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Abstract

:

Use of ground source heat pumps has increased significantly in recent years for space heating and cooling of residential houses and commercial buildings, in both heating (i.e., cold region) and cooling (i.e., warm region) dominated climates, due to its low carbon footprint. Ground source heat pumps exploit the passive energy storage capacity of the ground for heating and cooling of buildings. The main focus of this paper is to critically review how different construction and operation parameters (e.g., pipe configuration, pipe diameter, grout, heat injection rate, and volumetric flow rate) have an impact on the thermal efficiency of the vertical ground heat exchanger (VGHE) in a ground source heat pump (GSHP) system. The published literatures indicate that thermal performance of VGHEs increases with an increase of borehole diameter and/or pipe diameter. These literatures show that the borehole thermal resistance of VGHEs decreases within a range of 9% to 52% due to pipe configurations and grout materials. Furthermore, this paper also identifies the scope to increase the thermal efficiency of VGHE. The authors conclude that in order to enhance the heat transfer rate in VGHE, any attempt to increase the surface area of the pipe configuration would likely be an effective solution.
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1. Introduction


In a world under climate change emergency, the importance of eco-friendly renewable energy as a replacement of fossil fuel based energy cannot be overemphasized. Residential houses and commercial buildings are considered to be the main consumers of energy in the world, which are responsible for 15% to 30% of the total world energy consumption. The same amount of greenhouse gases is also produced and emitted to the environment due to fossil fuel combustion [1]. Geothermal energy is one of the cleanest sources of renewable energy that can be used to produce electricity and heat. Geothermal energy resources are divided into three different categories: (i) high temperature (>150 °C) resources used to produce electricity, (ii) moderate temperature (<150 °C) resources used for direct applications, and (iii) low temperature (<32 °C) resources used to support heat pumps for heating and cooling buildings [2]. Geothermal is considered as the fifth biggest source of renewable energy and is available across the world [3,4]. Ground source heat pump (GSHP) systems, consisting of heat pumps and ground heat exchangers, is a source of renewable energy in both cold and warm climates. This technology is employed to extract the heat from buildings in summer and transfer into the ground, as well as in winter to extract the heat from the ground and transfer into the buildings. Ground source heat pump systems can be equipped with two types of ground heat exchangers: (i) Vertical, and (ii) Horizontal. Vertical ground heat exchangers have many advantages over horizontal ones, such as higher energy efficiency and a much smaller area required for installation. However, both vertical and horizontal systems provide a clean energy exchange operation that exploits the thermal energy storage capacity of the underground soil and reduces or eliminates the fossil fuel-based energy consumption in buildings. The amount of heat transferred between the heat carrier fluid and ground determines the efficiency of the ground source heat pump systems. Various researchers used analytical, experimental, and numerical studies to devise ways for improving the heat transfer rate between the VGHE and the ground. The aim of this paper is to review the published literatures on various options, including pipe configurations, to improve the efficiency of ground heat exchangers.



1.1. Research Background


A ground source heat pump system consists of a heat pump and one or multiple borehole ground heat exchanger/s that are coupled together to transfer the thermal energy between the ground and buildings as shown in Figure 1. The heat pump consists of five major components, including a compressor, an expansion valve, two heat exchangers (evaporator and condenser), and a reversing valve. In addition, there are other accessories, for example pipes, a fan in the air heat exchanger (condenser), and controls [5]. In heating dominated climates, the evaporator heat exchanger is coupled with the vertical ground heat exchanger to exchange the heat while the condenser heat exchanger exchanges heat with space. Ground heat exchangers generally consist of two types: (1) Open, and (2) Closed systems.



1.1.1. Open System


The open system uses a heat source, such as a well, lake, or river as a ground heat exchanger. The groundwater is pumped into the heat pump to exchange the heat and then the groundwater returns to the ground as shown in Figure 2.




1.1.2. Closed System


The closed system can also use heat source, such as a well, lake, or river, as a ground heat exchanger. However, in a closed system, the heat carrier fluid is circulated through a close-loop ground heat exchanger to transfer the thermal energy between the ground and the heat pump unit (Figure 3). There are three types of ground heat exchangers (horizontal, vertical, and pond/lake) as shown in Figure 3. Figure 4 shows the cross section of the commonly used vertical heat exchanger designs.




1.1.3. Borehole Thermal Resistance


A heat exchanger inserted into a vertical or horizontal borehole is termed a borehole heat exchanger, and borehole thermal resistance is an important parameter for both steady state and transient heat transfer analysis. The borehole thermal resistance is a function of the mean temperature of the heat carrier fluid in the legs of the U-tube and the borehole wall temperature. The steady state thermal resistance of the borehole can be defined by the Equation (1) [7]:


  q =    (   T f  −  T b   )     R b     



(1)




where    T f    is the mean temperature of the heat carrier fluid in the legs of the U-tube (K),    T b    is the temperature on the borehole wall    ( K )   ,    R b    is the borehole thermal resistance    (  W / m · K  )   ,  q  is a specific heat rate (heat transfer rate per unit length of borehole)    (  W / m  )   .



The borehole heat exchanger consists of three components: (1) fluid, (2) pipe, and (3) grout material, as shown in Figure 5. The borehole resistance can be expressed as shown in the following equation:


   R b  =  R f  +  R p  +  R g   



(2)




where    R f    is fluid thermal resistance (W/m·K),    R p    is pipe wall thermal resistance, and    R g    is grout thermal resistance    (  W / m · K  )   .




1.1.4. Thermal Response Test


Thermal Response Test (TRT) is the most widely used method to assess the influence of ground properties (e.g., thermal conductivity of the underground soil, thermal resistance of the borehole, etc.) on the performance of the borehole ground heat exchanger [8,9,10,11]. In this method, the inlet (Tin) and outlet (Tout) fluid temperature data are analyzed. The first thermal response test in the field was performed to estimate the thermal resistance of the heat carrier fluid and the borehole wall, and thermal conductivity of the ground [8]. A first mobile thermal response test device was constructed at the University of Lulea in Sweden [9]. In 1996, they also developed a mobile response test device to estimate the thermal conductivity of the ground as well as the impact of natural convection and flow of the groundwater in the boreholes. A similar experimental device was developed at the Oklahoma State University to estimate the ground thermal properties [10]. In 2000, the first field thermal response test was performed in Germany [11].






2. Literature Review


Various researchers conducted studies to understand the ground heat transfer behavior in and around the vertical ground borehole heat exchangers. These research studies (numerical and experimental (including laboratory and field studies)) focus on a number of issues related to the measurement and analysis of performance of ground heat exchangers, and could be broadly classified into four different categories:




	
Effects of grout materials on the thermal performance of ground heat exchangers,



	
Influence of different pipe configurations on the thermal performance of ground heat exchangers,



	
Effects of borehole depths and diameters on the thermal performance of ground heat exchangers, and



	
Miscellaneous issues related to performance of ground heat exchangers (e.g., ground heat transfer characteristics calculation methods; recovery time; performance in arctic/cold climate etc.)








2.1. Effects of Grout Materials on the Thermal Performance of Ground Heat Exchangers


Laboratory and field studies were performed to determine how several variables such as grout thermal conductivity, borehole diameter, pipe size, and pipe configuration could impact the total thermal resistance in the borehole. Laboratory study indicated that an increase in the thermal conductivity of grout reduced the borehole thermal resistance. However, there was very small additional reduction of the thermal resistance produced when grout thermal conductivity was above   1.73   W / m · K   [12].



Laboratory studies were undertaken to study the effects of the thermal conductivity of cementitious grouts with various fillers on borehole thermal resistance. It was reported that decreasing the water-cement ratio and addition of conductive filler significantly increased the grout thermal conductivity. In the dry condition, superplasticizer cement-sand grout had a higher thermal conductivity than bentonites and neat cements. Several grouts were tested to determine how different grouts allow for the decrease of the length of the borehole, resulting in cost savings and improved performance. Theoretical studies predicted that the length of the borehole decreased by 22–37% when the cement-sand grouts were used in the borehole heat exchanger in place of commonly used granular bentonite-water mixes [13].



Four types of soils were tested in the laboratory to estimate the impact of bulk density and moisture content on the thermal conductivity of some Jordanian soils. The four types of soils were sand, sandy loam, loam, and clay loam. The results showed that the thermal conductivity increased with the increase of soil density and moisture content. In addition, it was also observed that the thermal conductivity of sandy soil was higher than the clay loam soil. In this study, the thermal conductivities calculated using the cooling data were found to be lower than the same calculated using the heating data [14].



A number of thermal response tests were conducted to study the impact of different types of grout materials on the thermal performance of double U-pipe ground heat exchangers (GHEs). Figure 6 shows the cross section of double U-pipe ground heat exchanger with spacer. Four different types of grout materials: (1) bentonite, (2) bentonite with spacers, (3) 50% sand and bentonite with spacers, and (4) Quartz sand with spacers were used during these thermal response tests. The results showed that the borehole thermal resistance of the double U-pipe ground heat exchanger with quartz sand and spacers was 30% lower compared to when bentonite with spacers was used as grout. It was also noticed that the thermal resistance values for the double U-tube GHE with and without spacers were 0.141 and 0.143   m · K / W  , respectively [15].



Laboratory thermal response tests were conducted to evaluate the influence of groundwater flow on the heat transfer in the borehole ground heat exchangers. The effective thermal conductivity increased with an increase of the groundwater velocity [16].



It is a common practice in Scandinavia to use groundwater as grout between the U-tube and the borehole wall because the borehole is cased at the bottom to solid bedrock. The thermal resistance of groundwater borehole is lower compared to grouted boreholes because the heat transfer is enhanced by buoyancy-driven natural convection. A number of thermal response tests are conducted with different heat flow rates to identify the effect of convective heat flow in groundwater (as grout) on the heat transfer in ground heat exchangers constructed in solid/fractured bedrock. In the borehole heat exchanger constructed in solid bedrock, the convective flow in groundwater affected the borehole thermal resistance. The borehole thermal resistance decreased when the heat injection rate increased. In the fractured bedrock, the heat injection rate influenced the bedrock thermal conductivity. The thermal conductivity of the fractured bedrock increased with the increase of heat injection rate [17].



Six vertical ground heat exchangers were constructed in the field with different construction parameters to estimate the thermal efficiency of the GHEs. The three different construction parameters considered were: (1) grout materials (cement and bentonite), (2) pipe configurations (U-loop and new 3 pipe-type, as shown in Figure 7), and (3) additives (silica sand and graphite). It was found that the cement grout has a higher heat transfer efficiency than the bentonite grout. In addition, the thermal efficiency of 3 pipe-type configuration with the cement silica sand grout was higher than that of U-loop with the same grout [18].



Nine thermal response tests were carried out (TRTs) at the Chalmers University of Technology in Sweden to determine the ground properties inside and in the vicinity of the nine boreholes during heat injection. Groundwater filled the space between the borehole (depth 80 m) and U-tube. The same heat injection and turbulent water flow rate were used for the nine boreholes, and the minimum test duration was about 48 h. The mean value of the thermal conductivity of the nine boreholes was 3.01   W / m · K   with ±7% variation. The estimated borehole thermal resistances for nine boreholes were within a range of 0.062 ± 0.012   m · K / W   [19].



New grout mixtures which were produced from industrial waste such as pulverized fuel ash (PFA) were proposed to improve the heat transfer characteristics of the borehole ground heat exchangers. The PFA was mixed with different grout materials such as fine sand, coarse sand, ground glass, and fluorspar. It was found that the heat transfer characteristics of the borehole ground heat exchangers improved when PFA mixed with fluorspar/coarse sand was used as grout material [20].



Laboratory studies were performed for a concentric ground heat exchanger to compare two different grouts (phase change materials (PCMs) and sand soil) to improve the thermal performance of ground heat exchangers. The results showed that the soil temperature oscillates less with PCMs grout than with sand soil grout [21].



A small-scale borehole heat exchanger (BHE) was inserted in the insulating sandbox (length: 1 m; depth: 1 m, and width: 1 m), and two parallel pipes were inserted in 1 m depth of the BHE. The main objective was to estimate the effects of three different grouts (silica sand-based, bentonite-based, and homemade admixture containing natural graphite) on the thermal resistance of the borehole heat exchangers. The results indicated that the homemade admixture with 5% natural graphite was the best option as grout in the borehole heat exchanger [22].



A numerical model was suggested for the BHE in the five-layered subsurface. The influence of groundwater flow was taken into account to minimize the total borehole length. Numerical analysis was used to estimate the performance of heat transfer characteristics of the BHEs with and without groundwater flow. The results indicated that the convection flow in groundwater leads to increased heat transfer between BHE and the ground by 55% [23].



Field studies were performed to estimate the influence of two different grout materials (cement-grout and gravel-backfill) on the borehole thermal resistance of BHEs. The borehole thermal resistance of the BHE with gravel-backfill    (  0.141   m · K / W  )    was lower than the same with cement-grout    (  0.155   m · K / W  )   . In addition, use of gravel-backfill reduces the installation cost and time compared to cement-grouted. The space between the U-tube and the borehole took 2 h to fill with gravel-backfill, while it needed three days to fill with cement-grout [24].



Field thermal response tests were performed at two different locations to study the effects of the groundwater level on the effective ground thermal conductivity and heat transfer rate of the borehole heat exchangers. It was reported that the effective ground thermal conductivity and heat transfer rate of the borehole heat exchangers increased with an increase in the level of the groundwater [25].



Field studies were conducted to investigate the effects of different rock types (alluvial deposit, granite, and gneiss) and borehole depths (150 and 200 m) on the effective ground thermal conductivity. The results indicated that the effective ground thermal conductivity increased by increasing the borehole depth. The results also showed that gneiss was the best option to increase the effective ground thermal conductivity, followed by alluvial deposit and granite [26].




2.2. Influence of Different Pipe Configurations on the Thermal Performance of Ground Heat Exchangers


A novel quasi-three-dimensional model was developed for GHEs to understand the heat transfer processes that occurs in GHEs during the heat injection and rejection. Analytical solutions were used to evaluate the thermal resistance for different configurations of single and double U-tube boreholes. The obtained results showed that the double U-tube borehole had 30–90% lower thermal resistance than the single U-tube borehole [27].



A new configuration of coaxial borehole heat exchanger was suggested to improve the thermal performance of a borehole heat exchanger. The coaxial borehole heat exchanger comprises of pipe-in-pipe in which the outer pipe contacted directly with the surrounding bedrock. The goal of this study was to compare the thermal efficiency of a conventional U-tube borehole heat exchanger with a new coaxial borehole heat exchanger. The temperature of the fluid was measured at specific points by using fiber optic cables installed in the borehole. The heat transfer performance of coaxial heat exchanger was better than a common U-tube heat exchanger [28].



A novel coaxial borehole ground heat exchanger (pipe-in-pipe with external insulation around the central pipe) was suggested to improve the heat transfer rate. The numerical results indicated that the heat extracted from the ground by using coaxial borehole heat exchanger with insulation was 40% higher than the same without insulation [29].



Thermal response tests were conducted to evaluate the thermal performance of GHEs with three different pipe configurations in Oklahoma City. The three different pipe configurations were: (1) coaxial, (2) double U-tube, and (3) single U-tube. The results showed that the best option to reduce the thermal resistance of the borehole was the double U-tube heat exchanger, followed by a single U-tube heat exchanger and a coaxial heat exchanger [30].



Field experiment studies were undertaken to estimate the impact of different pipe configurations on the thermal borehole resistance of borehole heat exchangers (BHEs). In this study, the three different pipe configurations were: (1) coaxial (115 mm borehole diameter), (2) single U-tube (180 mm borehole diameter), and (3) double U-tube (180 mm borehole diameter), all with the same depth (30 m). The distance between each borehole was 5 m, as shown in Figure 8. The results showed the ground thermal conductivity for the coaxial BHE was 2.21   W / m · K  , and the borehole thermal resistance was 0.344   m · K / W  . The thermal resistance of the double U-tube was 0.162   m · K / W  , which represented the best BHE performance, followed by the single U-tube type    (  0.251   m · K / W  )   , and coaxial type (  0.344   m · K / W )   [31].



Field studies were conducted by using a new method (Distributed Thermal Response Test (DTRT)) to study the effects of different volumetric flow rates (0.13, 0.21, 0.24   l / s  ) and pipe configurations (U-tube, pipe-in-pipe, and multi-pipe) on the ground properties of BHEs. The local borehole resistances were 0.015 and 0.040   K · m / W   in pipe-in-pipe and multi-pipe BHEs, respectively, which were substantially lower than the same for single U-tube BHE. The results also showed the increased temperature difference between pipes due to the decline of the flow rates, which was followed by decreasing evaporation temperature in the heat pump [32].



Numerical studies were carried out to estimate the influence of two different parameters (volumetric flow rates and pipe configurations) on the heat extraction rate of GHEs. Three different pipe configurations were used for small diameter boreholes: (1) single U-tube, (2) double cross U-tube, and (3) double U-tube, and two different pipe configurations were used for larger diameter boreholes: (1) spiral, and (2) multiple U-tube. The results showed the thermal performance in GHEs improved by using turbulent flow rate and increasing the flow rate in pipes. The performance of the double U-tube in small diameter borehole had a range between 8% to 23% higher than double cross U-tube in the same small diameter borehole. There was little change in the performance of the spiral and multiple U-tubes in the larger diameter borehole when the pipe lengths inside the borehole were the same [33].



Experimental studies were conducted to investigate the performance of three different pipe configurations (single U-tube, double U-tube, and triple U-tubes) inserted in GHEs. The results showed the increasing number of U-tubes in the borehole led to an increase in the performance of the borehole. It was also reported that the performances of triple U-tube and double U-tube were 33% and 17% higher than the same for single U-tube. The drilling cost was also reduced up to 25% with triple U-tube in the borehole [34].



A numerical analysis (Computational Fluid Dynamics (CFD) code) was used to compare the thermal performance of U-tube and spiral-tube GHEs in both laminar and turbulent flow conditions. The thermal performance of the spiral-tube GHE was compared with the U-tube GHE. In the laminar flow, the performance of the spiral-tube increased by 62.7%, and in the turbulent, it increased by 33.5% [35].



Numerical studies were carried out to estimate the internal thermal processes between pipes inside the boreholes and thermal performance of multiple-tube GHEs. In this study, four different ground heat exchangers: (1) single U-tube, (2) multi-tube, (3) three-tube, and (4) four-tube were used, as shown in Figure 9. The thermal performances of multi-tube, four-tube, and three-tube GHEs were compared with the single U-tube GHE. It increased by 20.1% for multi-tube, 13.6% for four-tube, and 9.1% for three-tube. It was reported that the thermal performance was influenced by the internal thermal processes between tubes in the boreholes. The heat exchange rate increased between the boreholes and the ground due to an increase in the number of inlet tubes in the borehole [36].



Field studies were conducted to estimate the thermal resistance and the average circulating water temperature (ACWT) for three different pipe configurations: (1) new design which has three inlet pipes and one outlet (3I-type), (2) double U-tube, and (3) single U-tube, as shown in Figure 10. The experimental results indicated that the average circulating water temperatures for single U-tube and double U-tube were 3.7 °C and 1 °C higher than the same for 3I-type. The results also showed the best option to reduce the thermal resistance of the borehole was the 3I-type, followed by the double U-tube and the single U-tube [37].



Experimental and numerical studies were conducted to estimate the thermal efficiency of two types of GHEs: coil-type and W-type energy piles. There were good agreements between numerical analysis outputs and experimental observations. Numerical analysis was utilized to predict the heat exchange rate in ground heat exchangers (coil-type and W-type energy piles) over a period of three months. The results indicated that the coil-type has higher heat exchange efficiency than the same for W-type but was found to be more expensive than the W-type [38].



An analytical design calculation suggested that the coaxial GHEs at a high flow rate have less borehole thermal resistance    (  below   0.05   K · m / W  )    than a single U-tube. On the other hand, the coaxial GHEs have higher borehole thermal resistance than double U-pipe GHEs [39].



Two field studies were conducted to evaluate the effects of two different pipe configurations (single U-tube and double U-tube) on thermal performance of the GHEs. The results indicated that the ground thermal conductivity values of the double U-tube and single U-tube were   3.17   and   3.03   W / m · K  , respectively. The borehole thermal resistance values of the double U-tube and single U-tube were   0.081   and   0.13   m · K / W  , respectively [40].



Experimental and numerical studies were carried out to estimate the thermal efficiency of four types of energy pile GHEs: double-U, triple-U, double-W, and spiral. The results showed that triple-U type was the best option for thermal efficiency. The results also showed that the highest economic performance was triple-U type, followed by double-U type, spiral type and double-W type [41].



Field studies were conducted to evaluate the effects of increased number of tubes and tube diameters, as shown in Figure 11, on the thermal performance of the GHEs. It was reported that more tubes and larger tube diameter in the borehole led to reduced grout space, followed by decreased water temperature entering into the heat pump [40].



Small-scale laboratory studies were performed to estimate the influences of different pipe configurations: single and double U-tubes (with or without spacers), as shown in Figure 12, and helical-shaped pipe on the efficiency of GHEs. The best heat transfer rate was found in the helical pipe GHE, compared to both single and double U-tube (with or without spacers) GHEs. It was also reported that the thermal efficiency of single U-tube and double U-tube GHEs with spacers improved by 30%, compared to the same without spacers [42].




2.3. Effects of Borehole Depths and Diameters on the Thermal Performance of Ground Heat Exchangers


First field studies were carried out, supported by numerical analysis, at a depth of 22 m in Latin America to estimate the borehole thermal resistance and the thermal conductivity of the ground. Thermal conductivity of the ground was calculated by using line source theory [6], which was lower compared to the same obtained from numerical analysis [43].



First field thermal response test was conducted to evaluate the thermal performance of U-tube borehole heat exchangers in Cyprus. Line source model was used to evaluate the thermal conductivity of the ground layers composed of clay, silt and sand, and the borehole thermal resistance. Boreholes were of   50   m   depth. The thermal conductivity for the ground was   1.605   W / m · K   and the borehole thermal resistance was   0.257   m · K / W   [44].



The first thermal response test in Saudi Arabia was carried out to calculate the ground thermal properties such as the thermal conductivity, the thermal diffusivity, and the borehole thermal resistance for borehole heat exchangers with single U-tube. The borehole depth was 100 m and bentonite–sand mixture filled the spaces between the borehole and the U-tube. The mean undisturbed ground temperature was 32.6 °C before the thermal response test started. The thermal characteristics derived from experimental data using line source theory were: thermal conductivity   2.154   W / m · K  , thermal diffusivity 6.252 × 10−6 m2/s, and thermal resistance of the borehole wall   0.315   m · K / W   [45].



Three thermal response tests (TRTs) were conducted with different borehole depths (  30   m  ,   60   m   and   90   m  ), all with a   150   m m   borehole diameter in the garden of a village house in Elazing, Turkey to study the temperature distributions in boreholes of a conventional U-tube borehole heat exchanger. The results from the cooling and heating experiments showed that the   90   m   depth borehole heat exchanger had a better performance than those with the depths of   60   m   and   30   m  . The coefficient of performance (COP) of a heat pump is the ratio of energy output to the energy input. However, considering the borehole digging cost, the optimum depth was found to be   60   m   with COP = 3.0 [46].



Laboratory experiment in a horizontal sandbox (length: 18 m; depth:   1.8   m  , and width:   1.8   m  ) with a single U-tube was conducted with GHE to estimate the ground thermal properties. A large number of thermocouples were placed at specific locations in the sandbox to understand the heat transfer process in and around the GHE. Researchers utilized the temperature data collected at the borehole wall to determine the borehole thermal resistance. Temperature data collected during the test within the soil were used to estimate the soil thermal conductivity. The values of borehole thermal resistance and soil thermal conductivity were used to verify the heat transfer in the borehole ground heat exchanger [47].



A novel approach (Distributed Thermal Response Test) was developed to determine the thermal conductivity of the ground and thermal resistance of the BHE at different depths. Figure 13 shows the cross section of coaxial borehole heat exchanger. This study showed that the borehole thermal resistance (local and global) of the coaxial heat exchanger is lower than the same for a single U-tube borehole heat exchanger [48].



Field studies were performed to investigate the effects of different borehole diameters (  121   m m  ,   165   m m  , and   180   m m  ) (see Figure 14) on the thermal efficiency of BHEs. The results showed that the larger diameter led to an increase in the thermal exchange rate. In the seasonal cooling period, the amount of thermal exchange in the   180   and   165   m m   borehole diameters were 7.1% and 3.2% higher than the same for 121 mm borehole diameter [49].



An experimental study was conducted with a single borehole (length:   400   m m  ) inserted at the center from the top of the sand tank (length:   1.35   m  , and diameter   1.4   m  ) to measure the borehole wall temperature at various depths and different times (1, 6, 12, 24, 168 h) during the thermal response test. The results indicated that the temperature at borehole wall increased with the duration of the thermal response test [50].



Field studies were performed to estimate the ground thermal properties at the Technical University of Sofia, Bulgaria. A mobile system was built and used for conducting the thermal response tests. In this study, temperature data were collected during two thermal response tests for single U-tube borehole ground heat exchangers in 2011 and 2012 and were compared. In 2011, the ground thermal conductivity was   1.58   W / m · K   and the borehole thermal resistance was 0.187 m·K/W, while in 2012, the ground thermal conductivity was   1.65   W / m · K   and the borehole thermal resistance was   0.179   m · K / W   [51].




2.4. Miscellaneous Issues Related to Performance of Ground Heat Exchangers


Numerical studies were carried out to predict transient ground heat transfer behavior of the vertical U-tube with different pipe diameters, shank spacing, and borehole sizes. Numerical observations were compared with known analytical case solutions [52].



A three-dimensional unstructured finite volume model for conventional single U-tube was developed. In this study, Delaunay triangulation method was utilized to mesh the cross section of the borehole field, including inside and around the borehole. In order to calculate the effect of the temperature change with the depth, the ground was divided into many layers. The inlet fluid temperature of the borehole was used as a boundary condition, and the inner and outer surfaces of the two legs of the U-tube were considered as the conjugated interfaces in the area. Therefore, the conjugate heat transfer processes in and around the pipes could be calculated. There was a good agreement for the outlet water temperature both when measured during the experiment and predicted by the numerical model [53].



A three dimensional numerical computational-fluid-dynamics model was implemented to predict the complex heat transfer process with approximately 3.5% error. Statistical analyses were conducted to show how different design parameters could simultaneously impact the response variables [54].



Rest or recovery period needed was measured for the borehole after the thermal response test to return to the initial ground temperature prior to the test. Thermal response tests were carried out by using many heat injections of different rates and time durations. The recovery time of the initial ground temperature depends on the time and the rate of heat injection throughout the test. The initial ground temperature returned to within 0.3 K after 10 days when the thermal response test was conducted for 48 h and the rate of heat injection was 67 W/m. There was also a close agreement between the temperatures obtained from the mathematical model and experiment. It was noted that the recovery time increases with the duration of test and rate of the heat injection [55].



It is reported that a number of residential-size GSHPs were installed in cold climates of Alaska to estimate the performance of GSHPs. The results showed that the ground source heat pumps were effective in cold climates, and the COP was between 2.0 and 3.5 [56].



A residential-size GSHP was installed in Fairbanks, Alaska to study the impacts of the heat extraction over a period of three months on the ground thermal properties and any decline in heat pump system efficiency. The results showed that the surrounding soil temperature was higher than the soil temperature around the ground heat exchanger. The results also indicated that the COP of the circulating pumps and the heat pump was 3.3 [57].



Four field tests on two boreholes (depth 40 m) were performed to evaluate the ground properties of double U-tube ground heat exchangers used for thermal energy storage in Melbourne, Australia. As the heat injection rate was not constant during the thermal response test, the results were compared by three different methods: (1) conventional slope determination, (2) geothermal properties measurement (GPM) model, and (3) two parameter curve fitting. There was a good agreement between the geothermal properties measurement (GPM) model and two parameter curve fittings. The values of the ground properties were variable while using the slope determination method because the heat injection was not constant during the thermal response test (TRT). The results also showed the difference between the conventional slope determination method and the other two methods, ranging from 2% to 37% [58].



A small experimental apparatus for a single U-tube ground heat exchanger was established in the laboratory to study transient heat transfer. At the same time, results from an axisymmetric numerical model of the ground surrounding the borehole were compared with the experimental results. There was an agreement between the experimental and numerical results which indicates the accuracy of the data collected from the experimental setup [59].



First field thermal response test was conducted to estimate the soil thermal response in Guayaquil, Ecuador. It was reported that the soil temperature was between 27 and 29 °C. The results also showed the thermal conductivity of the soil was 1.13   W / m · K   and the borehole thermal resistance was 0.33   m · K / W   [60]



A field test was carried out to estimate the distribution of undisturbed ground temperature during the period of heat injection in underground thermal energy storage system established in Golden, Colorado, USA. The system comprised of five boreholes with a depth of 9 m, and the center to center distance between these boreholes was 2.5 m. It was indicated that during a period of 75 days, a constant heat of 20 W/m was injected into the ground. The undisturbed ground temperature was increased by 7 °C. Four months later, it was noticed that the heat storage decreased by 60% [61].



A novel transient quasi-3D entire time scale line source model was developed, which studied transient borehole thermal resistance and examines the heat flux profile along the two legs of the U- tube as a variable. The results were compared with experimental sandbox and maximum relative error was found to be less than 5% [62].



The effect of many variables were analyzed on the GSHPs currently installed in 24 buildings in cold climate zones of the United States. The factors included in the study were: (1) system performance, (2) potential energy savings, (3) cost of system, (4) operational difficulties, (5) purpose of using geothermal system, and (6) owner satisfaction to date. The results showed that 75% of building owners were highly satisfied with the use of GSHP systems, including noise level, cost, and comfort. Approximately 85% of homeowners encouraged other people to use this technology, and about 71% of GSHP systems did not have issues during their operation. Furthermore, the study showed that the overall performance of the real GHP systems used in cold climate regions was 6.1% lower in energy consumption and about 7.2% lower in cost savings than the national energy use and mean energy costs in similar buildings in the United States [63].



A comprehensive list of all literatures discussed in this section is shown in Table 1.





3. Critical Observations


This paper reviewed various experimental and numerical studies on closed-loop vertical ground heat exchangers (VGHEs). These studies indicate that several parameters such as fluid flow rate, thermal properties of the pipe and grout material, inlet and outlet pipe diameter, configuration of the pipes, etc. have significant impacts on the efficiency of ground source heat pumps (GSHPs). Several studies reported the use of numerical models to simulate the heat transfer process in VGHEs. Numerical models were found to be very useful tools to predict the performance and develop optimum design parameters for VGHEs. According to the studies reviewed in this paper, several design parameters can reduce the length of the borehole by increasing the efficiency of the borehole heat exchangers.



Grout is considered to be one of these parameters that has an effect on the efficiency of VGHEs. In the case of one particular experiment, the thermal resistance between the borehole wall and the heat carrier fluid decreased due to an increase in the thermal conductivity of the grout [12]. Another study found that depending on borehole diameter and soil thermal conductivity, the length of the borehole would decrease when the sand is added to cement-sand grout [13]. It was also reported that the thermal conductivity of the grout increases with the increase in soil density and moisture content during both heating and cooling cycles [14]. In certain geological conditions, groundwater can also similarly function as grout. The presence of natural convection flow in groundwater-filled borehole heat exchangers at different heat injection rates during thermal response tests was reported [17].



Borehole configuration also has an impact on the efficiency of ground heat exchangers. The thermal resistance for the double U-tube VGHEs with spacers was lower than the same without spacers [15]. Several studies reported that coaxial, double U-tube, spiral-tube and multi-tube boreholes had superior thermal performance compared to common single U-tube heat exchangers [29,32,35,37,48]. The thermal efficiency of coaxial borehole heat exchanger could be improved further by externally insulating the central pipe [29]. Triple-U type was found to be the best among all options (double-U, triple-U, double-W and spiral) for both thermal efficiency and cost of drilling [34]. The overall thermal efficiency could be increased by increasing borehole depth [26,46]. Higher thermal conductivity of the outer pipe would also increase the thermal efficiency of VGHEs [39].



Another important parameter that has an impact on the efficiency of the ground heat exchangers is borehole diameter. Larger borehole diameter and/or pipe diameter would lead to an increase in the thermal performance of VGHEs [36,49].



Based on the literature reviews presented in this paper, the borehole thermal resistance of VGHE could decrease within a range of 9% to 52% due to pipe configurations and characteristics of grout materials.




4. Conclusions


A comprehensive critical review on the efficiency of ground heat exchangers (GHE) in heat pump systems is presented in this paper. Increased efficiency of GHE reduces the depth of borehole and decreases the cost of installation. Hence, identification and optimization of construction and operation parameters that can reduce the borehole depth are among the most important design challenges. To deal with these challenges, various researchers conducted several studies to improve the heat transfer efficiency of GHEs. However, there are still opportunities for designers to suggest new pipe configurations that can increase the surface area of the pipe and heat transfer rate in GHEs.
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Figure 1. Ground source heat pump system (in heating-dominated climate). 
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Figure 2. Schematics of different open ground heat exchangers. 
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Figure 3. Schematics of different closed ground heat exchangers [6]. 
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Figure 4. Cross section of the commonly used vertical heat exchanger designs. 
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Figure 5. Thermal resistance in borehole ground heat exchanger. 






Figure 5. Thermal resistance in borehole ground heat exchanger.



[image: Cleantechnol 02 00014 g005]







[image: Cleantechnol 02 00014 g006 550] 





Figure 6. Cross section of double U-tube pipe with spacer to keep space constant. 
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Figure 7. Cross section of new 3 pipe-type. 
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Figure 8. Top view of eleven boreholes. 
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Figure 9. Cross sections of four ground heat exchangers (GHEs): (1) single U-tube, (2) multi-tube, (3) three-tube, and (4) four-tube. 
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Figure 10. Cross section of the 3I-type, double U-tube, and single U-tube. 
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Figure 11. Cross section of ground heat exchangers. 
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Figure 12. The position of the single and double U-tube with and without spaces. 
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Figure 13. Cross section of coaxial borehole heat exchanger. 
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Figure 14. Cross section of different borehole diameters. 
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Table 1. Summary of the papers discussed.
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	Source
	Description
	Conclusion/s or Observation/s





	Remund C. P (1999) [12]
	Investigated the impacts of grout on the effective borehole thermal resistance.
	Increased thermal conductivity of grout reduced the borehole thermal resistance.



	Allan and Kavanaugh (1999) [13]
	Studied how cement-sand, bentonites, and neat cements grout would affect the borehole length.
	Borehole length decreased cement-sand was used as grout compared to bentonites and neat cements.



	Abu-Hamdeh et al. (2001) [14]
	Examined the effects of bulk density and moisture content on the thermal conductivity of some Jordanian soils.
	Soil thermal conductivity increased with the increase of soil density and moisture content.



	Pahud and Matthey (2001) [15]
	Estimated the effects of bentonite, 50% sand and bentonite, and quartz sand, with and without spacers.
	The quartz sand and spacers was the best option to increase the efficiency. The borehole thermal resistances with spacers was less than the same without spacers.



	Katsura et al. (2006) [16]
	Evaluated the influence of ground water flow on the heat transfer in the GHEs.
	The effective thermal conductivity increased with an increase in the ground water velocity.



	Gustafsson and Westerlund (2010) [17]
	Considered the effects of the convective heat flow on the heat transfer in the GHEs.
	In the solid bedrock, the borehole thermal resistance decreased when the convective heat flow increased. The heat flow through fractured bedrock increased with increased convective heat flow.



	Lee et al. (2011) [18]
	Estimated the thermal efficiency of GHEs with U-loop and 3-pipe.
	The thermal efficiency of 3-pipe configuration was higher than U-loop.



	Alrtimi et al. (2013) [20]
	Proposed new grout mixtures which were produced from industrial waste such as pulverized fuel ash (PFA) to improve the heat transfer characteristics of the borehole heat exchangers.
	The thermal conductivities of fluorspar and coarse sand, all with 20% of PFA were the highest thermal conductivities compared to other grouts.



	Lei and Dai (2013) [21]
	Compared phase change materials and sand-soil.
	The soil temperature oscillates less with PCMs grouts than with sand-soil grout.



	Erol and François (2014) [22]
	Examined the silica sand-based, the bentonite-based, and homemade admixture as grout in the GHE.
	The homemade admixture with 5% natural graphite was the best option as grout in the GHE.



	Luo et al. (2015) [23]
	Estimated the performance of heat transfer characteristic of the GHEs with and without groundwater flow.
	The convection flow in groundwater led to increased heat transfer between GHE and the ground.



	Choi and Ooka (2016) [24]
	Studied the influences of cement-grout and gravel-backfill on the borehole thermal resistance of GHEs.
	The borehole thermal resistance of the GHE with gravel-backfill was lower than the same with cement-grout.



	Luo et al. (2018) [25]
	Examined the effects of the groundwater level on effective ground thermal conductivity and heat transfer rate of GHEs.
	The effective ground thermal conductivity and heat transfer rate of borehole heat exchangers increased with increasing level of the groundwater.



	Lee C (2019) [26]
	Studied the effects of different rock types (alluvial deposit, granite, and gneiss) and borehole depths (150 m and 200 m) on the effective ground thermal conductivity.
	The effective ground thermal conductivity increased by increasing the borehole depth. The gneiss had the maximum effective ground thermal conductivity.



	Zang et al. (2003) [27]
	Developed a novel quasi-three-dimensional model to estimate ground properties.
	The double U-tube has a thermal resistance lower than the single U-tube.



	Acuña and Palm (2010) [28]
	Suggested a new configuration to improve the thermal performance of GHE.
	The performance of the heat transfer in a new configuration (pipe in pipe) is better than the U-tube.



	Guillaume F (2011) [29]
	Introduced a new approach of coaxial GHE with external insulation around the central pipe.
	The heat extracted from the ground by using coaxial GHE with insulation was higher than the same for without insulation.



	Beier and Ewbank (2012) [30]
	Performed TRTs for GHEs with different pipe configurations (coaxial, double U-tube, and single U-tube).
	The thermal resistance of borehole was the least when pipe configuration was double U-tube.



	Desmedt et al. (2012) [31]
	Estimated the impact of coaxial, single U-tube, and double U-tube on the borehole thermal resistance of GHEs.
	The thermal resistance of the double U-tube was lower than single U-tube type, and coaxial type.



	Acuña J (2013) [32]
	Used a new method to study the effects of different volumetric flow rates on the performance of GHEs.
	The temperature difference between pipes increased due to the decline of the flow rates.



	Bidarmaghz et al. (2013) [33]
	Estimated the effects of the fluid flow rate on the thermal performance of GHEs.
	The thermal performance in GHEs improved by using turbulent flow and increasing the flow rate in pipes.



	Dincer et al. (2014) [34]
	Estimate the performance of single U-tube, double U-tube, and triple U-tubes of GHEs.
	The performance of triple U-tube was higher than the double U-tube and single U-tube.



	Haddada and Miyara (2014a) [35]
	Compared the performance of U-tube and spiral-tube GHEs in both laminar and turbulent flow conditions.
	In the laminar flow, the performance of the spiral-tube increased by 62.7%, and in the turbulent, it increased by 33.5%, while compared with the single U-tube.



	Haddada and Miyara (2014b) [36]
	Estimated the performance of different pipe configurations in GHEs.
	The heat exchange rate increased between the boreholes and the ground due to increased number of inlet tubes in borehole.



	Liu et al. (2015) [37]
	Compared the influence of single U-tube, double U-tube, and a new design which has three inlet pipes and one outlet (3Itype) on the borehole thermal resistance.
	The borehole thermal resistance of the 3Itype was lower than the double U-tube and the single U-tube.



	Yoon et al. (2015) [38]
	Estimated the thermal efficiency of two types GHEs: coil-type and W-type.
	Coil-type had a higher heat exchange efficiency than the same for W-type.



	Raymond et al. (2015) [39]
	Preformed analytical models for two coaxial pipe configurations with different borehole diameters to reduce the depth of the borehole.
	The borehole thermal resistance of the coaxial GHEs decreased due to an increase in the thermal conductivity of the outer pipe.



	Chang and Kim (2016) [40]
	Evaluated the effects of increasing number of tubes and tube diameters on the performance of GHEs.
	Increasing number of tubes and using large tube diameter in the borehole leads to increased heat transfer in GHEs.



	Luo et al. (2016) [41]
	Compared the thermal efficiency of four types GHEs: double-U, triple-U, double-W, and spiral.
	Tripe-U type was the best option.



	Blázquez et al. (2017) [42]
	Studied the impact of single and double U-tube (with or without spacers), and spiral pipes on the efficiency of GHEs.
	The performance of the U-tube VGHEs with spacers was superior to the same without spacers.



	Busso et al. (2003) [43]
	Conducted the first thermal response test in Latin America to evaluate ground properties.
	There were agreements between the experimental results and the numerical results.



	Florides and Kalogirou (2008) [44]
	Conducted the first thermal response test in Cyprus to evaluate ground properties.
	Thermal conductivity for the ground was found to be 1.605 W/m. K and borehole thermal resistance was 0.257 m. K/W.



	Sharqawy et al. (2009) [45]
	Conducted the first field study in Saudi Arabia to calculate the ground thermal properties.
	The mean undisturbed ground temperature was 32.6 °C.



	Esen and Inalli (2009) [46]
	Compared the thermal performance of the single U-tube GHEs with different depths.
	The thermal performance increased with increased depths.



	Beier et al. (2011) [47]
	Designed a large laboratory sand tank to verify the heat transfer in and around the GHE.
	Thermal response tests results were compared with several borehole models.



	Acuña and Palm (2013) [48]
	Developed a novel approach to determine the ground properties of the GHE at different depths.
	The borehole thermal resistance of the coaxial pipe was lower than the same for single U-tube.



	Luo et al. (2013) [49]
	Preformed field studies to investigate the effects of different borehole diameters on the thermal efficiency of GHEs.
	The results showed that the larger diameter leads to an increase in the heat transfer rate.



	Cimmino and Bernier (2015) [50]
	Conducted laboratory study to measure the borehole wall temperature during the thermal response test and reach steady state.
	The temperature at borehole wall increased with increased duration of the thermal response test.



	Georgiev et al. (2016) [51]
	Compared temperature data collected during two thermal response tests in the same area and at different times.
	Very small difference between temperature data collected during 2001 and 2012.



	Yavuzturk et al. (1999) [52]
	Developed numerical model to determine conduction heat transfer in and vicinity of single U-tube ground heat exchanger.
	Very small difference between the numerical and analytical results.



	Li and Zheng (2009) [53]
	Developed a 3D numerical model to predict the outlet water temperature for single U- tube GHE.
	The experimental and numerical models result showed close agreement for the outlet water temperature.



	Khalajzadeh et al. (2011) [54]
	Used a three dimensional CFD simulation to predict complex heat transfer process and the response variables.
	There was a small difference between the numerical and experimental outputs for the outlet of fluid temperature.



	Javed et al. (2011b) [55]
	Measured the rest period for the borehole needed after the test to return to the initial ground temperature.
	The rest time increased with increases both in the time and the rate of the heat injection



	Meyer et al. (2011) [56]
	Installed a number of residential-size ground source heat pumps in cold climates to study the performance of GSHPs.
	The ground source heat pumps were found to be effective in cold climates, and the COP varied between 2.0 and 3.5.



	Garber-Slaght et al. (2014) [57]
	Installed a residential-size ground source heat pump to study the impacts of extracted heat over a period of three months on the ground thermal properties and any decline in heat pump system efficiency.
	The results showed that the surrounding soil temperature is higher than the soil temperature around the ground heat exchanger and the COP of the heat pump was 3.3.



	Lhendup et al. (2014) [58]
	Performed four field tests on two boreholes with different depth to evaluate the ground properties of GHEs.
	The field test results were compared with results obtained from three different methods.



	Shirazi and Bernier (2014) [59]
	Compared numerical and experimental results.
	There were agreements between the experimental and numerical results.



	Soriano et al. (2015) [60]
	Performed the first field to estimate the soil thermal response in Guayaquil, Ecuador
	The soil temperature was in the range of 27 to 29 °C.



	Başer et al. (2015) [61]
	Carried out a field test to estimate the distribution of undisturbed ground temperature during the period a of heat injection in underground thermal energy storage system.
	The undisturbed ground temperature was increased by 7 °C. Four months later, it was noticed that the heat storage was decreased by 60%.



	Zhang et al. (2016) [62]
	Developed a novel transient quasi-3D whole time scale line source model, which characterized transient borehole thermal resistance and examined the heat flux profile along the two legs of the U- tube.
	The modelling results were compared with experimental sandbox. The errors for the inlet and outlet fluid temperature were less than 5%.



	Yu et al. (2017) [63]
	Investigated the performance of GSHPs installed in 24 buildings in cold climate zones of the United States (US).
	The overall performance of the GSHPs used in cold climate regions was slightly better (≈6.1% lower energy consumption and ≈7.2% lower in cost) compared to the national median of energy use and energy cost of typical buildings of the same type nationwide (US).
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