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Abstract:

 A ground source heat pump system (GSHPS) utilizes a relatively stable underground temperature to achieve energy-saving for heating and cooling in buildings. However, continuous long-term operation will reduce the soil temperature in winter, resulting in a decline in system performance. In this research, in order to improve the system performance of a GSHPS, a ground heat pump system integrated with solar thermal storage was developed. This solar-assisted ground heat pump system (SAGHPS) can both maintain the balance of the soil temperature effectively and achieve higher system performance than the conventional system. In this paper, in order to examine the characteristics of the system, a dynamic simulation was conducted under various conditions. The results of our case study provide specific operation data such as heat exchange rate, heat source temperature, and heat pump COP. As a result, the heat pump COP of SAGHPS was 4.7%, 9.3% higher than that of the GSHPS.




Keywords:


solar thermal storage; ground source heat pump system; simulation; case study; LCC








1. Introduction

Recently, renewable energy application technology is becoming an interesting issue in the building sector [1]. In particular, systems using natural heat sources such as solar and ground heat are receiving great attention due to their huge potential. A ground source heat pump system (GSHPS) provides an obvious way to meet the requirements of space heating applications. Compared with conventional air source heat pump systems, it represents a more stable and effective was to use the renewable energy stored under the ground as a heat source. According to the ASHRAE definition, ground heat pump systems are divided into three types: surface water heat pump systems (SWHPSs), ground water source heat pump systems (GWHPSs), and ground-coupled heat pump systems (GCHPSs). Unlike the other two systems, a GCHPS achieves heat transfer with a closed-loop ground heat exchanger (GHE), and it pollutes less and is more stable. In this regard, it has received more attention. In Europe, especially in Switzerland, Austria, and Germany, the utilization of GCHPSs is growing rapidly. More than 30,000 units have been installed in Switzerland [2] and over 140,000 GCHPS have been installed in the USA [3].

Generally, a GCHPS uses one or multiple boreholes as the ground heat exchanger to extract heat from the soil. However, under long-term operation conditions or when heating a dominant building, the underground soil temperature will gradually decrease and the system performance would also suffer. In order to maintain stable system performance, it is necessary to increase the number of boreholes or install additional heat source systems, but, the additional cost and the system performance would then be important issues because the installation of boreholes is fairly expensive. Several researchers have suggested GCHPSs combined with solar collectors because of the excellent resulting performance. In an early experiment, Bose [4] verified that the solar-assisted heat pump system (SAHPS) with geothermal energy storage could improve the energy efficiency. Ozgener et al. [5] suggested a solar-assisted ground-source heat pump greenhouse heating system and conducted an experiment with a 50 m vertical U-shaped geothermal heat exchanger. The exergetic efficiency of the overall system was found to be 67.7% and the experimental results also showed that, if the ambient temperature is very low, the monovalent central heating operation cannot meet the heating load of the greenhouse. Bakirci et al. [6] also installed an experimental system for investigating the thermal performance of a solar-ground source heat pump system in heating mode.

The combination with solar heat and ground heat is very simple idea, but the prediction of system performance and the system optimization are still complicated issues because they must consider various conditions such as local climate, system composition and capacity, operation time, and so on. In order to predict the system performance and develop a design method, several simulation or analytic approach studies have been carried out. Trillat-Berdal [7,8] described a ground-coupled heat pump combined with thermal solar collectors. By using the transient system (TRNSYS) software, they also simulated the heat transfer between the ground heat exchanger and the ground. Yang et al. [9] simulated the performance of a solar-source heat pump system operated in an alternate or combined mode; the results indicated that a resuming-rate of 30%–60% of the earth temperature near the buried coil is preferable when a solar-earth source heat pump system (SESHPS) is operated alternately for a period of 24 h. Nam [10] and Han et al. [11] conducted research simulations on a heat pump system that utilizes solar heat and ground heat as the heat sources for cooling and heating. The results showed the developed system had a comparative advantage in a cold climate compared with an air source heat pump system. Lazzarin studied the operation method for dual source heat pump system with solar and ground heat through various case studies [12]. His studies provided quantitative operation data for the system [13] and demonstrated the performance advantages of the system through a case study of a new school building [14] and energetic assessment [15]. However, there are few researches simultaneously considering the building load conditions and local climate conditions, and the system capacity. In particular, studies on the possibility of underground heat storage of solar heat is rare.

Recently, through the International Energy Agency (IEA) Annex 44 and Annex 38, solar and ground heat pump systems were discussed and a design method and its system efficiency were suggested [16]. They showed more than 80 combinations of solar and heat pump systems, and suggested a performance assessment method. However, the consideration of underground thermal storage using solar heat was not sufficient. Most solar systems need a heat storage tank due to address the mismatch between the time of heat collection and heat supply, but it has the additional problem of space and cost. In this study, in order to recover the soil temperature in GSHPS and improve the system performance, underground heat storage using solar heat was considered without the heat storage tank. In this paper, the system performance was analyzed by dynamic simulation code (TRNSYS 17) and a case study under various conditions such as operation schedule, system capacity, and local climate was conducted for the optimum system design. Furthermore, we compared the performance cost between the suggested ground heat pump system and a general ground heat pump system under the same conditions.



2. System Summary and Operation Strategy


2.1. System Summary

Figure 1 shows a conceptual diagram of the solar-assisted ground heat pump system (SAGHPS). As shown in Figure 1, the SAGHPS consisted of a solar collector, a heat pump, borehole heat exchangers, circulation pumps (P1, P2, P3), and three-way valves (V1, V2). A thermal storage tank could be good choice in the solar heat collection system, but in this case, additional space and cost would be necessary. Furthermore, precise heat insulation of piping and tanks against heat loss should also be considered in cold climates. The size and the operation characteristics depend on the capacity of the heating load and the equipment. In this case, a small tank below 300 L can be used but, this also require similar installation cost and space, so this study tried to find a thermal storage method without the tank and finally settled on using underground heat storage. All these devices are connected by water-loop piping. The SAGHPS has three loops, all of which can be controlled by three-way valves and the ON/OFF of circulation pumps.

Figure 1. Conceptual diagram of the solar-assisted ground heat pump system (SAGHPS).
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2.2. Operation Strategy

In this study, the simulation model was assumed as heating a small-scale housing unit. The heating schedule was set considering an ordinary family of four persons in Korea [17]. It was assumed that during the daytime, all of family go out and work or study, and in nighttime, they rest and sleep in the house. Considering the schedule of a general four-person household, the system should run in different modes at different time intervals. Two operation modes are suggested in this SAGHPS, categorized according to the controls on the valves and circulation pumps. They can be summarized as follows:


2.2.1. Heating Mode (8 P.M. < t < 5 A.M.)

In heating mode, P1 and P3 are in motion, while V1 and V2 are controlled in state A. The system starts with a geothermal heat source for heating the room. Within the predetermined time interval (20 < t < 5), the system start and stop are dependent on the temperature of the room (Tr). If Tr > 22 °C, the system will stop temporarily, and when Tr < 22 °C, the system will start again. The whole system will be shut down completely after five o’clock.



2.2.2. Solar Thermal Storage Mode (6 A.M. < t < 6 P.M.)

The solar thermal storage mode starts at 6 a.m., in this mode, the solar collection system combined with the borehole heat exchanger works for thermal storage while only P2 is turned on, and V1 and V2 are kept in state B. In this process, if the outlet temperature of the solar collector (Tsout) is higher than the average temperature of the soil (Tsoil), the thermal heat absorbed by solar collector will be transferred to the ground through the borehole heat exchanger. Finally, this process will end at 6 P.M. The running processes of the whole system can be confirmed in Figure 2.

Figure 2. Flow chart of the running processes.
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3. Simulation Introduction


3.1. System Summary

In this paper, in order to simulate and analyze the solar-assisted ground heat pump system (SAGHPS), a performance prediction model of system was created using TRNSYS. TRNSYS is a dynamic simulation program with a modular structure. It utilizes system components which are made by differential equations for the calculation of system performance. The numerical models for the subsystem components are given in terms of their ordinary differential or algebraic equations [18]. The simulation model is shown in Figure 3.

Figure 3. Performance prediction model.
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The building was simplified into a single zone and the structural condition of the building was modeled using TRNBuild. In addition, a serpentine tube solar collector model was used for the solar collection systems. As shown in Figure 5, a vertical U-tube ground heat exchanger model (DST model) was used for heat extraction and storage. This model was developed at the Lund Institute of Technology in Sweden [19] and incorporated into TRNSYS by Pahud and Hellström [20]. The storage volume can be calculated as follows:

Figure 5. Conceptual diagram of the DST model. Reproduced with permission of [20]. Copyright TRNSYS, 2015.
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VDST = π × n × h × (0.525 × B)2



(1)




For each time step, the fluid temperature can be given by:



Tfluid,out = β × Tfluid, in + (1 – β) × (Tb)



(2)




The heat transfer rate can be expressed as:



Qheat = c × m × (Tfluid, in – Tfluid, out)



(3)




Simultaneously, the GSHP unit was modeled using the water-to-water heat pump model, whereby the capacity of the model was adjusted by modifying the data file to meet the heating load. When the heat pump is determined as being ON in the heating mode, the heat pump model calls the TRNSYS data subroutine with the input source and load fluid. The COP of the heat pump in the heating mode can be given by Equation (4):
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(4)




Figure 4 shows the performance curve for the heat pump used in this research, showing the relationship between the heat source temperature and the COP of the heat pump.

Figure 4. Performance curve of heat pump. Reproduced with permission of [21]. Copyright Elsevier, 2008.
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The amount of energy absorbed from the fluid stream can be defined as:



Qabsorbed = Cap – PHP



(5)




The outlet temperatures of the two liquid streams can be calculated as follows:
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(6)
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(7)




In order to ensure that the systems work under different strategies, several temperatures were used as control signals for the heat pump and circulation pumps.







3.2. Simulation Conditions

In this paper, it was assumed that the system was identified as heating equipment for a 100 m2 single-family house in Seoul. According to the load calculation program established by TRNSYS, the peak heating load can be calculated as 85.13 W/m2. Therefore, in order to match the heat required for the whole room and considering the stability of the system, a 3RT heat pump model was used in this simulation study. Moreover, for heat source equipment, the depth of the borehole heat exchanger should also match the heat pump’s capacity. The relationship of the heat pump’s capacity and depth of borehole heat exchanger is shown as:
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(8)




Based on the previous study [22], the heat exchange rate of the GHE used in this study is about 40 W/m. Therefore, with Equation (8), 300 m could be suggested as the depth of GHE. The important simulation parameters of the system are shown in Table 1.

Table 1. Basic simulation parameters.







	Items
	Unit
	Value





	Building
	
	



	Design temperature
	°C
	22



	Scale
	m
	10×10×3



	U-value of external wall, roof, floor
	W/(m2K)
	0.418, 0.193, 0.583



	Solar collectors
	°
	



	Area
	m2
	50



	Titled angle
	
	45



	Flow rate
	kg/h
	3600



	Ground heat exchangers
	
	



	Inner diameter
	mm
	29



	Outer diameter
	mm
	35



	Center -to-center half distance
	mm
	50



	Pipe thermal conductivity
	W/(m·K)
	0.41



	Flow rate(Heating mode)
	kg/h
	2500



	Flow rate(Heat storage mode)
	kg/h
	2000



	Boreholes
	
	



	Fill thermal conductivity
	W/(m·K)
	1.5



	Number
	-
	3



	Depth
	m
	100



	Diameter
	mm
	200



	Ground
	
	



	Soil thermal conductivity
	W/(m·K)
	3.5



	Soil density
	kg/m3
	3000



	Heat capacity
	kJ/(m3K)
	2920



	System operation time
	
	



	Heating mode
	h
	20:00~5:00



	Storage mode
	h
	6:00~18:00













4. Results and Discussion


4.1. Comparison with a General Ground Source Heat Pump System

Based on the aforementioned operation conditions and component models of the systems, the heating process of the system was simulated from November 1st to the end of March. As shown in Figure 6, the soil temperature is affected by different operation modes and solar radiation fluctuations. From 22 January to 24 January, with the high solar radiation, the injection energy to the ground is 419.8 kW∙h and the extraction energy from the ground is 270.3 kW∙h. Therefore, as seen in Figure 6, the temperature of the soil increased over these three days. In contrast, from 25 January to 27 January, the solar radiation was not as strong as it was over these three days, and the injection energy to the ground was only 104.1 kW∙h, which is 137.1 kW∙h less than the extraction energy. Therefore, the temperature of the soil decreased again.

Figure 6. Simulation result of SAGHPS.
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From November to March, the total injection energy was 8110.0 kW∙h. Although this is less than the total extraction energy (10,062.9 kW∙h), it is also effective for the recovery of the soil temperature. As shown in Figure 7, within the same condition, after 5 months of operation, the soil temperature of SAGHPS decreased from 16 °C to 15.9 °C. In addition, the soil temperature of GSHPS reduced to 10.7 °C. Because of the relatively high ground temperature, the heat source water temperature of SAGHPS was also higher than that of GSHPS. This is confirmed in Figure 8.

Figure 7. The diversification of soil temperature with different systems.
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Figure 8. The heat source temperature in different systems.
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The main simulation results are shown in Table 2. As seen in Table 2, because of the long term operation (5 months), the heat exchange rate of GSHPS drops from 41.1 W/m to 30.8 W/m. Therefore, the heat source temperature and heat pump COP drop to 6.6 °C and 4.0, respectively. On the other hand, from November to February, although the performance values of SAGHPS as well as GSHPS drop, this is better than that of GHPS. We can also see that compared with February, in March the performance values actually increased. This is because, as shown in Figure 9, the monthly average of solar radiation in March was higher than that in the other months. Therefore, the injection energy into the ground is greater than the extraction energy from the ground. In addition, depending on the operation period of the solar system, the difference of total system performance also increases. As shown in Figure 10, in November, the difference in the heat exchange rate between the two systems was 25.1% and in March, the heat exchange rate of SAGHPS was 47.0 W/m, which is 52.6% higher than that of GSHPS. The heat pump COP of SAGHPS was 4.7% and 22.5% higher than that of GSHPS.

Figure 9. Simulation result of energy rate and solar radiation.
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Figure 10. Difference of performance value between the two systems.
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Table 2. Simulation results.



	
Month

	
Heat Exchange Rate (W/m)

	
Heat Source Temperature (°C)

	
Heat Pump COP




	
GHPS

	
SAGHPS

	
GHPS

	
SAGHPS

	
GHPS

	
SAGHPS






	
November

	
41.1

	
51.4

	
9.1

	
9.8

	
4.8

	
5.1




	
December

	
35.4

	
43.6

	
7.7

	
8.9

	
4.3

	
4.7




	
January

	
32.8

	
39.8

	
6.9

	
8.6

	
4.2

	
4.6




	
February

	
31.3

	
39.8

	
6.6

	
8.5

	
4.1

	
4.5




	
March

	
30.8

	
47.0

	
6.6

	
9.3

	
4.0

	
4.9




	
Average

	
33.8

	
43.3

	
7.3

	
8.9

	
4.3

	
4.7





















4.2. Performance Analysis with Different Solar Collector Areas

In this section, the performance of SAGHPS is analyzed with a different solar collector area. The simulation results are shown in Table 3. With the increase of the collector area, more solar energy is absorbed. Therefore, as seen in Table 3, when the collector area is 90 m2, the injection energy to the ground is 12,164.9 kW∙h, which is 78.1% higher than that when the collector area is 50 m2. In addition, because of the high soil temperature, all performance values increased. However, Figure 11 shows that with the increase of the collector area, the solar storage ratio reduces. This means that, with the increase of the collector area, more absorbed solar energy flows away during the whole operation. The solar storage ratio can be calculated as follows:

Figure 11. Simulation result of absorbed solar energy and storage ratio.
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Table 3. Simulation results with different collector area.


	Case
	Collector Area (m2)
	Heat Exchange Rate (W/m)
	Heat Source Temperature (°C)
	Heat Pump COP
	Extraction Energy (kW∙h)
	Injection Energy (kW∙h)





	1
	40
	41.3
	8.64
	4.60
	9999.6
	6829.7



	2
	50
	43.3
	8.91
	4.69
	10062.9
	8110.0



	3
	60
	44.8
	9.11
	4.75
	10319.6
	9286.6



	4
	70
	46.4
	9.33
	4.81
	10341.5
	10333.2



	5
	80
	47.6
	9.52
	4.86
	10498.5
	11299.1



	6
	90
	48.9
	9.70
	4.90
	10576.3
	12164.9
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(9)








In the case of increasing the collector area, although the heating performance of the system increased, higher investment costs will be incurred for the increased collector. In order to analyze the feasibility of the suggested system, the life cycle cost (LCC) assessment between the Air Source Heat Pump System (ASHPS), GSHPS, and SAGHPS was conducted. The investment costs and operation costs were calculated based on the reference price provided by Korea Energy Management Corporation (KEMCO) and Korea Electric Power Corporation (KEPCO). In addition, in order to analyze the power consumption of ASHPS, the seasonal performance factor of ASHPS was assumed as 1.5 [23]. The investment costs and operation costs are shown in Table 4. The life cycle cost can be calculated as follows:

Table 4. The calculation results of investment costs and operation costs.


	System
	Investment Costs (Thousand Won)
	Operation Costs (Thousand Won)





	ASHPS
	4000
	3344.9



	GSHPS
	16858
	1158.8



	Case 2 (50 m2)
	21858
	1087.0



	Case 4 (70 m2)
	23858
	1053.9



	Case 6 (90 m2)
	25858
	992.6
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(10)
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(11)






P = PF + PA



(12)




PF is a non-recurring cost and PA is a recurring cost. i is the rate of discount, based on The Bank of Korea, which is estimated to be 3.13%. The LCC assessment results are shown in Figure 12. Compared with ASHPS, the payback period of the additional investment costs in GSHPS is about 7 years. In Case 2, the payback period of the additional investment costs in SAGHPS is about 10 years; in Case4, about 11 years; and in Case 6, about 12 years.

Figure 12. Results of life cycle cost (LCC) assessment.
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4.3. Performance Analysis with Different Conductivity of Grouting

The effectiveness of heat transfer with the ground is a critical factor in designing a ground heat pump system. However, the thermal conductivity of the surrounding soil, borehole diameter, and grout volume are not the only factors to be considered. The conductivity of grouting also affects performance. In this section, the performance was analyzed with different thermal conductivities of grouting. The simulation results are shown in Table 4. When the thermal conductivity of grouting is 2.1 W/(m∙K), the system achieves the best performance. As seen in Table 5, the heat exchanger rate is 47.1 W/m, the average heat source temperature is 9.45 °C, and the heat pump COP is 4.84, which are 10.5% higher than when the thermal conductivity of grouting is 0.9 W/(m∙K). Simultaneously, in Figure 13, with the increase of thermal conductivity, the solar storage ratio increases from 52.3% to 56.0%. Therefore, compared with the other means, the way in which high thermal conductivity grouting is used can increase the performance of both the heating pattern and the solar heat storage pattern.

Figure 13. Simulation result of injection solar energy and storage ratio.



[image: Energies 08 12365 g013 1024]





Table 5. Simulation results with different conductivity of grouting.


	Case
	Thermal Conductivity (W/(m∙K))
	Heat Exchange Rate (W/m)
	Heat Source Temperature (°C)
	Heat Pump COP
	Extraction Energy (kW∙h)
	Injection Energy (kW∙h)





	1
	0.9
	36.4
	7.84
	4.38
	9511.4
	7727.8



	2
	1.2
	40.2
	8.48
	4.55
	9941.7
	7970.6



	3
	1.5
	43.3
	8.91
	4.69
	10,062.9
	8110.0



	4
	1.8
	45.5
	9.22
	4.77
	10,265.6
	8212.7



	5
	2.1
	47.1
	9.45
	4.84
	10,490.8
	8291.5














4.4. Performance Analysis with Different Weather Conditions

Generally, the performance of SAGSHP systems depends on the local climate conditions [20]. The performance of underground heat storage also could be variable depending on them. In this study, three locations were compared in order to find the differences in system performance according to local climate factors such as ambient temperature, solar radiation, energy demand, etc. On the premise that the ground conditions in the three locations are considered to be the same, the performance of SAGHPS was analyzed with different weather conditions. Figure 14 shows the location information of the three cities, which are selected for analysis at different latitudes. In Figure 15, the heating load is shown and calculated as 3660.2 kW∙h in Shanghai, 6714.7 kW∙h in Seoul, 8140.6 kW∙h in Sapporo, according to the different ambient temperatures of each location.

Figure 14. Location information of cities.
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Figure 15. Ambient temperature of cities.



[image: Energies 08 12365 g015 1024]





The simulation results are shown in Table 6. Because of the relatively large heating load and less storage energy, the soil temperature of Sapporo is lower than that of the other two cities. This is confirmed in Figure 16. Therefore, the system with the weather condition of Sapporo achieves the worst performance, where the heat exchange rate was 40.1 W/m. The heat pump COP is 4.56% and 7.7% lower than that of Shanghai. On the other hand, in the view of energy use ratio, the result of Sapporo was higher than that of the other cases. The energy use ratio means the ratio of the extracted heat to the stored solar heat. Figure 17 shows the average of stored solar heat and energy use ratio. Although the stored solar energy in Sapporo is 7000.2 kW∙h, which is 1109.8 kW∙h less than that of Seoul, the energy use ratio of Sapporo was 55.4%, 0.6% higher than that of Seoul. This system in the location of low altitude is more efficient than it in the higher altitude due to higher ambient temperature and stronger solar radiation. However, in the view of the energy use ratio, the location of cold climate can more effectively utilize the effect of underground heat storage with solar heat. Therefore, it is necessary to develop suitable technology of underground heat storage for the climate such as the development of the grout material or the pipe type.

Figure 16. Soil temperature at different locations.
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Figure 17. Simulation results of the stored solar heat and energy use ratio.
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Table 6. Simulation results with different weather conditions.


	City
	Heat Exchange Rate (W/m)
	Heat Source Temperature (°C)
	Heat Pump COP
	Extraction Energy (kW∙h)
	Injection Energy (kW∙h)





	Shanghai
	48.6
	9.5
	4.94
	7348.5
	7313.5



	Seoul
	43.3
	8.9
	4.69
	10062.9
	8110.0



	Sapporo
	40.1
	8.5
	4.56
	10966.1
	7000.2





















5. Conclusions

In this paper, a ground heat pump system integrated with solar thermal storage is suggested to solve the performance degradation problem caused by the drop in soil temperature. In addition, the performance of the system is analyzed and compared under difficult heating conditions using the simulation tool TRNSYS. Conclusions can be drawn as follows:


	The ground heat pump system assisted by solar thermal can effectively maintain the soil temperature balance. In addition, under the same operation conditions, the performance of SAGHPS is better than that of GSHPS. During the entire operation time, the heat exchange rate and heat pump COP of SAGHPS were 43.3 W/m and 4.7. Compared with GSHPS, these values increased by 28.1% and 9.3%, respectively.


	With the increase of the collector area and the upgraded heating performance of the system, the investment costs increased relatively. From the result of the LCC assessment, when the solar collector area increased from 50 m2 to 90 m2, the payback period of SAGHPS would be in the range of 10 to 12 years.


	In contrast to other methods, using a high thermal conductivity grouting not only increases the heating performance of the heat pump, but also increases the energy use ratio.


	In different locations, because of the climatic differences, the performance of the system also differs. In a subtropical area (Shanghai), the system achieves a better heating performance than that in a cold area (Sapporo). However, in the cold area, the system achieved the best solar storage ratios, which were 55.4%, 0.6%, and 6.5% higher than those of Seoul and Shanghai.


	In the next research stage, the simulation results will be verified through a demonstration experiment. Also, in order to establish the optimum design method of the suggested system, more case studies will be conducted.




The performance advantages of the suggested system were established through this study. However, it was also found that the effect of ground heat storage using solar heat was not directly connected to significant improvements of the system performance in all cases. This indicates that considering the additional installation cost of a solar collector, the SAGHPS cannot always achieve higher cost performance than GSHPS. In order to effectively utilize the system and verify the feasibility of the system, it is necessary not only to install at a location with high radiation and ground thermal conductivity, but also to introduce low cost solar heat collectors.
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Nomenclature








	VDST
	The volume of the storage (m3)




	n
	Borehole number




	h
	The length of borehole (m)




	B
	Borehole spacing (m)




	Tr
	Indoor temperature (°C)




	Tst
	Average temperature of storage tank (°C)




	Ts
	Solar source temperature (°C)




	Tg
	Ground source temperature (°C)




	COPHP
	The heat pump coefficient of performance




	Cap
	Heat pump heating capacity (kW)




	P
	Power consumption of the system (kW)




	PHP
	Power consumption of the heat pump (kW)




	Q
	Energy production of system (kW)




	Qheat
	Heat transfer rate (kW)




	Qabsorbed
	Energy absorbed by the heat pump (kW)




	Qinjection
	Solar storage energy (kW)




	Qsolar
	Energy absorbed by solar collector (kW)




	Tsource, in
	Temperature of liquid entering the source side of the heat pump (°C)




	Tsource, out
	Temperature of liquid exiting the source side of the heat pump (°C)




	Tload, in
	Temperature of liquid entering the load side of the heat pump (°C)




	Tload, out
	Temperature of liquid exiting the load side of the heat pump (°C)




	Tfluid, in
	Inlet fluid temperature of the borehole (°C)




	Tfluid, out
	Outlet fluid temperature of the borehole (°C)




	Tb
	Temperature at borehole wall (°C)




	m
	Flow rate of the liquid (kg/h)




	c
	Specific heat of the liquid (kJ/kg·K)




	t
	Operation time(0~24 h)




	q
	Heat exchange rate of ground heat exchanger (W/m)




	β
	Damping factor




	v
	Three-way valve




	P
	Circulation pump




	η
	Solar storage ratio
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