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Although buildings are often heated and cooled by single-well circulation coupled groundwater heat pump systems, few studies have evaluated the long-term performance of these systems. Therefore, the present study investigated the performance of these systems by analyzing the efficiency and energy consumption using 4 years of operating data. The results indicate that the coefficient of performance (COP) of the system gradually decreases because of thermal breakthrough or an accumulation of cold. In addition, the sealing clapboards could effectively slow down thermal breakthrough. In addition, compared with the heating period, the COP of the heat pump unit (HPU) and system increases, and its energy consumption decreases in the cooling period. It was also found that partial heat loss occurs when water from the single-well circulation outlet penetrates the main pipeline. Moreover, the heat-exchange efficiency of a single HPU exceeds that of multiple HPUs, and the COP of a HPU decreases during operation with increasing indoor temperature. Accordingly, we improved the performance of system by increasing the underground heat storage. Herein, we focus on optimizing the system design during long-term operation, which includes taking steps such as lengthening the sealing clapboards, using insulated pipes, discharging the remaining water and adding intelligent control devices.
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INTRODUCTION
In the context of the global energy and environmental crisis, groundwater heat-pump (GWHP) systems have been extensively implemented to use shallow geothermal energy sources for heating or cooling of residential and commercial buildings (Li et al., 2013). In winter, groundwater is extracted and used as a heat source to heat to residential or commercial buildings; in summer, groundwater is extracted as a cold source to cool buildings by reversing the heat-pump system. Furthermore, surplus heat is injected underground, which is serves as a heat storage medium for thermal energy. Compared with other types of traditional heating, ventilation, and air conditioning (HVAC) systems, GWHP systems consume less electric power and generate more heat energy without producing polluting gas and without the consumption of groundwater (Luo et al., 2018; Blázquez et al., 2019; Fang and Zhang, 2020; Luo et al., 2020; Qiu et al., 2021; Zhang et al., 2021).
With the development of GWHP systems, many different GWHP systems have been applied in practical engineering. The single-well circulation (SWC) coupled GWHP system, as a new technology that has attracted extensive attention. As shown in Figure 1, the SWC system consists of three parts: a lower pumping zone, a middle sealing zone and an upper injection zone. First, the lower pumping zone is filled with groundwater into which is placed a submersible pump connected to a suction pipe. Groundwater is pumped by the submersible pump through a suction pipe into the machine room. Pumping groundwater exchanges heat via the heat-pump units (HPUs). Next, the upper injection zone is filled with heat-exchanged groundwater, which is injected through the discharge tube into the upper injection zone. Third, the middle sealing zone contains clapboards to prevent the heat-exchanged groundwater from entering the pumping well. Gravity-induced pressure causes the heat-exchanged water to exchange heat with surrounding rock and soil before it flows back to the pumping area. In the whole process, the system extracts heat without consuming groundwater by completely recharging in the same layer (Sun et al., 2015). The system also offers the advantages of lower initial investment and operational costs, a smaller footprint, and a diminished on groundwater quality (Song et al., 2019a), which has led to the wide use of these systems in practical engineering.
[image: Figure 1]FIGURE 1 | Schematic diagram of the SWC system.
As far as we known, the performance and efficiency of other forms of heat-pump systems decrease over long-term operation (Sommer et al., 2015; Hein et al., 2016). Significant research efforts have sought to avoid the phenomenon and promote the efficient and sustainable operation of SWC coupled GWHP systems in practical engineering. First, in terms of system design, Yuill and Mikler (1995) and Mikler (1993) found that the equivalent thermal conductivity coefficient can be used to calculate the depth of the thermal well by using a model involving coupled thermohydraulic energy transfer in an aquifer surrounding a thermal well. By investigating successful commercial cases of SWC systems, Orio et al. showed that the key parameter of an SWC system design must be “bleed” (Orio, 1994; Orio et al., 2005). They also reported that bleeding can keep the SWC system sustainable when the system design assumes suitable hydrological and geological conditions. In other work, Wu et al. (2015) found that the aquifer properties should be determined and considered in the system design to maximize efficiency, reduce installation costs, and minimize environmental impact. Through field and numerical studies, Park et al. (2015) verified that thermal dispersion significantly affects the heat transfer of SWC systems with high flow rate, which is important for system design. Deng et al. (2005) established a computationally efficient numerical model of groundwater flow and heat transfer in and around SWC systems, which serves as a design tool.
Site conditions including seepage field, temperature field, groundwater level, and surface temperature, are also relatively important to maintain the efficiency and stability of SWC systems. In an extreme cold-climate experiment, Minea (2013) found that the residential SWC systems in Canada are not suitable for extreme cold weather without seepage, whereas Nguyen et al. (2020) reported that SWC systems can be used in cold climates. By simulating a seepage field, it has been found that groundwater seepage and fluid flow improves thermal conductivity and enhances the heat-transfer capacity of the heat exchanger (Deng et al., 2006; Al-Sarkhi et al., 2008). However, Kastrinos et al. (2019) found that heat transfer caused by horizontal groundwater flow is very small by injecting tracer bromide into an SWC system. Using a thermal-response experiment, Chang et al. (2017); Chang et al., 2019) investigated how hydrogeology affects the thermal characteristics of an SWC system and found that groundwater flow has negligible impact on the thermal conductivity of an SWC system. Finally, three-dimensional numerical models of the seepage field and temperature field were developed by Lee (2011) and Song et al. (2019b), and these showed that groundwater flow improves thermal transport and heat transfer. By modeling groundwater seepage and heat transfer, Ni et al. (2011) derived an analytic seepage solution to show that SWC systems can accommodate large space heating and cooling loads with a thermal effective radius exceeding 40 m. To investigate SWC seepage fields, Tu et al. (2018); Tu et al., 2020a; Tu et al., 2020b) developed a mathematical model and derived an analytical solution for groundwater flow and an approximate analytical solution for non-Darcian flow. The results reveal how the flow field varies as a function of SWC. By using numerical simulations, Wu et al. (2018) and Choe and Ko (2017) studied how hydrogeology and thermogeological affect thermal performance, sustainability, and efficiency of SWC systems.
Researchers also considered operational strategies to analyze the sustainability of SWC systems and found that heat storage should be increased to maintain the efficient and sustainable operation of SWC systems in practical operation (Song et al., 2019a; Lee et al., 2019). Zeng et al. (2017) found that the groundwater quality in areas where SWC strongly effects system operation and can reduce equipment efficiency and lifetime. Léo et al., (2020) found that excess calcium concentration in groundwater can degrade system efficiency, requiring the calcium concentration to be decreased by operating a groundwater treatment unit, using suitable flowmeters, and purging the above-ground piping network, which requires a prolonged downtime period.
These studies show the significant research that has been conducted on the sustainable use of SWC systems, and have focused on system design, site conditions and operational strategies through both simulations and experiments. However, relatively few studies have considered the repercussions of the long-term operation of SWC coupled GWHP systems. In particular, little information is available on the relevant parameters for practical engineering experimentation, despite these parameters affecting the long-term operation of SWC systems. Researchers and designers would thus like to know the parameters and factors influencing SWC systems in practical operation so that the SWC can be better promoted and applied.
Given these difficulties, we report herein on a 4 year field test of an SWC coupled GWHP system conducted in Beijing, China. Based on data measured over 4 years, we studied the factors that reduce the SWC system efficiency and increase energy consumption to evaluate the long-term performance of this SWC system. In addition, we suggest ways to optimize SWC systems, including suggestions on operational strategies and system design. The results are significant for practical engineering and related research.
EXPERIMENTAL APPARATUS AND METHODS
Description of Building
The SWC system was installed in a school building in the Haidian District of, Beijing. The building has four floors above ground and two floors underground, is 18 m high, and has a total floor area of 45,952 m2. The main functional areas of the building are classrooms, gymnasiums and other teaching rooms. The total heating and cooling loads of the building are 3,450 and 3,600 kW, respectively. In addition, the hot-water heating and swimming-pool heating loads sum to 514 kW. The heating period lasts 120 days (from November 15 to March 15), and the SWC system operates daily from 7:00 to 16:00. The cooling period is 122 days (from May 15 to September 15), and the system operating time is from 8:00 to 16:00. For this paper, 4 years of monitoring data were collected (2016–2019), with the academic year 2016-2017 serving as the system trial operation stage. During the monitoring period, the groundwater level was recorded for all 4 years. The total energy consumption was also collected from May 2016 to Dec 2019, while the system was shut down in the transition period without data. Data relating to the practical operation of the system was collected from May 2016 to July 2018.
Site Conditions
According to a geological survey of the project site, a quaternary system is widely distributed over the working area. The stratum lithology consists mainly of gravel, sand gravel and coarse sand gravel with a thin cohesive-soil layer between the gravel and sand gravel. The quaternary system is about 150 m thick, and the cumulative thickness of the aquifer is 80–120 m. When the groundwater level drops by 1 m, the water yield of a single well is more than 5,000 m3/d. The heat-exchange capacity of the SWC system was designed to be 300 kW in winter and 420 kW in summer. Finally, the circulating water flow was about 60 m3/h, and the well was 70–80 m deep.
System Configuration
Figure 2 shows a schematic diagram of the monitoring system of the SWC coupled GWHP system. The SWC system is composed essentially of four parts: energy collection, energy boost, energy release and monitoring well area. In Figure 2, the energy collection area contains the 12 sets of SWCs devices that enter the theoretical calculation. Non-storage particle geothermal energy collection wells were used. The energy boost area is divided into two parts: the heating-cooling part and the part for heating water. The machine room contains four sets of HPUs. Two YSSR-1300A/2 and one YSSR-700A/2 geothermal HPUs are selected to meet the building heating and cooling requirements, and one YSSR-600B/2 heats the swimming pool and provides domestic hot water. The energy release area consists of a circulating pump, a water divider, and a water collector. The air conditioning units mainly use fan coils and floor radiators to meet the cooling and heating requirements of the building. The monitoring well area consists of a well for monitoring the groundwater level and a well for monitoring the underground temperature.
(a) energy collection area, (b) energy boost area (machine room), (c) energy release area (terminal), (d) monitoring well area.
[image: Figure 2]FIGURE 2 | Monitoring schematic for SWC coupled GWHP system.
1: water level monitoring well, 2: underground temperature monitoring well, 3: 1#-12# SWCs, 4: circulating water flowmeter, 5: swimming pool, 6: thermoreceptor, 7: Valve, 8: 1#-4# HPUs, 9: terminal system circulating pump, 10: fan coil, 11: air condition unit, 12: floor heating, 13: water segregator, 14: water storage tank, 15: hot water heat pump, 16: heat source circulating pump, 17: terminal feed pump, 18: softened water tank, 19: outdoor temperature recorder, 20: connect the make-up pump area, 21: tap water connection, 22: hot water area, 23:mainfold.
Monitoring Methods
The monitoring data from the of SWC system monitoring part and from the two monitoring wells were collected to analyze the system’s performance. The monitoring methods are introduced below.
Temperature Monitoring
The water temperature of each key pipeline was monitored during the operation of the SWC system for the cooling period and heating period. The minimum monitoring frequency was four times per day generally and once per day during intermittent periods. The system temperature data include the outlet and inlet water temperature of the SWC systems, the supply and return water temperature of the single well-side main pipe, the supply and return water temperature of the terminal main pipe of the SWC system and the exterior temperature. The temperature parameters were measured by using a one-piece temperature transmitter.
The 1# monitoring well was 70–80 m deep and separated by 10 m from the nearest SWC. The cable for measuring the temperature was 80 m long and held 100 temperature sensors at 0.8 m intervals. The temperature measuring cables buried in the monitoring well were used to monitor the soil temperature.
Monitoring Groundwater-Level
The groundwater level is monitored by the 2# monitoring well, which is 6 m from the nearest SWC. The groundwater-level monitoring terminal automatically measures groundwater-level, and the data are saved automatically in memory and exported regularly to the computer.
Monitoring Groundwater Circulation
During the operation of the SWC system, the following flow rates are monitored: 12 sets of SWCs inlet-outlet pipe flows, the well-side main pipeline supply-return water flow, the circulating pump supply-return water flow, and other parameters. The minimum monitoring frequency was once per month during the operation period.
Power Consumption Record
The main operating cost of the SWC system is electricity charge, which is required to monitor the SWC system’s operational costs and to analyze its power consumption. During the operation of the SWC system, electric meters were set up to monitor the electric consumption of the submersible pump of the single well, the circulating pump and the HPUs. There were two compressors for the 1# and 2# HPUs, respectively, and each compressor was equipped with an electric meter. The 3# and 4# HPUs were also equipped with electric meter, respectively. The 4# HPU and 12 branches of the submersible pumps used the same electric meter. The following automatic calculations occurred in the background: cumulative total power of submersible pump equals the cumulative power of the 4# unit and the 12 submersible pump branches minus the cumulative power of the 4# unit.
Monitoring Platform
The monitoring software had a modular structure consisting of two main modules: a communication unit and a human-machine interface. Each module was composed of several small modules. The communication unit was mainly responsible for communication between the monitoring center and the field equipment. It supported the coexistence of multiple communication methods in a system. The human-machine interface included dynamic system diagrams, a basic data display, manual input, data management and many other functions. The data-collection cycle could be set as required. The specifications of the monitoring system are shown as Table 1.
TABLE 1 | Specification of the monitoring system.
[image: Table 1]RESULTS AND DISCUSSIONS
Operation Characteristics of SWC System
To analyze the operating characteristics of the SWC coupled GWHP system, we collected the parameters of the well-side supply-return water temperature, the inlet-outlet temperature of 12 SWC systems, the terminal supply-return water temperature, the fluid flow rate in each link, and the exterior temperature. In addition, two typical days were selected, January 26, 2017 and July 6, 2017, to analyze the operating performance of the SWC system. The typical days were in the middle of the heating and cooling periods when the SWC system had been operating for a long time. Moreover, the SWC system operated in the steady state on the two typical days, which ensured more representative data.
Well-Side Supply-Return Water Temperature
The well-side supply-return water temperature reflects the stability of the SWC system during operation. As shown in Figure 3, the well-side supply-return water temperatures vary with time. Changes in the supply-return water temperature show a similar trend in Figure 3A. The temperature difference in the supply-return water falls in the range 1.7–4.2°C, which decreases with increasing exterior temperature. An increase in exterior temperature reduces the indoor heat load, which in turn reduces the heat exchanged in the HPU. As indicated in Figure 3A, the temperature difference is about 0.5°C between the temperature of the 7# SWC and the main pipeline. This is because the 7# SWC outlet water dissipates heat into the environment and reduces the outlet water temperature at the point where the outlet water enters the main pipeline. Therefore, the temperature of the water supply for the main pipeline is 0.5°C lower than the outlet water temperature of the 7# SWC. We further improve the efficiency by wrapping the main pipeline in insulated pipe to reduce heat loss.
[image: Figure 3]FIGURE 3 | Well-side supply-return water temperature as a function of time during (A) heating period (January 26, 2017) and (B) cooling period (July 6, 2017).
The temperature of the well-side supply-return water for the SWC system during the heating period appear in Figure 3B. The temperature difference between the supply and return water is maintained at 5°C in the main pipeline, which indicates that the pumping temperature is relatively stable and not affected by the return water in the pumping area of the wells. During the cooling period, the 10# SWC outlet water temperature is higher than the temperature of the main pipeline supply water for a reason, which is similar to that of the heating period. Figures 3A,B show that the temperature difference between the supply and return water during the cooling period is greater than that during the heating period, which reveals that the cooling capacity exceeds the heating capacity given the same time and flow conditions. In addition, the efficiency of the cooling period is relatively high, and the SWC system operates stably with large thermal reserves. Furthermore, heat loss from the main pipeline significantly degrades the performance of the SWC system, therefore, we must consider heat loss when designing a SWC system.
Fluid Circulation
Figure 4 shows the mean fluid temperature (right axis) and the flow rate (left axis) as functions of time during the heating and cooling periods. The flow rate is 5.62 m3/min in the steady state, as shown in Figure 4A. The mean fluid temperature fluctuates between 10.0 and 11.5°C, giving a fluctuation range of 1.5°C. Figure 4A shows that the mean fluid temperature rises with increasing pumping capacity. The system was initially operated with a low supply-water temperature because the well supply water was mixed with return water from the previous day’s thermal breakthrough and incomplete heat exchange. With the system in operation, part of the supply water came from the aquifer, so the water temperature was higher, which explains the phenomenon. This means that the aquifer stores abundant energy, and this is beneficial for long-term operation of the system.
[image: Figure 4]FIGURE 4 | Mean fluid temperature and flow rate as functions of time during (A) heating period (January 26, 2017) and (B) cooling period (July 6, 2017).
Figure 4B shows that, during the cooling period, the flow rate and mean fluid temperature different from those during the heating period. After 30 min of operation, the flow temperature drops from 19.5 to 18.8°C and then remains stable. This evolution is attributed to the temperature monitoring device, which is affected by the surrounding environment-in this case, cooling water that flowed over in the pipe, causing a period of temperature fluctuation. The flow rate fluctuates in the range 3.7–4.4 m3/min (a fluctuation range of 0.7 m3/min). Given the essentially constant fluid temperature in Figure 4B, the SWC system is in normal operation.
Temperature of Terminal Supply-Return Water
Figure 5 shows the temperature and flow rate as functions of time of the terminal supply-return water. In the first 25 min, the temperature of the terminal supply-return water increases as the system starts operation, as shown in Figure 5A. This is because that the temperature of the water remaining in the pipe is lowered by the lower exterior temperature. Thus, the remaining water should be discharged.
[image: Figure 5]FIGURE 5 | Temperature and flow rate of terminal supply-return water as a function of time during (A) operation in heating period (January 26, 2017) and (B) operation in cooling period (July 6, 2017).
The two curves also mirror each other in Figure 5B. The supply-return water of the terminal main pipe is supplied by different HPUs, so the variation indicates that the other HPUs are operating stably and properly. At 13:30, both curves rise by about 1°C because the operator adjusted the set temperature according to the actual load requirements. To meet the cooling load, the energy savings of the system are about 5% in actual operation when the supply-water temperature increase by 1°C to meet the building load, the temperature of the supply water it should be adjusted to save energy.
Geo-Temperature Field of SWC System Under Long-Term Operation
The operating performance of the SWC system is closely related to the geo-temperature field, making it necessary to monitor and analyze the underground temperature. We monitored the underground temperature of the 1# monitoring well (see Figure 6). The monthly mean underground temperatures for different depths around the SWC were recorded from January 2017 to March 2018. The underground temperatures at 10 m intervals underground (see Figure 1) serve to investigate the temperature variations.
[image: Figure 6]FIGURE 6 | Underground temperature at different depths from January 17, 2017 to March 18, 2018.
The temperature variations at 10-m depth are opposite those of the other depths shown in Figure 6 (concave versus convex). The 10-m depth is thus within the variable-temperature part, where the temperature basically follows the annual average surface temperature. The temperature varies the most at 20-m depth, and where the curve is convex. The maximum temperature difference is about 3°C. Because the 20-m depth is near the injection zone, its temperature is significantly influenced by recharge water. During the transition period, the temperature recovers slowly, producing a natural heat exchange. During the cooling period, the surplus heat is injected underground through the injection area, and in cooling period, the temperature recovers quickly. Using the underground as a heat-storage medium is an effective way to slow the accumulation of heat or cold.
A depth of 30-m falls in the sealing partition zone and is adjacent to the injection zone. The temperature variation resembles that of the 20-m depth, but the maximum temperature difference is 2°C, and the temperature essentially returns to its original value. The 40-m depth is close to the lower part of the sealing partition zone. The temperature varies relatively slowly and weakly here, with a maximum difference of 1°C. The recharge water partially exchanges heat with the surrounding rock and soil, which has a relatively small impact on the underground temperature near 40-m depth. This result shows that the sealing partition is necessary for the SWC system to weaken or avoid thermal breakthrough.
At 50- and 60-m depth, the temperature is relatively stable, which reveals that the recharge water exchanges significant thermal energy with the surrounding rock and soil. However, the recharge water enters into the pumping area, so the temperature at 60-m depth drops by 0.35°C. The SWC system appears to suffer a thermal breakthrough, except that the temperatures at 70- and 75-m depth remain stable. However, the temperature at 70- and 75-m depth drops by 0.1°C, which reflects cold accumulation.
Analyzing the eight curves in Figure 6 shows that the temperature of each curve is periodic with a period of 15 months. However, the temperature drops over long periods at 60-,70-, and 75-m depth. In particular, the temperature drops by 0.35°C at 60-m depth, which indicates cold accumulation. This is attributed to the imbalance of the cooling and heating loads of the buildings.
To summarize, operating of the SWC system affects the underground temperature, and changes the temperature of the supply-water, and the performance of the SWC system. Therefore, the operating strategy of the SWC system must be adjusted to compensate for increasing heat storage and lengthening of the sealing clapboards.
Monitoring Groundwater Level
Monitoring the groundwater level involves investigating how a system’s operation affects the groundwater level and evaluating the sustainability of SWC systems. It is closely related to the long-term operating performance of the system. Figure 7 shows the annual average groundwater level and the monthly average groundwater level of the monitoring well from 2016 to 2019. In this study, the South-to-North Water-Diversion Project in Beijing caused a huge recharge of groundwater and a concomitant increase in groundwater level. As shown in Figure 7A, the groundwater level in Beijing increased 3 m from 2016 to 2019. Compared with the year 2017, the groundwater level in Beijing, rose by 1.94 m in 2018 and, the monitoring-well groundwater level rose by 1.98 m. From 2017 to 2019, the groundwater level fluctuated by 0.2–0.3 m between the groundwater monitoring wells and that of Beijing. Unfortunately, because of the groundwater recharge of the South-to-North Water-Diversion Project, Figure 7A does not show whether the SWC system consumes groundwater.
[image: Figure 7]FIGURE 7 | (A) Annual average groundwater level from 2016 to 2019, (B) monthly average groundwater level from 2016 to 2019.
The variations in groundwater level are basically repeated each year (see Figure 7B). The groundwater level dropped from January to June in the 4 years studied, reaching the lowest point in May or June, following which they rose from July to December. Although the groundwater level rose every year, it underwent periodic changes, except in 2017 (which is due to the recharge of the South-to-North Water- Diversion Project). Compared with the groundwater level in January, the groundwater level in December varied little from year to year (except for 2017), which indicates that the system operates without consuming groundwater.
To summarize, the operation cycle of a SWC system has a negligible impact on groundwater level, which means that SWC systems do not consume groundwater but only extract heat for building heating and cooling.
Energy Distribution of SWC Coupled GWHP System
Heat Exchange of SWC System
To determine the actual performance of SWC systems, we analyze and evaluate the heat exchange capacity (HEC) of the HPUs on the well side. The heat exchanged is expressed as:
[image: image]
where Q is the heat exchanged [J], ρ is the density of water [kg/m3], c is the specific heat capacity of water [J/Kg°C],[image: image] and [image: image] are the inlet and outlet temperatures of the well side, respectively [°C], q is the flow rate of sidewall water [m3/h], and t is time [h].
The data recorded on a typical day are used in Eq. 1. Figure 8A shows that the HEC average is 247 kW h, and the average energy consumption is 42.7 kW h. In Figure 8A, the ratio of the two averages is 1:5.88. During the cooling period, the HEC of the 2# HPU compressor is relatively high, reflecting the high efficiency and stability of the system operation. Figure 8B shows the HEC of 2# HPU for the heating period. The two curves basically mirror each other, with similar ranges of variation. The maximum HEC and energy consumption reaches 180 and 41 kW h, respectively. In Figure 8B, the ratio of energy consumption and average HEC is 1:4.5. Compared with the cooling period in Figure 8A, the heat exchange efficiency (HEE) is lower than that during the cooling period. Figure 3 shows that the difference in temperature of the supply water during the cooling period exceeds that during the heating period. Thus, according to Eq. 1, the HEE is higher under the same conditions.
[image: Figure 8]FIGURE 8 | HEC of SWC system and energy consumption as a function of time during (A) cooling period (July 6, 2017) and (B) heating period (January 20, 2017).
Figure 9 shows the HEC of the 1# and 2# HPUs operating together versus time during the heating period. The HEC of the HPUs gradually increases with increasing energy consumption. However, when the energy consumption reaches a threshold, the HEE begins to decrease or is even limited. As indicated in Figure 9, the total energy consumption of compressor is about 115 kW h, and the maximum HEC is 320 kW h, so the HEC decreases. The HEC of the system is not positively proportional to the energy consumption of the compressor, therefore the HEE decreases after reaching a threshold. To maintain a high the HPU efficiency, the HPU should be equipped with complete control equipment.
[image: Figure 9]FIGURE 9 | HEC of system and energy consumption as a function of time during heating period (January 17, 2018).
The ratio of the two average lines in Figure 9 is 1:2.87. Compared with the analogous ratio during the heating period (Figure 8B), the HEE is lower than that of a single HPU during the heating period. The HEE of a single HPU is thus stronger than that of multiple-HPUs over a heating period. In addition, the ratio of the two average values during the cooling period (Figure 8A) also exceeds that in Figure 9. A comprehensive comparison shows that the HEE of the system during the cooling period is greater than that during the heating period. Therefore, energy consumption should be reduced by optimizing the operation strategy.
Energy Consumption of Each Part of the SWC System
The economy and efficiency were investigated over the long-term operation of the SWC system. Figure 10 shows the total energy consumption (TEC) and monthly energy consumption of each part. The TEC of the system varies periodically, therefore the energy consumption is basically the same each year, except from May 2016 to March 2017 (Figure 10A), which is because the system was in the trial operation and commissioning stage and thus consumed more energy in this period. The school schedule includes holidays in February and August each year, so some buildings are not heated or cooled at these times. In addition, only 15 days of heating are provided in November and March. Therefore, the system consumes relatively little energy during these periods.
[image: Figure 10]FIGURE 10 | (A) Total energy consumption of the SWC system from 2016 to 2019 and (B) each part the energy consumption of the SWC system from 2016 to 2018.
The TEC during the heating period exceeded that during the cooling period (Figure 10A). The ratio of TEC during the heating period to that during the cooling period falls in the ranges 2.70–2.79, which may be explained by two main reasons. The first reason is that the 4# HPU was turned on to supply hot water and therefore consumed a larger amount of energy. The second reason is that the system is less efficient during the heating period than during the cooling period, resulting in increased of energy consumption. The average temperature difference of the main pipeline supply-return water during the cooling period is 2.15°C higher than that of in heating period, as shown in Figure 3. Therefore, the system can extract more heat during the heating period. To further investigate the composition of the system TEC and the difference in energy consumption between the heating period and the cooling period, we plot each part of the energy consumption of the system, Figure 10B, and the data are listed in Table 2.
TABLE 2 | 4# HPU energy consumption in the SWC system.
[image: Table 2]Each part of the energy consumption from May 2016 to June 2018 is recorded, and the ratio of 4 # HPU energy consumption is displayed in Figure 10B. Using Table 2, the ratio of the 4# HPU energy consumption to the energy consumption of the system was 0.24 and 0.13 during the two heating periods. Therefore, the 4# HPU was one of the reasons for the large energy consumption in the heating period. Excluding the energy consumption of the 4# HPU in the system, the ratio of the TEC of the heating period and that of the cooling period was 2.43:1. Compared with the ratio of the TEC above, the maximum difference between the ratios was only 0.36. Thus, the TEC was greater during the heating period than the during the in cooling period.
As shown as Figure 10B, the HPU consumed the most energy in the system, followed by the submersible pump and then the circulating pump (during the cooling period). According to this analysis, the energy consumption of the HPU compressor accounted for about 60–70% of the energy consumption of the system during the heating period. During the cooling period, the energy consumption of the HPU compressor accounted for about 50% of the energy consumption of the system. Therefore, to meet the load, the reduced of the energy consumption of the HPU can improve the system energy efficiency, thereby saving and reducing emissions.
Energy Efficiency of SWC System
Coefficient of Performance of HPU
The coefficient of performance (COP) is an important indicator of the energy efficiency of a heat pump and this is defined as the ratio of the cooling capacity (heating capacity) to the input power.
The cooling capacity (heating capacity) Q of the HPU is given by:
[image: image]
where V is the average flow on the user side of the HPU [m3/h], ∆t is the temperature difference between the inlet and the outlet on the user side of the HPU [°C], ρ is the density of water [kg/m3], and c is the specific heat capacity of water [kJ/(kg °C)].
The COP of a heat pump during the cooling period can be expressed as:
[image: image]
where COP is the cooling (heating) coefficient of the unit, Q is the average cooling (heating) capacity of the unit [kW h], Ni is the average input power of the unit [kW h].
The COP of the system is the ratio of the cooling capacity (heating capacity) to the total energy input into the system.
The energy sufficiency ratio of the system can be written as follows:
[image: image]
where COPs is the cooling (heating) energy efficiency ratio of the system, Q is the total cooling capacity (heating capacity) [kW h], Ni is the energy consumption of the HPU [kW h], [image: image]is the sum of electricity consumption of the submersible pumps and circulating pumps [kW h].
COP of HPU During Operation
Figure 11 plots the COP for HPU as a function of time during operation with time intervals of 10 min. During heating (cooling) period, the average COP was 3.7 (5.3), which meets the design requirements for the normal operation of the system. The average COP for an HPU during the cooling period exceeded that during the heating period. The difference in the average COP between cooling and hearing periods was 1.6. Although the heat-pump reverse Carnot cycle predicts a greater COP during the heating period, the opposite occurs in practical engineering because the temperature difference of the supply-return at the well side and the operating power differ between the cooling period and the heating period in actual operation.
[image: Figure 11]FIGURE 11 | COP of an HPU as a function of time for a typical day during (A) heating period (January 26, 2018) and (B) cooling period (July 4, 2017).
In Figure 11A, it can be seen that the COP fluctuates during the heating period. The overall trend of the COP is decreasing, and the COP decreases to a minimum at 10:00-11:00 because the indoor temperature increases gradually as the SWC system operates and peaks at 10:00-11:00 in practical operation. Combined with the relation in Figure 9 between HEE and energy consumption, the variation in the COP is similar in Figure 11A. In addition, the heat pump reverse Carnot cycle predicts that, the heating coefficient of a heat pump decreases with increasing temperature of the high-temperature object. It also verifies that the COP varies with indoor temperature in Figure 11A. Therefore, the COP of an HPU may be increased by optimizing the system operation.
COPs of SWC System
Figure 12 plots COPs as a function of time with a time interval of 10 min for the SWC system operating during the heating and cooling periods. As shown in Figure 12A, the value of COPs fell in the range 2.5-3.5 with an average of 3.0 during the heating period. As shown in Figure 12B, COPs fell in the range 3.1-4.2 with an average of 3.6 during the cooling period. The difference between the average COPs of the heating and cooling periods was 0.6. The lower average COPs in the heating period is due to the significant power consumption of the submersible pumps and circulating pumps. To improve efficiency, the energy consumption of the submersible pumps and circulating pumps should be decreased. During the heating period, the operating efficiency of the SWC system is less than that during the cooling period. The SWC system is thus more efficient during the cooling period.
[image: Figure 12]FIGURE 12 | COPs of the SWC system as a function of time for a typical day during (A) heating period (January 26, 2018) and (B) cooling period (July 4, 2017).
Long-Term Operation Performance of SWC System and HPUs
Figure 13 shows that the monthly average COP and COPs from May 2016 to Jul 2018, which show similar fluctuations. COPs and COP reach their lowest levels in January. One reason for this phenomenon is that the system has been running for a long time and experiences a slight thermal breakthrough (Tu et al., 2018), which decreases its energy efficiency. In addition, the decrease in exterior temperature increases the indoor load, which indirectly reduces the energy efficiency. However, during the cooling period, the COPs and COP decrease. As shown in Figure 3, the temperature difference between the supply and return water is 5°C during the cooling period. The lower temperature return water affects the temperature of the pumping area in long-term operation (Tu et al., 2018).
[image: Figure 13]FIGURE 13 | COP as a function of time of SWC system and HPU from May 2016 to Jul 2018.
Under the long-term operation of system, COPs varies slightly during the long-term operation of the system. The average COPs value was 3.25 from November 2016 to March 2017, and the average COPs was 3.19 from November 2017 to March 2018. The difference between the two periods is 0.06. The COPs of SWC system thus varied by 0.06. In addition, the COP of the HPU varied by 0.036. Meanwhile, two curves have a downward trend as whole in Figure 13. This phenomenon is caused by thermal breakthroughs during the long-term operation and attenuation of the system (Tu et al., 2020b). According to Figure 6, the phenomenon of cold accumulation is also a reason to make the system COPs change. Therefore, thermal breakthrough and the cold accumulation should be considered in system design. In practical engineering, thermal breakthrough should be avoided by lengthening the sealing zone (Song et al., 2019a). Furthermore, the variations in the system COPs and the HPU COP curves verify the high efficiency and energy savings of the SWC system.
CONCLUSION
We investigate the operating performance of an SWC coupled GWHP system by monitoring 4 years of data. The SWC system was designed for an HVAC system for a middle school in the Haidian District of Beijing, China. The data were analyzed to determine the system performance, including the supply-return water temperature of the well and user sides, the underground temperature, the groundwater level, and the energy consumption of the HPUs. In addition, suggestions have been made to optimize the system. Overall, the system operates in a stable and efficient state. The results lead to the following main conclusions.
1) The SWC system operation has a periodic effect on the underground temperature. The return water basically completes heat exchange with the surrounding rock and soil, and enters the pumping water area. However, part of the low-temperature recharge water enters the pumping area and causes thermal breakthrough. In addition, cold accumulates underground due to the imbalance of the cold and hot load.
2) The HEE of the cooling period is greater than that of the heating period, and the ratio of the two HEEs approaches two. Also, the HEE of a single HPU is greater than that of multiple units during the heating period, and the HEE of the two approaches 1.6.
3) The energy consumption of the SWC system during the heating period exceeds that during cooling period. The ratio of energy consumption during the heating period to that during the cooling period is 2.4:1. For the SWC system, the HPUs consume the most power, accounting for 60–70% of the TEC during the heating period, and about 50% of the TEC during the cooling period.
4) The COP of an HPU decreases with the increase of indoor temperature when the indoor temperature (heated object) reaches a certain temperature.
5) The COPs and COP values during the cooling period exceed those during the heating period, and the COP and COPs values vary periodically during the long-term operation of the SWC system, when the COPs (COP) of the SWC system decreases by 0.06 (0.036). This phenomenon is caused by thermal breakthrough and the accumulation of cold during the long-term operation of the system. This topic should be studied further in future work.
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