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Abstract

:

The supply of domestic hot water (DHW) on college and university campuses is indispensable and is also one of the main components of campus energy consumption. The density of residential patterns and similar occupancy behavior of college students make it economical to use centralized systems to cover the DHW demand, and utilization of solar energy can make the systems more economical. Seasonal thermal energy storage (STES) is a promising key technology that can minimize the imbalance between the availability of solar energy and thermal energy demand. In this paper, a solar-assisted ground-coupled heat pump (SAGCHP) system that meets the DHW demand of 960 students was investigated by means of dynamic simulation and energy-economic analysis. The simulation results in terms of the underground heat balance are compared with a standalone GCHP system and a SAGCHP system without STES. Results show that heat recharging operations during university summer and winter breaks (when there are minimal students on campus) lead to improved underground heat balance and energy performance. Finally, a sensitivity analysis on system performance was carried out by varying solar collector arrays. It was found that there exists an optimal value of solar collector area to achieve the lowest system lifecycle cost (LCC).
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1. Introduction


Continued improvements in standards of living have led to the increasing consumption of energy sources, such as for air conditioning, domestic hot water (DHW) supply and electricity. There is an urgent need to accelerate the development and deployment of advanced clean energy technologies to address the global challenges of energy security, climate change and sustainable development [1]. The education sector, particularly the higher education sector [2], should play increasingly active roles to assist China with achieving a strategic sustainable development plan [3].



During the last two decades, with the rapid development of the higher education sector in China, the demands of student accommodation and corresponding energy requirements have been increasing drastically. As a consequence, campus energy consumption has shown a rapid growth trend, among which the DHW energy consumption accounts for a large portion [4]. Hu [5] conducted a survey on energy consumption of seven college dormitory buildings based on one-year data records obtained from the monitoring platform of a university located in Zhejiang province, China. It was found that DHW energy consumption accounted for 37% of the total energy consumption.



In order to reduce the energy consumption of DHW, the use of solar water heaters is becoming an increasingly popular energy choice for college and university dormitory buildings. Solar energy is a pollution-free, inexhaustible and affordable energy resource [6,7,8]. The utilization of solar energy in centralized hot water systems will enable the systems to be more economically efficient, thereby reducing campus energy consumption and mitigating the greenhouse effect. However, one of the longstanding barriers of utilizing solar energy for DHW purposes is the misalignment between solar energy supply and hot water consumption [9]. Considering the low campus occupancy rate during the summer and winter breaks, this imbalance is exacerbated. Therefore, the energy storage concept is proposed as an essential way to address this mismatching problem between supply and demand [10]. By means of seasonal thermal energy storage (STES) technology, intermittent solar energy harvested and stored during the summer months can be utilized during the winter months when heating demands are high. According to the research of Rad and Fung [11], among several STES technologies, borehole thermal energy storage (BTES) has the most favorable condition for long term energy storage thanks to the large amounts of energy involvement and relatively low cost of storage media.



Since heat loss is inevitable in sensible heat storage across seasons, the temperature of the heat source may not allow the extracted heat to be used directly. Therefore, additional auxiliary equipment, such as heat pumps, need to be installed to raise the temperature level to meet the thermal load requirement [12]. With a solar-assisted system, harvested solar energy is used for ground recharge and for increasing the source fluid temperature entering the heat pump [13]. Borehole recharging features higher soil temperature and shorter length tubes. Heat passing through the evaporator increase the COP of heat pumps, decrease the electricity usage of compressors and reduce operation periods. Trillat [14] proposed different combinations of solar collectors and geothermal heat pumps and identified the best partten from an economical and technical standpoint by numerical simulations using TRNSYS software. The combined solar collectors and geothermal heat pumps helped to reduce the operating costs in comparison with conventional systems using fossil fuels. Rad [15] carried out a study to examine the feasibility of a hybrid ground-coupled heat pump (GCHP) system that used solar thermal collectors as the supplemental component for indoor space heating. It was shown that the solar thermal storage in the ground could reduce the length of the ground heat exchangers tremendously. Zhao [16] developed a mathematical model involving in situ results and economic and technical constraints for a combined thermal solar collector geothermal heat pump system. The optimized length of boreholes and a total area of collectors were calculated based on the model developed. Wang [17] carried out 3D dynamic and numerical simulations for ground heat exchangers in a combined solar collector–geothermal heat pump system. The optimized model was presented after considering the temperature change and heat recovery of the ground. The results indicated that the heat recovery of the ground can increase the reliability of the system while contributing to the economic efficiency of the system. The average soil temperature increased 3 °C after one year of system operation. Zhai et al. [18] summarized and compared the main integrated approaches of a GCHP system based on available references and their experience. The results showed that the coefficient of performance of different combinations were 3–5 and that the system combining a geothermal heat pump with thermal solar collectors was the most suitable for heating.



As noted above, the technical feasibility of using BTES to produce DHW has been verified by many engineering practices, but its application for campus DHW preparation still requires special attention [13]. Unlike traditional residential building systems, those on college and university campuses characterize a large fluctuation in occupancy rates depending on the time of year. Correspondingly, DHW demand varies significantly throughout the year, which exacerbates the mismatch between solar energy supply and DHW demand [19,20]. In addition, an investigation [21] showed that there was a large gap between the real DHW usage and the design value for centralized DHW systems currently in China, resulting in system oversizing and inefficient operation. A similar conclusion was drawn on the investigation and analysis [22,23] of campus DHW usage in a university of Changsha, China. Furthermore, the huge amount of DHW demand brought by a large number of students in the campus indicates the necessity of a large-scale DHW system, whereas the corresponding large-scale BTES usually takes several years to reach ‘design’ operating conditions. Therefore, long-term performance assessment is required, which makes the design and performance analysis of BTES systems a considerable challenge.



The aim of this paper is to assess the performance of a solar-assisted ground-coupled heat pump (SAGCHP) system with seasonal thermal energy storage to cover the DHW demand of a group of students, in which the DHW demand data used is derived from research [24,25] based on actual operation records. The main aims of the paper can be summarized as follows:




	
Investigate the capability of the proposed system to enhance the exploitation of solar energy to prepare DHW for a typical college dormitory building;



	
Evaluate the potential benefits of additional heat storage caused by low occupancy rates during summer and winter vacations;



	
Analyze the energy and financial performance from a long-term perspective;



	
Explore the influence of the size of solar collector array on the system performance.








In the following sections, the DHW demand of campus building is first described in terms of the number of residents and demand profiles. The proposed SAGCHP, together with the adopted simulation models and the control logic, are then illustrated in detail. Finally, the simulation results are analyzed and discussed.




2. Analysis Method


2.1. Locations and Weather Data


There are numerous factors that may influence system performance, such as the location, size and efficiency of heat sources (e.g., heat pump, solar collector), operating mode, pipe network structure, insulation thickness of the pipes, hot water usage, and so on. In order to compare the impact of location change on the system performance, different locations were selected for modeling and analyzing in this paper. There are five climate zones in China, i.e., severe cold, cold, hot summer and cold winter, hot summer and warm winter, and mild zones. It should be noted that freezing of circulation fluid in the BHE may occur due to continual heat extraction from the soil with relatively low average temperature. Therefore, the severe cold and cold zones are not included in the present study. Changsha (hot summer and cold winter zone), Guangzhou (hot summer and warm winter zone) and Kunming (mild zone) were selected to represent the other three climate zones of southern China.



Hourly weather data, including global horizontal solar radiation and the ambient temperature of the selected three cities in southern China, including Changsha, Guangzhou and Kunming, were obtained from the Meteonorm software. Figure 1 presents the monthly average ambient temperature Ta and the monthly total horizontal irradiance, Ih (kWh/m2). As shown in Figure 1, Guangzhou has the highest ambient temperatures (the annual average ambient temperature is 23.0 °C), while Kunming has the lowest ambient temperature among the three locations; the annual solar irradiances in Changsha and Guangzhou are relatively close, while the values in Kunming are much higher than the former two cities, reaching up to 1544 kWh/m2. In particular, the maximum solar radiation of Kunming occurred in April, unlike in Changsha and Guangzhou, where the maximum value appeared in July.




2.2. Campus DHW Demand


The campus DHW system mainly serves the daily demands of students, such as bathing, showering, and washing hands. Different from the demand of occupant groups in ordinary dwellings, the campus occupancy and the corresponding DHW demand may change significantly during the year due to vacations. Especially in China, summer vacation tends to last for two months, which often leads to a low or even zero DHW demand. There exists great mismatch between the low DHW demand and abundant solar resources during this period. Zhou and Yin [23] investigated campus DHW consumption over one year based on the data records of DHW consumption of a college dormitory building located in Changsha, China. It was found that the average daily DHW consumption of male and female students in campus were 23.28 and 24.53 L/day per occupant, respectively, which are remarkably lower than the recommended value (40–80 L/day) of the design standard used in China [24]. As shown in Figure 2 [23], the daily consumption also varied with two peaks, i.e., morning and evening peaks. The morning peaks occurred at 8:00 a.m. and 7:00 a.m. for male and female students, respectively, while evening peaks were found at 23:00 p.m. and 22:00 p.m., respectively.



The campus DHW demand used in this study was determined using the hourly DHW consumption profile shown in Figure 2. To calculate the total DHW demand, the number of students is set to be 960 for a college dormitory building, of which male and female students individually account for a half, i.e., 480. The total daily DHW demand for 960 students was determined to be 22,949 L/day. The thermal energy needed to match the DHW demand of those 960 students was evaluated with the previous profile and assuming a supply temperature of 45.0 °C, which was determined by the local climate. It is noted that the annual growth of the university population needs to be considered when calculating the entire university’s DHW demand.



Each academic year consists of two semesters: spring term from March to June and autumn term from September to January of the following year. The two vacations between these two semesters are known as the Chinese New Year vacation (or winter vacation) and the long summer vacation. Students are usually required to leave college accommodation during these vacations; thus, many students return home or travel, and may undertake paid employment.



During the winter and summer vacations, the campus occupancy and the corresponding DHW demand are relatively low, even falling to zero. In this study, the dates of winter and summer vacations were set as follows: summer vacation from 1 July to 31 August, and winter vacation from 1 February to 31 February, during which the corresponding DHW demand was set to zero. The detail data about campus DHW demand used in this study are summarized in Table 1.




2.3. System Description and Sizing


Heat balance is a key issue worthy of attention in the design and operation of a GCHP system. When there is no suitable cooling demand to match the heat demand for producing domestic hot water, the thermal imbalance is more serious than that for a conventional ground-coupled heat pump system.



In order to address the mismatch between solar energy supply and DHW demand, a solar collector system was introduced and combined with the GCHP system. The proposed SAGCHP system provides DHW to campus students during academic time, while the supply of DHW was turned off during summer and winter vacation, and solar energy harvested during that time was used for ground recharging. In particular, Figure 3 presents a simplified system layout and the main components of the SAGCHP system.



In order to run the system, several closed liquid loops are used, such as solar collector water (SCW), borehole heat exchanger water (BHEW), preheated hot water (PHW), heat pump hot water (HPHW), cold water (CW) and domestic hot water (DHW). It was worth noting that a plate heat exchanger (PHE) is adopted in the system, allowing the heat exchanging between SCW and BHEW. In such configuration, the solar heat can be charged into the borehole when the DHW demand is null in summer and winter vacations to further improve the underground heat balance. However, the adopted scheme implies higher investment/maintenance cost and installation complexity compared to conventional systems. It should be noted that due to the direct water circulation between BHE and HP, there is a potential risk of corrosion within HP, and the common solution is to set up a buffer heat exchanger between BHE and HP. The SAGCHP DHW system in this paper is based on a dormitory building of a university in Changsha, which is not equipped with a buffer heat exchanger, and the SAGCHP DHW system model built as described in this report does not consider a buffer heat exchanger in order to be consistent with the actual situation. However, although the buffer heat exchanger increases the heat transfer loss, it is undeniable that a buffer heat exchanger between BHE and HP is conductive to improving the service life of HP and the operating economy of the system in the long term.



Only the main system components are indicated in Figure 3, while the other auxiliary components (sensors, controllers, etc.) are omitted for sake of clarity. The operating strategy of the system is stated as follows:




	
During academic terms








The SCW is supplied to PWT by switching the flow of D1 to the tank and is pumped from PWT across the solar loop. Specifically, the operation of the circulation pump P1 is controlled by the temperature difference between the solar collector (SC) outlet and PWT bottom. When the temperature difference rises to 8 °C, the control system switches on P1 and supply SCW to PWT until the temperature difference drops to 2 °C.



Tap water is supplied from D3 to PWT, and then is supplied to LWT after receiving heat from the solar loop. During academic terms, if the DHW energy demand is not matched with the thermal energy produced by the solar field, the control system activates P2, P3 and HP, and switches the flow of D2 to BHEW. In particular, the decrease of the middle part temperature of LWT to 50 °C implies the activation of the GCHP subsystem, until the temperature increases to 55 °C.



The PWT and LWT tank is equipped with a thermostatic valve system (D3/M3) to ensure a stable temperature (45 °C) at the end user-side. From the top of LWT, DHW is supplied to end users through the pipe network according to the supply schedule. Pump P4 operates during the operation time of the pipe network, while it is turned off during the non-DHW supply periods. Finally, the remaining DHW returns to the bottom of LWT. The heat loss of the pipe network system was also considered in this study.




	
During winter and summer vacations








During winter and summer vacation, students are usually required to leave college accommodation and the corresponding DHW demand is null. Thus, PWT, LWT, the circulation pump P3 and P4 were switched off during the two long vacations. The control system switches the flow of D1 and D2 to the hot and cold sides of PHE, respectively. The operation of circulation pump P1 and P2 were managed by a control system according to the temperature difference between the outlets of SC and BHE. When the temperature difference rises to 5 °C, the control system switches on P1 and supply SCW to PHE until the temperature difference drops to 2 °C. Through such an operation arrangement, the thermal energy produced in excess by SC is supplied to BHEW and charged into underground soil. The storage solar thermal energy can be utilized during academic terms, thereby alleviating or even eliminating the thermal imbalance.



The sizing of the main components of the proposed SAGCHP system, such as solar collector, storage tank and heat pump, were carried out according to the method and routine based on the prevailing building and engineering practices in the three locations. A summary of the equipment sizing is shown in Table 2.




2.4. Simulation Models and Parameters


The TRaNsient SYStems (TRNSYS) software platform [26] has been used to model and analyze the proposed SAGCHP system. This simulation tool has the capacity to dynamically calculate the energy and mass flows, and temperature profiles for the components in the system. Moreover, the software includes a vast library of built-in components based on validated experimental data.



In order to perform the proposed system simulation, several component models from the build-in TRNSYS library were adopted, while the other specific models are developed for the control of the system and for the energy and economic analysis.



Flat-plate solar collectors were modeled using TRNSYS Type 1b based on the Hottel–Willier–Bliss approach [27]. In the model, the collector efficiency (ηSC) was modeled by a second-order equation (Equation (1)). The coefficients (in SI units) listed in the equations were derived from the manufacturer specifications for a single flat-plate collector (model PGT-2.0, commercialized by the company Jiu Yang [28]):


   η  S C   = 0.7318 − 5.86    (   T  S C , i n   −  T a   )   I   



(1)




where TSC,in is the fluid inlet temperature, °C; Ta is the ambient temperature, °C; and I is solar radiation, W/m2.



TRNSYS Type 557a was adapted to model the borehole heat exchanger (BHE) systems. It is considered to be the state-of-the-art in dynamic simulation of ground heat exchangers that interact thermally with the ground and has been used by several researchers for simulating energy systems with BHE [29,30]. The model assumes that the boreholes are placed uniformly within a cylindrical storage volume of the ground; there is convective heat transfer within the pipes and conductive heat transfer to the storage volume.



In this study, TRNSYS Type 534 was used to model the preheating water tank (PWT) and the load water tank (LWT). This type is based on the assumption that the tanks can be divided into N fully mixed equal subvolumes. For each subvolume, the mass and energy balances are considered as a transient state, making it possible to calculate the thermal stratification in the component. In this paper, the PWT and LWT were modeled with 15 isothermal temperature layers to best represent the stratification in the tank, where the top layer is set to 1 and the bottom layer is set to 15.



The water–water heat pump included in the SAGCHP system was modeled by TRNSYS Type 927. The heat pump performance characteristics considered in the modeling are taken from a heat pump manufacturer and are shown in Figure 4 [31]. This black-box model determines the heat pump effective capacity and its energy consumption by using the water source and sink temperatures as inputs. The information from the manufacturer catalog was used to configure the model, which gives the heat pump performance for inlet source water temperatures (Tin,source) ranging from −1.1 to 26.7 °C and for inlet sink water temperatures (Tin,sink) ranging from 15.6 to 48.9 °C. It uses a performance map approach that is determined by considering the heat pump heating power and the compressor power, both as a function of the entering source and the sink water temperature. To determine the actual performance of the heat pump, the model interpolates between the values given by the manufacturer. The model does not interpolate beyond the values given by the manufacturer. When the working conditions of source and sink water temperatures are outside the range of the catalog data, the minimum or maximum value is returned by the model.



Moreover, DHW networks are modeled by TRNSYS Type 709 that simulates the thermal behavior of the fluid flow inside the pipe with a model based on variable size axial segments of fluid flow. This model is implemented in order to take into account the dynamic behavior of the district network and to calculate its thermal losses for DHW systems.



The description of the other component models used to perform the simulation is omitted for sake of brevity. The components and corresponding characteristics used in modeling the proposed SAGCHP system are listed in Table 3 and Table 4.



To assess the benefits of STES for system operation, two systems that did not consider seasonal heat storage were introduced for comparative analysis with the original system. To summarize, the differences between all three scenarios are presented in Table 5.




2.5. Energy and Economic Performance Indicators


The system performance was then evaluated through the following indicators:


  S P  F  s y s t   =    Q u     W  p p , t o t   +  W  H P      



(2)
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(3)






  S F =    Q  u , S C      Q  u , S C   +  Q  u , H P      



(4)




where SPFsyst is the seasonal performance factor of the system; SPFhp is the seasonal performance factor of the heat pump; SF is the solar fraction of the system; Qu is the thermal energy consumed by the end user, in which the heat loss of two storage tanks and the distribution network was subtracted; Qu,HP is the thermal energy produced by HP and supplied to LWT; Qu,SC is the thermal energy produced by SC and supplied to PWT; Wpp,tot is electricity energy consumption of all circulating pumps; and WHP is the electricity energy consumption of HP.



The amount of energy injected in/extracted from the underground STES (ηBTES) in different time scales is commonly used to quantify the energy performance of the underground STES [32,33]. In addition, storage coefficient ηBTES can be calculated to represent the relationship between the extracted heat QBTES,extr and the stored heat QBTES,stor [34]:


   η  B T E S   =    Q  B T E S , e x t r      Q  B T E S , s t o r      



(5)




where QBTES,extr is the thermal energy extracted from BTES by HP and QBTES,stor is the thermal energy injected and stored in BTES.



Moreover, the average temperature of BTES and its trend over time reflect the state of the underground thermal equilibrium. The difference of average temperature of BTES (ΔTBTES) between the initial (TBTES,ave,ini) and the end time (TBTES,ave,end) of a 15-year operation can be calculated by Equation (6):


  Δ  T  B T E S   =  T  B T E S , a v e , i n i   −  T  B T E S , a v e , e n d    



(6)







In this paper, the lifecycle cost (LCC) is used to evaluate the cost-effectiveness of the SAGCHP system with solar seasonal thermal storage. The economics model is based on calculations of the present worth of the sum of all costs associated with owning and operating the system over its estimated life. Fundamentally, it is LCC rather than the initial costs or operating costs that dictate the selection of equipment for the hybrid system. The LCC considers the time value of money by relating all future costs to the present costs.



Operation, repair and maintenance costs are calculated for each year during the lifecycle of the system, and it is discounted back to the base date to convert them to the present values. After identifying all costs by year and amount and discounting them to present value, they are added to arrive at total LCC for each alternative, and the present value of the cost of per ton hot water is used to evaluate the economic efficiency of the SAGCHP system. Table 6 presents the financial parameters that must be accounted for in the LCC analysis.





3. Results and Analysis


3.1. Underground Heat Balance


For the GCHP system without compensation of cooling demand, such as the heat is solely used for DHW production, the heating loads of the GCHP system are unbalanced. Combining the solar collection subsystem with the GCHP system has two aims: (a) reduce the heat provided by the heat pump and the corresponding energy consumption, and (b) compensate the heat imbalance through the injection of solar heat into BTES in summer and winter vacations. In order to verify its validity and sustainability, long-term performance analysis of the SAGCHP system (Scenario A) was conducted and compared with the systems without soil recharging operation (Scenario B) and a standalone GCHP system (Scenario C).



Figure 5 shows the effect of seasonally variable energy extraction and injection for the SAGCHP system in three locations, resulting in undulating trends of the average ground temperatures. It can be observed that the average soil temperatures in Changsha and Guangzhou show an annual fluctuation around the initial temperature of each year and decrease during the long-term operation of 15 years, whereas it increases in Kunming. The reasons for this opposite trend are that, in Changsha and Guangzhou, the extracted energy is not fully replenished and heat conduction in the ground is not sufficient to compensate for the induced deficits. Extra heat stored in underground soil derived from the relative abundant solar radiation in Kunming explains the long-term rising trend of the average soil temperature. In addition, a smaller range of fluctuation in Kunming can also be observed because the heat injected to soil exceeds heat extraction from soil.



The seasonal thermal energy storage in the SAGCHP system is achieved by SC absorbing solar radiation and channeling the heat into the ground, and the amount of heat stored is determined by the intensity of solar radiation and the design of SC. Therefore, in the engineering application of the SAGCHP system, the ground thermal imbalance can be simulated according to TRNSYS software, and the reasonable SC type and solar collector area can be designed according to the thermal gap.



To better understand how the improvement of heat balance is achieved by introducing STES into the GCHP system, Figure 6 shows the comparison of the average annual ground temperature among the three scenarios in Changsha, and Figure 7 shows the comparison of the average monthly ground temperatures in the first year among the three scenarios in Changsha. Due to the largest amount of heat extraction from BHE without compensation of soil recharging, the average soil temperature of scenario C has the largest drop among the three scenarios, dropping below 5 °C after 15 years of operation. Figure 6 shows that the sequence of temperature drop in descending order for the three scenarios is C, B and A. The sharp decline of average ground temperature is caused by the imbalance between ground heat output and input. As shown in Figure 7, during academic terms, the ground-coupled heat pump extracts underground heat to supply DHW in scenario C, so the ground temperature drops sharply, by 1.65 °C from 1 March to 31 June and by 1.85 °C from 1 September to 31 December. In scenarios B and A, ground-coupled heat pumps and solar collectors act simultaneously to produce DHW, so the ground temperature drops more gently than that in scenario C. Although solar radiation brings additional heat to the ground in winter and summer vacations, it is difficult to cover the thermal gap, and the temperature rise is limited in scenarios B and C, which is shown in 1 February to 31 February and 1 July to 31 August in Figure 7. However, in Scenario A, by means of STES technology, the thermal imbalance of the ground is covered by efficient solar energy collection and storage during winter and summer vacations, and the soil temperature increases by 3 °C from 1 July to 31 August, so that the soil temperature remains essentially constant in the long run.



In addition to the average ground temperature, the variation of inlet and outlet source temperatures of the heat pump is of interest, because it directly influences the operating performance of the heat pump. Figure 8, Figure 9 and Figure 10 present the results of the inlet and outlet temperatures of the heat pump, and the corresponding SPFhp for scenario A, B and C, respectively.



Without the heat compensation of solar heat injection during summer and winter vacations, the outlet temperature of the heat pump evaporator drops to near or below 0 °C within 3 and 5 years for scenarios C and B, respectively. The heat pump efficiency, SPFHP, declined in the continuous operation mode in both Figure 8 and Figure 9. This is because long-term heat extraction from the ground soil lowers the average soil temperature around the BHE and in turn reduces the inlet source temperature to the heat pump. On the contrary, the yearly minimum inlet and outlet temperatures of the heat pump for scenario A remains more than about 7 °C and 4 °C due to the soil recharging and the solar-assisted heating process. At the same time, the yearly performance efficiency of the heat pump is relative stable, which is still higher than 2.75 at the end of simulation. Usually, the inlet temperature to the evaporator of the heat pump should be over 6 °C for pure water heat transfer fluid to protect the system from freezing, assuming a possible temperature drop of 5 °C during the evaporation process [13]. For scenarios B and C, even without regarding the deterioration of the long-term performance of the heat pump, the antifreeze measures of the underground circulating fluid must be considered.



Compared to Scenarios C and B, the SAGCHP system with STES can effectively solve the heat imbalance problem in the GCHP system, and the HP has better operational performance in this system, so this system is attractive for application to generate DHW for the campus.




3.2. Energy and Financial Performance


The performance results of the SAGCHP system during the 15-year operation are presented in Table 7 and Figure 11. The system performance presents substantial enhancement, showing the SPF of 2.788, 3.006 and 4.764 for Changsha, Guangzhou, and Kunming, respectively, while a relatively close SPFHP can also be observed in Table 7. It is important to notice that the highest SPFsyst in Kunming, among the three locations, is closely related to the richness of local solar resource. The highest value of annual solar radiation (1544 kWh/m2) means that more solar heat can be collected and directly supplied for DHW demand in Kunming, as shown in Figure 11. Meanwhile, in Table 7, ηBTES shows an opposite trend to SF. As the solar radiation intensity increases, the heat stored by SC to the ground grows, so the value of ηBTES decreases.



LCC is the cost spent to generate one ton of the DHW using the system over the operating cycle, taking into account equipment costs and production costs. The reason for the highest LCCini in Changsha is due to the fact that the largest SC area was selected (338 m2, Table 3). In addition, Figure 11 shows that the SCGCHP system has the most heat supplied by HP and therefore the system has more operating electricity consumption, which causes the highest LCCoper. Therefore, Changsha has the highest cost of producing DHW during 15 years of operation for the three locations. The SCGCHP system in Guangzhou has the lowest SC cost; furthermore, the low solar radiation in summer causes the system to consume less electricity for ground thermal storage. As a result, Guangzhou has the lowest LCCini and LCCoper, reaching only 0.720 RMB/ton and 2.478 RMB/ton, respectively; however, the lack of ground thermal storage in summer also leads to an increase in the thermal imbalance problem (the ΔTBTES is −1.6 °C).



It is also of interest to analyze the monthly performance of the proposed SAGCHP system. Because BHE requires a “charging” period of several years to reach the design system temperature, the system performance data for the fifth year of operation in Changsha was selected to analyze the monthly performance, and the corresponding results are shown in Figure 12 and Figure 13.



Figure 12 shows that the solar heat injected into BTES during the summer vacation is much higher than that during the winter vacation. With a solar-assisted system, solar energy harvested is used for ground recharge during vacations and increasing the source fluid temperature entering the heat pump, and the heat balance of BHE can be improved as well.



Figure 12 also presents the monthly energy balance of the SAGCHP system. It is observed that in winter, the energy is mainly supplied by the heat pumps, while in summer it is mainly supplied by the solar collectors. These results are due to the system control logic, i.e., the heat pumps are programmed to operate only when the energy contribution from the solar collector is not sufficient to meet the demand, which occurs particularly in winter. To analyze the influence of solar heat utilization on the system performance, monthly performance indicators, SF and SPF of the system and the heat pump, are presented in Figure 13. It can be observed that the SPFsyst changes drastically through the whole year, reaching extremely high values of 5.6 near summer due to the high solar contribution. In contrast, during the winter the performance indicator of the system is nearly equal to the SPFHP of the heat pumps.




3.3. Parametric Analysis


As discussed in Section 3.2, the size of the solar collector has a large effect on the system performance and is one of the key design parameters of the SAGCHP system. A detailed parametric study was carried out to demonstrate the effect of the solar collector area on the system performance.



In the following simulation, the solar collector areas were changed from 200 m2 to 500 m2, while holding the other design parameters unchanged.



Figure 14 displays the results of different simulated cases. It is obvious from this figure that the solar fraction increases as the solar collector area increases. Meanwhile, as the amount of heat supplied and injected into BTES from solar collection system increases, the ground heat balance can be further improved. When the collector area increases to a certain extent, the long-term underground temperature variation, ΔTBTES, will even show a positive value, which means that the temperature of the underground soil increases because the heat injected into the BHE is greater than the extracted heat. For the same reason, as the solar collector area increases, the heat storage efficiency, ηBTES, shows a decreasing trend.



Figure 15 illustrates the influence of solar collector area on the system performance indicators and LCC. As the solar collector area increases, SPF for the whole system and the heat pump are improved, which means that the energy consumption and operation cost can be reduced with the same DHW demand. However, the increase in the collector area also means an increase in the initial cost. When the SC area increases to a certain value, the additional energy saving cannot compensate for the extra initial cost, eventually leading to an increase of the overall cost of the system.



It is obvious from Figure 15 that there exists a minimum LCC that can be reached with a certain value of solar collector area. The optimum collecting area is 260 m2, 220 m2 and 320 m2 for Changsha, Guangzhou, and Kunming, respectively. This optimization strategy leads to the selection of a larger collecting area for the location rich in solar resource. It should be noted that although the optimal collector area is different from the design value adopted in the previous simulation section, the variation of LCC among the three locations caused by this difference is not obvious. These LCC curves and the optimal solar collector area are affected by the initial cost of the collector array and electricity prices. Cost-effectiveness analysis based on the local design conditions should be conducted to achieve the optimal design of the SAGCHP system.



According to this analysis, since the solar radiation intensity varies in different regions, the design of the SAGCHP system should consider the selection of solar collector area that matches the local solar radiation intensity, to minimize LCC of the whole system. The SAGCHP system with STES is simulated by TRNSYS software to derive the optimal solar collector area, which is beneficial for the economic operation of the SAGCHP system.





4. Conclusions


In this paper, a SAGCHP using seasonal BTES was analyzed by means of dynamic simulations over a 15-year period. The system was investigated by assuming that it serves the DHW demand of 960 students for a Chinese college dormitory building under the climatic conditions of Changsha, Guangzhou and Kunming (three typical cities of southern China). The underground heat balance of the proposed system was first analyzed and compared energetically with the system without BTES and the standalone GCHP DHW system. The analyses of the energy and financial performances, in terms of solar fraction, seasonal performance factor, borehole storage efficiency, heat loss, a variation of average ground temperature, and LCC, were then carried out for the three selected locations. Finally, a sensitivity analysis was undertaken for the three locations by varying the solar collector area, which was regarded as the most important influencing factor. The following conclusions can be drawn:




	
Compared to the system without BTES and standalone GCHP DHW system, the SAGCHP DHW system can alleviate the thermal imbalance caused by the continuous heat extraction from the ground, and correspondingly can improve the system performance. When this system was applied to areas with abundant solar energy resources (such as Kunming in this research), the average temperature of the soil may even increase slightly year by year because the stored heat is much larger than the extracted heat.



	
The proposed system reaches the system seasonal performance factor (SPFsyst) of 2.788, 3.006 and 4.764 for Changsha, Guangzhou and Kunming, respectively. The differences can be attributed to the diversity of solar energy resource among the different locations. However, the values of SPFhp for the three locations are remarkably close. It is also found that for areas with abundant solar energy resources, such as Kunming, the solar energy utilization rate of the system and the corresponding SF are much higher than those in Changsha and Guangzhou, which is the main reason for the significant improved SPFsyst.



	
For the proposed SAGCHP system, although the heat storage operation is performed both in the winter and summer vacation, the amount of solar thermal energy storage and the corresponding soil temperature recovery during the summer vacation is much higher than that in the winter vacation.



	
Increasing the solar collector area means an increase in the amount of solar energy. This fact not only causes an increase in the SF, but also allows more heat to be injected and stored underground, which further improves the underground heat balance. When the solar collector area increases to a certain extent, the soil temperature will rise with yearly fluctuations.



	
The increase of the solar collector area increases the initial investment but reduces the energy consumption of the heat pump unit and the corresponding operating cost. Therefore, there exists an optimal solar collector area to achieve the lowest system LCC. It should be noted that the optimal value of the collector area is different from the design value in the previous section. The difference of LCC among the three locations caused by the different optimal solar collector area, however, is not obvious, and the optimal collector area is affected by the cost of the collector and electricity prices.



	
In the practical engineering application of SAGCHP systems, the amount of ground imbalance heat of the SAGCHP system with STES can be simulated using TRNSYS software to get a clear perspective of the system dynamics. Based on the in-depth system characterization, the optimal solar collector area can be obtained according to the local solar radiation intensity, providing a systematic instruction for design and economic operation of the SAGCHP system.
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Figure 1. Weather data of different locations: (a) monthly average temperature and (b) monthly global horizontal solar irradiance. 
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Figure 2. Daily DHW consumption profile. 
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Figure 3. Schematic diagram of the SAGCHP DHW system. 
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Figure 4. Performance characteristics of the water–water heat pump for different inlet sink and source water temperatures. 
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Figure 5. The average soil temperatures for the SAGCHP system in three locations. 
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Figure 6. The variation of average annual soil temperature for the three scenarios in Changsha. 
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Figure 7. The variation monthly average soil temperature in the first year under the three scenarios in Changsha. 
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Figure 8. The average soil temperature and the inlet and outlet source temperatures of the heat pump for scenario C in Changsha. 
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Figure 9. The average soil temperature and the inlet and outlet source temperatures of the heat pump for scenario B in Changsha. 
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Figure 10. The average soil temperature and the inlet and outlet source temperatures of the heat pump for scenario A in Changsha. 
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Figure 11. Energy balance of the SAGCHP system during 15 years of operation. 






Figure 11. Energy balance of the SAGCHP system during 15 years of operation.



[image: Sustainability 13 08344 g011]







[image: Sustainability 13 08344 g012 550] 





Figure 12. Monthly heat produced and temperature variation of the SAGCHP system with solar seasonal thermal storage in the fifth year. 
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Figure 13. Monthly system performance in the fifth year. 
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Figure 14. Values of SF, ηBTES and ΔTBTES as a function of ASC. 
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Figure 15. Values of SPFHP, SPFsyst and LCCtot as a function of ASC. 
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Table 1. Detailed data of DHW demand.
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Item

	
Male

	
Female






	
Population (P)

	
480

	
480




	
Daily water consumption (L/p·d)

	
23.28

	
24.53




	
Designed daily water consumption (L/d)

	
22,949




	
Summer vacation

	
1 July–31 August




	
Winter vacation

	
1 February–31 February











[image: Table] 





Table 2. Main components sizing for the proposed SAGCHP system in three selected locations.
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	Component
	Changsha
	Guangzhou
	Kunming





	Solar collector areas (m2)
	338
	243
	293



	Capacity of heat pump (kW)
	84
	63
	80



	Storage volume of the preheating water tank (m3)
	18.6
	13.4
	19.1



	Storage volume of the load water tank (m3)
	9.7
	9.3
	9.6
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Table 3. TRNSYS types used in the proposed system model.
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	Component
	Type
	Component
	Type





	Flat-plate solar collector
	1b
	Weather data reader
	15



	Water–water heat pump
	927
	On/off controller with hysteresis
	2



	PWT, LWT tank
	534
	Pump
	114



	Borehole heat exchanger
	557a
	Diverter and mixers
	11



	Plate heat exchanger
	91
	Controller for tempering valves
	115



	Pipes
	709
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Table 4. Main characteristics of the proposed SAGCHP DHW system.
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	Component
	Characteristic





	Plate Solar Collector
	



	Model
	PGT-2.0 (commercialized by Jiu yang [28])



	Tilted angle
	28°12′/23°08′/25°01′



	Orientation
	South



	Water-to-water heat pump
	



	Model
	WHA420 (commercialized by Daikin [31])



	Performance data
	Scaled proportionally for the different sizes based on the model WHA420.



	Stratified thermal storage tank
	



	Typology
	Vertical cylindrical storage tank



	Heat loss coefficient(W/m2 K)
	1.39



	Geothermal heat exchanger
	



	Borehole depth (m)
	60



	Horizontal Header depth (m)
	1



	Borehole radius (m)
	0.055



	Soil thermal conductivity (W/m K)
	1.5



	Soil heat capacity (kJ/m3 K)
	2500



	Outer radius of the u-tube pipe (m)
	0.01265



	Inner radius of the u-tube pipe (m)
	0.01250



	Center-to-center half distance (m)
	0.03



	Fill thermal conductivity (W/m K)
	1.3



	Pipe thermal conductivity (W/m K)
	0.465



	Plate heat exchanger
	



	Coefficient of heat transfer (kW/m2 K)
	4.5



	Area of heat transfer (m2)
	10



	Pump of the solar loop (P1)
	



	Nominal flow rate (L/h)
	Scaled proportionally to solar collector area (m2),    A  s c   ×  54   



	Nominal power (W)
	    Nominal   flow   rate / 10    



	Pump of the source side of GCHP (P2)
	



	Nominal flow rate (L/h)
	Scaled proportionally to nominal capacity of heat pump (kW),     C A P   h p    × 160   



	Nominal power (W)
	    Nominal   flow   rate / 10    



	Pump of the sink side of GCHP (P3)
	



	Nominal flow rate (L/h)
	Scaled proportionally to nominal capacity of heat pump (kW),     C A P   h p    × 160   



	Nominal power (W)
	    Nominal   flow   rate / 10    



	Pump of the DHW distribution (P4)
	



	Nominal flow rate (L/h)
	1800



	Nominal power (W)
	180



	DHW distribution pipework
	



	Inside diameter of supply, vertical and return pipe (m)
	0.053/0.02125/0.03575



	Outside diameter of supply, vertical and return pipe (m)
	0.060/0.02675/0.04225



	Pipe length of supply, vertical and return pipe (m)
	70/25/190



	Conductive coefficient of pipe (W/m K)
	15



	Insulation thickness (m)
	0.035/0.030/0.030



	Conductive coefficient of insulation layer (W/m K)
	0.0407



	Exterior surface coefficient of heat transfer (W/m2 K)
	11.63
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Table 5. Differences between the model’s three scenarios.
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	Description
	System Configuration
	Operation Mode





	Scenario A
	SAGCHP system
	Described in Section 2.3
	Described in Section 2.3



	Scenario B
	SAGCHP system without soil recharging
	The plate heat exchanger (PHE) between BHE and SC is removed; the other is the same as scenario A
	Not a soil recharging operation



	Scenario C
	Standalone GCHP system
	The SC system, preheat water tank and PHE are removed; the other is the same as scenario A
	No solar-assisted DHW production and not a soil recharging operation
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Table 6. Financial parameters used in the LCC analysis.
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	Item
	Price
	Unit





	Cost of solar collector
	88.2
	RMB/m2



	Cost of ground-coupled heat pump
	102.9
	RMB/kW



	Cost of the storage tank
	147.1
	RMB/m3



	Cost of the circulating water pump
	73.5
	RMB/kW



	Cost of the plate heat exchanger
	38.2
	RMB/m2



	Borehole drilling
	11.8
	RMB/m



	Price of electricity
	0.151
	RMB/kWh



	Price of water
	0.600
	RMB/ton



	Cost of system installation
	15% of system initial cost
	RMB



	Maintenance cost (¥/year)
	1% of the total initial cost
	RMB/year



	Salary of maintenance personnel (¥/year)
	7350
	RMB/year



	Interest rate
	5
	%



	Lifecycle
	15
	year
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Table 7. Energetic and economic performance figures for the three locations.
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	Location
	SF
	ηBTES
	SPFHP
	SPFsyst
	PHL

(%)
	ΔTBTES

(°C)
	LCCini

(RMB/ton)
	LCCoper

(RMB/ton)
	LCCtot

(RMB/ton)





	Changsha
	0.383
	1.216
	2.767
	2.788
	22.50
	−0.75
	0.982
	2.919
	3.901



	Guangzhou
	0.437
	1.360
	2.888
	3.006
	25.75
	−1.63
	0.720
	2.478
	3.198



	Kunming
	0.680
	0.597
	2.697
	4.764
	24.95
	1.35
	0.883
	2.485
	3.368
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