothermal heat flux in the Xi’an area. The depth of the fluctuated temperature layer is about 20 m [52]. The initial soil temperature of 17.5    °  C will change within this range with the local climate. Below the fluctuated temperature layer, the soil temperature will not be affected by local climate change and will increase with depth controlled by the geothermal gradient. Table 1 shows the detailed parameters of the MSBHE system.



In order to avoid the interference of the thermal plume generated during the long-term operation of MSBHE on the model boundary, the domain size is selected as   100 × 100 × 555   m. Considering the calculation cost and accuracy, it is necessary to reasonably select the grid size and time step of the model. Therefore, a series of axial and vertical grid density and time independence tests were carried out. The test results are shown in Figure 1. The results show that the changes of axial and vertical dimensions have a certain impact on the outlet temperature, and the larger grid size will produce inaccurate temperature results. Therefore, the maximum size of the axial element is set to 8 m and the vertical grid density is set to 50 m. The change of the time step has little effect on the calculation results. In this study, the time step gradually increases from 1 h to 24 h.



The OGS-TESPy model has been verified and validated by the analytical model, numerical model, and measured data [44,53,54]. This paper verifies the OpenGeoSys model with Beier’s analytical model, which has the geothermal gradient considered [55]. The verification results (see Figure 2) show that the inlet and outlet temperature of circulating fluid calculated by OpenGeoSys matches well with the calculated results of Beier’s analytical solution model. In the early stage of simulation, the system has not reached the steady state, so the relative error of the outlet temperature of the two models reaches the maximum value of 1.5%. Then, the relative error between the two models decreases gradually. The validation results show that the MSBHE model has sufficient accuracy and can be used to study long-term performance.




4. Results


4.1. Single MSBHE


4.1.1. Influence of Depth


According to the domestic technical standard [56], the maximum outlet temperature of the BHE should be lower than 33    °  C in summer, and the minimum outlet temperature of the BHE without antifreeze should be higher than 4    °  C in winter. In order to meet the threshold of the MSBHE’s inlet and outlet temperature, the values of   Q  A H I    and   Q  A C S    are restricted in a specific range. Therefore, by changing the value of the load per meter of the MSBHE in the cooling and heating season, then performing multiple sets of numerical simulations, the range of   Q  A H I    and   Q  A C S    can be found. According to this range, the maximum LIR can be calculated.



To find the range of   Q  A H I    and   Q  A C S   , different scenarios were set (see Table 2), in which the related parameters of the MSBHE are the same as Table 1. Under scenario 1 and 2, the accumulated cool supplied by the MSBHE is equal, and under scenario 1 and 3, the accumulated heat imposed on the MSBHE is the same. Figure 3 shows the evolution of the outlet temperature of MSBHE under the above three scenarios for 15 years. It can be seen that the outlet temperature of the MSBHE showed a decreasing trend, which is because the heat absorbed by the MSBHE is greater than the heat rejected, resulting in lower soil temperature. The maximum outlet temperature of MSBHE in scenario 1 and 2 is equal, both of which are 32.97    °  C, which meets the requirements for summer water temperature. The maximum outlet temperature in scenario 3 reaches 33.27    °  C, which does not meet the requirements. Because the maximum outlet temperature of the MSBHE increases with the increase of cooling load, to meet the requirement of 33    °  C threshold, the load per meter of the MSBHE in the cooling season should not be greater than 27 W. This means that the cool supplied by the MSBHE (  Q  A C S   ) is no more than   27 × 500 × 3600 × 24 × 120 × 15 = 2.10 ×  10 12    J. The lowest outlet temperature for scenarios 1, 2, and 3 are 4.02    °  C, 3.69    °  C, and 4.06    °  C, respectively. Comparing scenario 1 and 2, under the same cooling load, the increase in heating load will decrease the minimum outlet temperature of the MSBHE. Compared with scenario 1 and 3, since the increase of summer load is conducive to the recovery of soil temperature, the lowest outlet temperature of MSBHE in scenario 3 is higher. To sum up, the heating load of MSBHE shall not exceed 68 W/m, that is,   Q  A H I    is is no more than   68 × 500 × 3600 × 24 × 120 × 15 = 5.29 ×  10 12    J. After obtaining the range of   Q  A C S    and   Q  A H I   , the maximum load imbalance ratio (LIR) can be calculated, which is 60.29% under the condition of meeting the long-term stable operation of MSBHE during 15 years.



Figure 4 illustrates the maximum heating and cooling capacity of MSBHE under the temperature threshold at different depths and the corresponding load imbalance ratio. In order to compare with the conventional shallow BHE, a working condition with a depth of 100 m is set. According to Figure 4, it can be found that with the increase of drilling depth of MSBHE, the cooling and heating capacity of MSBHE will increase. When the drilling depth increases from 100 m to 500 m, the cooling capacity of the MSBHE increases from 3.6 kW to 13.5 kW, and the heating capacity increases from 3.5 kW to 34.0 kW. The cooling capacity of the MSBHE increased by 3.75 times, and the heating capacity increased by 9.71 times, which is almost 2.50 times that of the former. As the drilling depth increases, the total heat transfer of the MSBHE in the cooling season increases. However, the changing trend of the load per meter of the MSBHE is not the same, first having an increment from 36 W/m (100 m) to 42 W/m (200 m), then gradually decreasing to 27 W/m (500 m). On the contrary, the changing trend of the load per meter of the MSBHE in the heating season is the same as the total heat transfer, both increasing gradually with the increase of depth, and the load per meter increasing from 34 W/m (100 m) to 67 W/m (500 m). It can be seen from Figure 4 that the load imbalance ratio of borehole heat exchanger (100 m) in the category of conventional shallow GSHP is basically 0%. However, the load imbalance rate of MSBHE increases rapidly with the increase of depth. When the depth of MSBHE increases from 200 m to 500 m, the load imbalance ratio increases from 20.76% to 60.29%.




4.1.2. Influence of the Flow Rate


As shown in Figure 5, the cooling capacity, heating capacity, and load imbalance ratio of MSBHE did not change obviously with a change of the inlet flow rate. When the MSBHE’s inlet flow rate is increased from 0.4 m/s to 0.9 m/s, the cooling capacity of the MSBHE is reduced from 13.5 kW to 13.0 kW. At the same time, the heating capacity of the MSBHE is reduced from 34.5 kW to 33.0 kW. Therefore, the load imbalance ratio of MSBHE can be calculated, which is always maintained at about 60%. When the inlet flow velocity of the MSBHE is 0.4 m/s, the LIR is 60.87%, which is the maximum. When the inlet flow velocity is 0.5 m/s and 0.6 m/s, the LIR is 60.29%, which is the minimum. Furthermore, the difference between the maximum and minimum is only 0.58%.




4.1.3. Influence of Operation Mode


Usually, the operation time of the ground source heat pump system may be different in different types of buildings. Therefore, four scenarios with the different daily loads for MSBHE are set in this study, and the long-term simulations for 15 years are carried out. Figure 6 shows the maximum cooling and heating capacity of MSBHE and load imbalance ratio under different scenarios. It can be seen from Figure 6 that when the daily operation time of the MSBHE is sequentially reduced from 24 h to 8 h, the cooling capacity of the MSBHE is sequentially increased from 13.5 kW to 24.5 kW. The MSBHE will reject heat into the soil during the cooling season, which will increase the soil temperature. However, the higher temperature soil will be unfavorable for the MSBHE to continue to reject heat into the subsurface. When the MSBHE runs intermittently, the soil temperature around the MSBHE will recover in the intermittent period so that the heat exchange efficiency will be higher. The longer the MSBHE stops running, the better the soil temperature recovery and the stronger the cooling capacity of the MSBHE. The trend of MSBHE’s heating capacity is the same as the cooling capacity, increasing from 33.5 kW to 63.5 kW. When the MSBHE stops operating during the heating season, the Earth’s heat flow and solar radiation will increase the soil temperature, which is beneficial for MSBHE to extract heat from the soil. Although the cooling and heating capacity of the MSBHE increases with the increase of the intermittent time, the accumulated cooling and heating exchange of the MSBHE gradually decreases during the 15-year life cycle. The reduction of MSBHE operation time has a more significant impact on the accumulated cooling and heating exchange than the increase of the cooling and heating capacity. When the intermittent operation time changed, the cooling capacity, heating capacity, and the accumulated heat exchange of the MSBHE changed significantly. However, the LIR has barely changed, only slightly increasing from 60.29% to 61.72%, which can be explained by better soil recovery with longer intervals.





4.2. MSBHE Array


In practical engineering applications, to meet the load requirements of buildings, the GSHP system is usually composed of dozens or even hundreds of heat exchangers. Therefore, the model composed of one MSBHE is extended to the MSBHE array model with nine heat exchangers to study the change of LIR in the MSBHE array. The arrangement of the MSBHE array is shown in Figure 7. The spacing between adjacent MSBHE is 4 m, which complies with the requirement of a minimum spacing of 3 to 6 m between BHEs in China [56], and other relevant parameters remain unchanged. According to the research of Chen et al. [53], the phenomenon of heating and cooling load accumulation will occur in the long-term operation of the BHE array, which will lead to the decline of the heat exchange performance of the BHE located in the middle of the array. In other words, the inlet and outlet temperature of MSBHE #5, which is located in the center, may exceed the threshold when carrying the same cooling and heating load as the single MSBHE model. Therefore, six different scenarios (numbered from #1 to #6) are set. The average cooling and heating load of the MSBHE in each scenario is 100%, 90%, 80%, 70%, 60%, and 50% of the maximum cooling and heating load under the single MSBHE model. Then, a 15-year long-term simulation of all six scenarios was performed to study the behavior of the MSBHE array.



4.2.1. Evolution of Temperature


Figure 8 shows the evolution of inlet and outlet temperature of MSBHE #5 at the end of cooling and heating season under the above six scenarios. Only the inlet and outlet temperature of MSBHE #5 in scenario #6 meets the requirements of the temperature threshold. In other words, the average cooling and heating load of MSBHE in a 3 × 3 system is only 50% of that of a single MSBHE system, which means the heat exchange performance of the MSBHE has decreased significantly. Because the arrangement of the 3 × 3 MSBHE system is symmetrical, MSBHE #1, #2, and #5 are selected as representatives for analysis. Figure 9a,b show the changes of the inlet and outlet temperature of the three selected MSBHEs at the end of the cooling and heating season under scenario#6. Due to the existence of the water separator, the inlet temperature of the MSBHEs is always the same, while the outlet temperature is different. During the cooling period, the outlet temperature of MSBHE #5 is slightly higher, followed by MSBHE #2, and the lowest is MSBHE #1, but they are nearly equal. During the heating period, the difference in outlet temperature between MSBHE #1, #2, and #5 is noticeable, and the maximum temperature difference reaches 0.3    °  C. Furthermore, the outlet temperature of MSBHE #5 is the highest, and the outlet temperature of MSBHE #1 is the lowest, just opposite the cooling season.



Figure 10 shows the evolution of soil temperature at a depth of 505 m and 1 m away from the selected MSBHEs at the end of cooling, heating, and recovery season under scenario #6. The specific positions are shown in the three points 1   ′  , 2   ′  , and 5   ′   in Figure 7. The soil temperature showed a downward trend as a whole. However, the interesting point is that the soil temperature decreases after the first refrigeration period, which means that the temperature of the circulating fluid when reaching the bottom of the MSBHE is lower than that of the surrounding soil. The circulating fluid absorbs heat from the soil, resulting in decreased soil temperature. As the circulating fluid returns to the ground, the heat absorbed will be released to the subsurface. This process is not conducive for the MSBHE to provide cooling to the building. It is also consistent with the result that the cooling capacity per meter decreases when the drilling depth of the MSBHE increases, as shown in Figure 4.



It can be seen that the soil temperature near the centered MSBHE is the lowest, indicating an apparent cold accumulation. The heat imposed on the MSBHE array is far greater than the cooling load so that a decrease in soil temperature occurs. Moreover, the soil at the center of the MSBHE array gets less heat supplement so that the temperature will be lower. After the cooling season, the soil temperature will decrease in the recovery period, and the soil near MSBHE #5 will drop more. After the first recovery period, the soil temperature of MSBHE #1, #2, and #5 decreased by 1.06    °  C, 1.15    °  C, and 1.38    °  C, respectively. After that, the range of soil temperature drop in the recovery period after the cooling season is significantly reduced. In contrast, the soil temperature in the recovery period after the heating season will rise due to the heat recovery of the subsurface. Taking the MSBHE #5 as an example, the soil temperature increased by 1.75    °  C in the first year and 2.22    °  C in the last year.




4.2.2. Influence of Borehole Location on LIR


When the cooling capacity and heating capacity imposed on the MSBHE array are determined, the load imbalance ratio for the whole MSBHE array will be set to a certain value. However, Figure 9 shows that the outlet temperature of MSBHE #1, #2, and #5 is not the same. The cooling and heating capacity for each MSBHEs in the array are not equal, which means the load imbalance ratios for each MSBHE are different. This load-shifted phenomenon has been reported by the work of Chen et al. [53].  Δ Q refers to the shifted load of selected MSBHEs, determined by subtracting the system’s average cooling and heating capacity from the cooling and heating capacity of each MSBHE. When  Δ Q is positive, the selected MSBHE provides more cold in the cooling season and less heat in the heating season. On the contrary, the MSBHE provides less cold in the cooling season and more heat in the heating season. Then, the shifted load is further normalized by the average value to show its proportion (denoted by P). When P is positive, the MSBHE provides more cold and heat. On the contrary, the MSBHE provides less cold and heat.



Figure 11 shows that it takes four years for the MSBHE system to reach the quasi-steady state in the cooling season and three years in the heating season. MSBHE #5 provided less cold than the system average in the first cooling season, while MSBHE #1 and #2 were higher than the system average. From the second year, MSBHE #5 provided more cooling capacity at the beginning of the cooling season and less capacity at the end. The trend of MSBHE #1 and #2 is opposite to #5. It shows that heat accumulation occurs at the end of the cooling season. Before reaching the quasi-steady state, the shifted load of MSBHE #5 is negative at the beginning of the heating season, which means the heat extracted by MSBHE #5 is higher than the system average. Then, this shifted load value becomes positive, which means the heat provided is lower than the system average. Meanwhile, the variation trend for the shifted load of MSBHE #1 and #2 in the first three years is just opposite to MSBHE #5. From the fourth heating season, the shifted load of MSBHE #2 and #5 is always positive, which means that the heat provided by the MSBHEs is lower than the average value, and this part will be supplied by MSBHE #1. This phenomenon shows that cold accumulation will occur in the heating season. Compared with the other two MSBHEs, the shifted load of MSBHE #5 is always the largest, which means that the accumulation of cooling and heating load in the soil has the most significant impact on the performance of the MSBHE located in the middle. The shifted load of the MSBHEs decreases in the cooling season while increasing in the heating season, indicating that the heat dissipation effect of soil in the cooling season and the heat supplement effect in the heating season are gradually ineffective. On the other hand, the shifted load variation can be deduced according to the proportion compared with the average value.



As can be seen from Figure 11, after the system reaches a quasi-steady state, the positive and negative signs of the proportion P of the same MSBHE are opposite in the cooling and heating season. This means that the shifted load trend of the MSBHE system is the opposite in the cooling and heating season. When the heat exchanger provides more cold in the cooling season, it will provide less heat in the heating season, such as MSBHE #2 and #5. When it provides less cold in the cooling season, it will provide more heat in the heating season, such as MSBHE #1. Moreover, the maximum P value reaches 33.42% in the cooling season and 19.96% in the heating season, which indicates that the shifted load phenomenon of the MSBHE array system is more severe in the cooling season.



The load imbalance ratio for each MSBHE can be calculated according to Equation (1). As shown in Figure 12, the load imbalance ratio of MSBHE #1 increased from 59.71% in the first year to 64.95% in the 15th year. On the contrary, the load imbalance ratio of MSBHE #2 and MSBHE #5 is gradually decreasing, the load imbalance ratio of MSBHE #2 is reduced from 60.49% to 57.79%, and the load imbalance ratio of MSBHE #5 is reduced from 61.39% to 48.97%. The load imbalance ratio of the three MSBHEs changed considerably in the first two years, then remained unchanged in the following years. Among them, the load imbalance ratio of MSBHE #5 is the lowest because MSBHE #5 has the strongest cooling capacity and the weakest heating capacity (see Figure 11). Compared with a single MSBHE and MSBHE array, only the thermal imbalance rate of MSBHE #1 located at the edge of the group is greater than that of a single MSBHE. This illustrates that the accumulation of cooling load will reduce the load imbalance ratio of MSBHE.






5. Discussion


5.1. Extended Numerical Simulation


In scenario #6, the MSBHE system starts operation from the cooling season. When the system started an operation in the first year, the bottom soil temperature surrounding the MSBHEs was too high, resulting in the change of the shifted load of the MSBHEs in the previous years after reaching the quasi-steady state. Therefore, a new scenario #7, which runs from the heating season, is set, and the other parameters are the same as scenario #6. Figure 13 shows the evolution of the load imbalance ratio of MSBHEs under scenario #7. It can be seen that the load imbalance ratio of the three MSBHEs is barely unchanged, and the value is equal to that after the system reaches a quasi-steady state in scenario #6. It shows that when the system starts to operate from the heating season, the MSBHEs absorb heat from the soil and the soil temperature will decrease. Therefore, the soil temperature will not be higher than the circulating fluid temperature during the cooling season. This helps the MSBHE system to provide cooling for the buildings. Therefore, the MSBHE system is suggested to start running from the heating season in the actual application process.




5.2. Future Work


The existing studies on the load imbalance ratio are often based on short-term simulations [16], and the depth of the borehole heat exchanger is basically within 200 m [16,17]. In this work, we proposed a new type of medium-shallow borehole heat exchanger, which breaks through the 200-meter limit of conventional shallow BHE. Through comprehensive numerical modeling over a long-term period, the sustainable load imbalance ratios of the MSBHE system under several design parameters are carefully quantified. It is worth noting that other system parameters, including soil physical parameters, drilling spacing, and pipe network arrangement, will also have considerable influence on the load imbalance ratio of the MSBHE array system. In addition, the initial investment of the MSBHE system will be higher than the conventional BHE system because of the deeper drilling depth; thus, it is crucial to analyze the economic feasibility in the practical project application. The medium-shallow borehole heat exchanger system introduced in this article has been implemented in a practical project in Xi’an, China. It is expected to be put into actual use in 2023. Based on the in situ measurement data, further investigation of the MSBHE system and corresponding optimization method will be discussed in our future research.





6. Conclusions


In this paper, a new type of medium-shallow borehole heat exchanger (MSBHE) system is proposed and established based on the geological parameters of Xi’an. Then, the MSBHE system is simulated by OGS-TESPy software, which reveals the long-term performance and sustainability of MSBHE in the area with unbalanced cooling and heating load of buildings. The main findings of this paper are as follows.



By increasing the borehole depth, the sustainable load imbalance ratio of MSBHE will increase. According to the simulation results, when the drilling depth increases from 200 m to 500 m, the load imbalance ratio increases from 20.76% to 60.29%. When the drilling depth is the same, the influence of the circulating fluid inlet velocity and the operation mode of the system on the load imbalance ratio can be neglected.



The load imbalance ratio of heat exchangers in different locations of the MSBHE array is different. The MSBHE located in the middle of the array has the lowest load imbalance ratio of 48.97%, which is 15.98% lower than the borehole in the edge location. In addition, the trend of shifted load variation in the system during the cooling season is opposite to the heating season. The heat exchanger, which provides more cooling load, will provide less heating load and vice versa. Finally, the extended numerical simulation results show that the system starting from the heating season is recommended due to the quick achievement of a quasi-steady state.



The newly proposed MSBHE in this work can sustain a notable load imbalance ratio, which is particularly applicable to the areas with a strong imbalance of annual building load. Furthermore, the research in this paper provides new knowledge for the geothermal research community and gives suggestions for the design of the MSBHE system.
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Abbreviations


The following abbreviations are used in this manuscript:



	GSHP
	Ground Source Heat Pump



	BHE
	Borehole Heat Exchange



	DBHE
	Deep Borehole Heat Exchange



	FLS
	finite line source



	MSBHE
	medium-shallow borehole heat exchange



	1U
	single-U



	2U
	double-U



	CXC
	coaxial with centered inlet



	CXA
	coaxial with annular inlet



	OGS
	OpenGeoSys



	DC-FEM
	dual-continuum finite element metho



	TESPy
	Thermal Engineering System in Python



	LIR
	load imbalance ratio (%)



	  Q  A H I   
	accumulated heat imposed on the MSBHE (J)



	  Q  A C S   
	accumulated cooling supplied by the MSBHE (J)



	 Δ Q
	shifted load (W/m)



	P
	proportion of shifted load (%)
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Figure 1. The outlet temperature and simulation time of OGS under different grid densities and time steps. 
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Figure 2. Verification of proposed MSBHE model based on OpenGeoSys against Beier’s analytical solution. 
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Figure 3. Comparison of the outlet temperature of MSBHE under three scenarios. 
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Figure 4. Maximum cooling and heating load of MSBHE and LIR under different depths. 
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Figure 5. Maximum cooling and heating load of MSBHE and LIR under different flow rates. 
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Figure 6. Maximum cooling and heating load of MSBHE and LIR under different model operations. 
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Figure 7. Location of the MSBHEs in the subsurface model. 
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Figure 8. Evolution of inflow and outflow temperature of BHE #5 in the end of (a) cooling season and (b) heating season over 15 years. 
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Figure 9. Evolution of inflow and outflow temperature of the selected MSBHEs in the end of (a) cooling season and (b) heating season under scenario #6 over 15 years. 
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Figure 10. Evolution of soil temperature over 15 years at 1 m distance from the selected MSBHEs at a depth of 505 m in the end of cooling, heating, and recovery season. 
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Figure 11. Evolution and the proportion of the shifted load in the (a) cooling season and (b) heating season over 15 years. 
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Figure 12. Evolution of the load imbalance ratio of the selected MSBHE over 15 years. 
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Figure 13. Evolution of the load imbalance ratio of the selected MSBHE under scenario #7 over 15 years. 
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Table 1. Detailed parameters of the coaxial MSBHE system.
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Item

	
Parameter

	
Unit

	
Value






	
Borehole

	
depth

	
500

	
m




	
diameter

	
0.15

	
m




	
Outer diameter of outer pipe

	
0.1143

	
m




	
Outer diameter of inner tube

	
0.042

	
m




	
Wall thickness of outer pipe

	
0.00688

	
m




	
Wall thickness of inner tube wall

	
0.01

	
m




	
Thermal conductivity of outer pipe wall

	
14.48

	
W m    − 1    K    − 1   




	
Thermal conductivity of inner tube wall

	
0.02

	
W m    − 1    K    − 1   




	
Grout

	
Density

	
2190

	
Kg m    − 3   




	
Specific heat capacity

	
1735.16

	
J Kg    − 1    K    − 1   




	
Thermal conductivity

	
0.73

	
W m    − 1    K    − 1   




	
Circulating fluid

	
Density

	
998

	
Kg m    − 3   




	
Specific heat capacity

	
4190

	
J Kg    − 1    K    − 1   




	
Thermal conductivity

	
0.6

	
W m    − 1    K    − 1   




	
Dynamic viscosity

	
9.31 × 10    − 4   

	
Kg m    − 1    s    − 1   




	
Subsurface

	
Geothermal gradient

	
31.5

	
   °  C km    − 1   




	
Soil density

	
1120

	
Kg m    − 3   




	
Soil specific heat capacity

	
1780

	
J Kg    − 1    K    − 1   




	
Soil thermal conductivity

	
2.4

	
W m    − 1    K    − 1   
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Table 2. Different scenarios of the MSBHE system.
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Item

	
Load in Cooling Season

	
Load in Heating Season




	
Per Meter (W m     − 1    )

	
Total (kW)

	
Per Meter (W m     − 1    )

	
Total (kW)






	
scenario 1

	
27

	
13.5

	
68

	
34




	
scenario 2

	
27

	
13.5

	
69

	
34.5 (+0.5)




	
scenario 3

	
28

	
14 (+0.5)

	
68

	
34
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