

  sustainability-16-04516




sustainability-16-04516







Sustainability 2024, 16(11), 4516; doi:10.3390/su16114516




Article



Research on the Optimisation of Dual-Heat-Source Heating Systems in Nearly Zero-Energy Buildings



Qingying Hou 1,2, Wendong Xu 3,*, Zhizheng Zhang 2,*, Yangyang Wang 4, Hao Zhang 5 and Jin Tao 4





1



Jinan Wanrong Industry Development Group Co., Jinan 250307, China






2



Changchun Institute of Technology, School of Energy and Power Engineering, Changchun 130012, China






3



Jinan City Construction Group, Jinan 250014, China






4



School of Municipal and Environmental Engineering, Jilin University of Architecture and Technology, Changchun 130114, China;






5



Jinqiu Street Office in Boxing County, Binzhou 256599, China









*



Correspondence: wd123youxiang@163.com (W.X.); zhangzz@ccit.edu.cn (Z.Z.)







Citation: Hou, Q.; Xu, W.; Zhang, Z.; Wang, Y.; Zhang, H.; Tao, J. Research on the Optimisation of Dual-Heat-Source Heating Systems in Nearly Zero-Energy Buildings. Sustainability 2024, 16, 4516. https://doi.org/10.3390/su16114516



Academic Editor: Antonio Caggiano



Received: 13 March 2024 / Revised: 30 April 2024 / Accepted: 15 May 2024 / Published: 26 May 2024



Abstract

:

A nearly zero-energy building is characterised by its low energy demand and enhanced thermal insulation, with great potential to integrate renewable energy systems to satisfy various demands and improve energy efficiency. Solar energy is a primary renewable energy resource that can be harnessed in different ways to provide electricity, heating, and cooling in building applications. In this study, a solar–ground-source heat pump system was designed and established in a nearly zero-energy building. The system’s performance was presented, and its control strategy was optimised. To evaluate and assess the operation of the solar energy system, an experimental setup was built, and the experiment was divided into two periods, taking into account the weather conditions. In the first experimental period, different parameters of the heating system were tested and evaluated. In this regard, the variation trends of the heat pump unit’s coefficient of performance, the system coefficient of performance, the collector start-up temperature difference, and the heat pump setting temperature were analysed under different parameter combinations. On this basis, the optimal operating parameters were identified for different heating periods. In the second period, the optimal operating parameters identified were used to carry out heating experiments. The results highlighted that the adoption of the preferred operating parameters increases the percentage of direct solar energy supply by 2.0%. Additionally, the system coefficient of performance increases by 8.9%, the unit coefficient of performance increases by 6.7%, the carbon emissions are reduced by 4.18 tonnes, the SO2 emissions are reduced by 0.143 tonnes, and the dust emissions are reduced by 0.1 tonnes. The findings of this study can provide useful data and a guiding reference for optimising and promoting the implementation of renewable-energy-driven heating systems for nearly zero-energy buildings in severe cold regions.
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1. Introduction


China has set low-carbon development targets to reach a peak in carbon emissions by 2030 and achieve carbon neutrality by 2060 [1,2]. The construction sector accounts for around 38% of the global carbon emissions [3,4,5]. As the number of new buildings developed in China continues to grow, failure to effectively reduce the energy consumption and carbon emissions of the building sector will hinder the attainment of the energy efficiency and low-carbon development goals set in the country [6]. Thus, there is a need to promote energy efficiency and renewable energy use in buildings, to move further towards near-zero energy consumption [7]. This will aid in addressing energy and environmental goals and is a prerequisite to dealing with climate change. Recent studies have shown that expanding and scaling up the implementation of nearly zero-energy buildings (referred to as NZEBs, as explained in Appendix A) will lead to emission reductions of around 50%,supporting progress towards carbon neutrality in China [8].



According to published data, the total carbon emissions of the different periods and processes of the building sector in 2020 were around 5.08 billion tonnes of CO2, accounting for 50.9% of the national carbon emissions in China. In this regard, Figure 1 presents the carbon emissions resulting from each of the building stages, highlighting that the carbon emissions from the operation stage account for 21% of the total in China. On this basis, it is crucial to reduce the carbon emissions from the building operation stage, as a key milestone towards achieving the goal of near-zero energy consumption [9,10].



Furthermore, the energy consumption from heating during building operations accounts for a high proportion of the total energy consumption [11]. According to the estimations of the Building Energy Efficiency Centre of Tsinghua University, the carbon emissions from building operations staged in China were reported at a total of 2.1 billion tonnes in 2018, accounting for around 20% of the total emissions of the country. As a primary contributor, energy consumption through heating in northern cities and towns involved the burning of around 212 million tonnes of standard coal. This resulted in around 550 million tonnes of carbon emissions [12]. By the end of 2022, the total heating area in China’s northern region was 23.8 billion square metres, of which 75% was represented by cleaner heating [13]. The application of renewable energy for heating is a direct means to reduce carbon emissions from building operations. In the Chinese capital city of Beijing, for example, the use of renewable energy for heating has seen a rapid development since the launch of the renewable energy heating support policy in 2019 [14]. By the end of 2022, the total of area of the city heated using new energy sources reached a total of 106 million square metres. This can replace about 800 million cubic metres of gas per year and reduce carbon dioxide emissions by 1.7 million tonnes, with significant energy-saving and emission reduction effects during the operation phase of the building process [15]. The use of renewable energy for heating is not only necessary to upgrade the energy structure, achieve energy savings, and reduce emissions but also to control total energy consumption. It is also essential for realising sustainable energy development and advancing buildings towards near-zero energy consumption [16,17].



Scholars around the world have carried out research on renewable energy heating systems [18,19,20]. China’s northern region is rich in solar and geothermal energy resources. In this region, the energy loads from cooling buildings in summer are much smaller than those from heating buildings in winter. The use of ground-source heat pumps will inevitably reduce the underground temperature year by year; therefore, it is necessary to use solar energy to supplement the heat to make up for this shortcoming. Scholars recommend giving priority to solar and ground-source heat pump systems in near-zero-energy buildings in northern regions [21,22].



Many scholars have studied the optimisation of solar–ground-source heat pump systems. Substantial improvements have been achieved in the efficiency of energy equipment and systems through proactive technical measures [23].



Xie H et al. studied two different modes of operation of SGSHP(S)s. Two different SAGSHP system models were developed for simulation using TRNSYS. By analysing and comparing different simulation results, it was concluded that the series operation mode was superior to the parallel operation mode in the target building [24].



Sun C et al. focused on multiple objectives, including maximum solar heating capacity, the maximum COP of the heat pump, and minimum soil heating capacity. Comparing solar–ground-source heat pump systems with single ground-source heat pump systems, a model comprising one typical building and two heating strategies was established in TRNSYS. The research results showed that the optimised control strategy of the geothermal–solar heating system transfers solar hot water from the storage tank to heating terminals during the heating season. Compared to GSHP, this optimisation strategy saves 16.8 MWh annually, and the energy-saving rate is 20.59% [25].



The operational characteristics of the combined solar–ground-source heat pump system (referred to as SGSHPS) are influenced by local solar resources, climate characteristics, and operating modes. Qi Z et al. used TRNSYS software to construct three operation modes and obtain parameters such as the unit coefficient of performance (referred to as COP), the system COP, and buried pipe heat exchange. They compared and analysed the average system COP values obtained from experiments and simulations for each operation mode for a typical winter month (January). The average system COP for the operation of the soil-source heat pump for January was 3.26, while for tandem modes 1 and 2, it was 3.5 and 3.44, respectively. Tandem mode 1 exhibited 7% and 1.7% higher system COPs compared to the operation of the soil-source heat pump and tandem mode 2, respectively. This indicates that the tandem operation of the solar–ground-source heat pump is more energy-efficient than the operation of the soil-source heat pump system alone [26].



Lu S et al. presented the results of an experiment and the analysis of an SAGSHP for a cold area in Beijing. A TRNSYS model was established and verified to optimise the system strategy and analyse a 15-year period. Additionally, the main factors affecting solar collector selection were screened through sensitivity analysis. The results showed that the temperature difference in the optimised collector control is 10 degrees C/1 degree C, and that in the supplementary heat, it is 20 degrees C/1 degree C. The applicable scenarios of the two systems are different, and the energy efficiency of the system operation is increased by 23% and 23.4%, respectively. This provides a reference for the matching and selection of equipment for the same type of project in the future [27].



Berkane A et al. used various SAGSHP scenarios to meet the heating demand and provide domestic hot water for a 100 m2 area under various climatic conditions in the city of Batna, Algeria. Using TRNSYS software, the impacts on the performance of the studied system were simulated by adjusting the solar module inclination angle, the water tank volume, and the spacing of the buried pipes of the ground-source heat pump. They also optimised the system’s operating strategies, for example, through the combined operation of heat pumps and by varying the circulating medium flow rate to reduce the system’s operating costs [28].



The paper by Bulmez A M et al. highlights that SAGSHPs are currently a widely researched topic. Although vertical ground heat exchangers are the best tool for extracting heat from the earth, they are expensive. Horizontal ground heat exchangers are cheaper, but the downside is that they are not as efficient. It has been found that the efficiency of horizontal ground heat exchangers can be improved by adding auxiliary heat sources to shorten the ground freezing period [29].



Naranjo-Mendoza C et al. studied the SAGSHP of a domestic building owned and used by De Montfort University in Leicester, UK. This building is located in an area that has a temperate maritime climate, with warm winters and cool summers. In this research, an alternative approach is proposed that reduces the borehole depth by using an array of shallow bores (less than 2 m deep), with solar assistance. This configuration reduces the drilling costs by avoiding the use of expensive machinery (instead, a simple fence-post auger is used). This project improves future SAGSHP design by validating models that can predict the performance of a shallow vertical SAGSHP system for domestic building heating [30].



Emmi G et al. focused on the development of a flexible system able to work in different operating conditions. They carried out a case study of three weather conditions in Berlin (mild-cold climate), Venice (mild climate), and Barcelona (mild-warm climate), simulated with TRNSYS, in which the building load, the domestic hot water profile, and specific components’ parameters can be easily changed. The control strategy makes it possible to vary the setpoint temperatures to simulate different operating conditions and management choices. In this way, the user can easily adapt the model’s functions to a specific plant system [31].



Zhou Y et al. comprehensively discussed an integrated energy system for seasonal thermal energy storage in combination with ground-source heat pumps. Simulations were carried out to investigate the impact of the thermal energy storage capacity on the system cost, as well as the impact of the available solar area on the PV and vacuum tubes. This work sought to optimise investment, operating, and emission costs [32].



The research of Qu S et al. aimed to improve the performance of an office building based on a new operation strategy for an evacuated-tube solar collector–U-tube ground heat exchanger system. They proposed a new operation strategy, which controls the unit based on the load distribution of the building. Under this operation mode, the unit operates at a full-load rate for most of the operating time. Their study adopted the TRNSYS tool to develop a detailed simulation model. The simulation results were validated through experiments. As a result, compared with the traditional strategy, the proposed operation strategy can reduce the ground thermal imbalance in cold regions. The system coefficient of performance can be improved from 3.7 to 3.92 [33].



Li H et al. aimed to improve the performance of an absorption solar–ground-source heat pump (referred to as ASGSHP) through multi-objective optimisation. The best optimisation values for three optimisation variables, including the solar collector area, the storage tank volume and the setting temperature of the auxiliary heater, were obtained using the decision-making method. The optimisation rates for the environmental impact load and the equivalent uniform annual cost of the optimal point selected using the decision-making method were 10.9% and 3.4%, respectively [34].



Huang J et al. carried out experimental and theoretical investigations on the SAGSHP system for heating a village on the outskirts of Beijing. A TRNSYS model of the SAGSHP system was developed and validated against the measured data and an optimised solution was proposed. It is shown that adding a domestic hot water system to the original SAGSHP system will not only help to maintain the thermal balance of the ground but also reduce primary energy consumption for hot water by 70%. The system COP increases by 9.4% from 2.42 to 2.65, and the annual overall operating cost decreases from CNY 892,000 to CNY 794,000 with only a small increase in equipment cost. To ensure the thermal balance of the ground, there needs to be an optimal balance between the size of the ground heat storage, the collector area, and the tank volume [35].



The study by Lazzarin R et al. modelled the results of a glazed PVT, coupled with a ground-source heat pump. The use of glazed PVTs improves the thermal efficiency of the collector, while the coupling with the ground keeps the electrical efficiency high and prevents cell damage due to overheating. Dynamic simulation is used to determine the size and set up the appropriate control logic for the main equipment [36].



Wang Y et al. proposed an integrated SGSHPS system to achieve combined clean heating/cooling, reduce the irreversible loss from heat transfer, and increase the flexibility of the system by introducing double evaporators with different working fluids [37].



The problem of cold accumulation can degrade the performance of heat pumps. Gao Y et al. presented the design and optimisation of a solar-assisted storage system to solve this issue. A ground-source heat pump (referred to as GSHP) project was established using the transient system simulation program (referred to as TRNSYS). The simulation results showed that the optimised system could maintain a higher annual average COP because of the steady soil temperature. It provides a method for the design of a solar collector area that would need to be determined for seasonal heat storage in solar–ground-source heat pump systems [38].



Si Q et al. took a near-zero-energy building in a cold area of Beijing as an example and used TRNSYS to simulate and optimise the performance of the SAGSHP system configurations. Taking the ratio of the solar energy guarantee rate to the system energy consumption (f/Q) as the optimisation indicator, the researchers optimised the combination of the installation angle of the solar collector, the volume of the constant-temperature water tank, the heat pump unit capacity, the solar heat collection area, and the hot water storage tank parameters [39].



According to the work of Kim Y et al., solar–geothermal hybrid heat pump systems hold great promise for sustainable heating and cooling applications. However, the practical challenges and limitations have resulted in a lack of extensive field trials due to the associated time and financial constraints. As a result, previous studies have primarily relied on dynamic simulation tools to estimate the performance of prototype systems. The annual performance and efficiency of these hybrid systems are heavily influenced by the control logic of their individual components and the overall operation of the system. Consequently, there is a need for comprehensive studies on the sensitivity of system performance to variations in operational control. The sensitivity study presented in this paper revealed the advanced system control logic [40].



Considering the findings of previous research and investigations, it is noted that solar–ground-source heat pump systems have been gradually improved in terms of feasibility, component design parameters, system integration, operation modes, and control and management strategies. However, the evaluation of different operation modes and control strategies has major financial constraints and time limitations. Thus, the presented research, dealing with the operation modes and control strategies of the system, mostly adopted simulations, theoretical calculations, or simulation-based experimental approaches. In this regard, the use of experimental methods to optimise the system design and operation has been very limited [41]. Additionally, the simulation of the system has mostly focused on the system configuration optimisation, simulation software module optimization, and other aspects related to the solar–ground-source heat pump system, with very limited effort made to adjust the parameters in order to optimise the system performance using experimental methods.



Furthermore, it is very well demonstrated that running the solar–ground-source heat pump system employing fixed parameters or non-preferred parameters throughout the whole heating season would lead to insufficient or excessive energy supply in certain periods. This problem is addressed in this paper by considering different heating stages based on the outdoor meteorological conditions. In this work, different operating parameters are set, allowing for a good match between the heat pump energy supply and the heating demand of the building in different stages. Thus, the phenomenon of insufficient or excessive energy supply is avoided. In this regard, the solar–ground-source heat pump system is demonstrated as an energy-efficient alternative on the basis of guaranteeing the energy supply and indoor thermal comfort. In terms of the system parameters, there are many adjustable parameters, including the solar collector area, the number of holes drilled in the buried pipe, and the thermal conductivity of the heat exchanger piping. In this regard, the two most important system operating parameters to be considered are the solar collector start-up temperature difference and the heat pump set temperature [42,43]. On a microscopic level, the parameters of the heat pump and the solar collector start-up parameters are regulated. On a macroscopic level, a qualitative regulation is performed. According to the laws of thermodynamics, a change in temperature affects energy transfer. Thus, the control of temperature is a key factor in achieving energy transfer control and improving energy utilization [44]. Additionally, the regulation of the aforementioned temperature parameters is capable of controlling the switching of different operation modes of the system. This is a key factor in realising and optimising the energy-saving potential of the solar–geothermal heat pump system. On this basis, the research on the control strategy of these two parameters is important and timely, but there are very few experimental investigations in this area.



Aiming to satisfy the primary need for heating in the winter, people in the northern cold region of China rely heavily on fossil-fuel energy resources, which are detrimental to sustainable development and have adverse impacts on the environment. In the reported research on solar–geothermal heat pump systems in the literature, it could be noted that there is a lack of analyses of the situation in the northern cold region of China, with very few studies reporting the design and operation of such systems in this region. Additionally, there is a shortage of corresponding analytical data for better evaluation and assessment. In this paper, an experimental study of a solar–ground-source heat pump system control strategy is conducted in a demonstration near-zero-energy office building in Changchun, a typical northern cold region in China. In the experimental study, there is no need to modify the system configuration to optimise the cost and improve the energy utilisation of the heating system or the flexibility of operation. In addition, the key specifications and requirements of nearly zero-energy buildings are considered, such as high thermal insulation and airtightness levels, to fully harness the energy-saving potential of the heating system under the proposed control strategy. Overall, the experimental methodology and findings of this study can provide a reference basis for the design and operation optimisation and promotion of renewable energy-driven heating systems for near-zero-energy buildings in severe cold regions.




2. Materials and Methods


2.1. Research Methodology


In this paper, an experimental approach was used to optimise the parameters of the solar–ground-source heat pump system collector start-up temperature difference (the temperature difference between the collector and water tank) and the heat pump set temperature.



The entire heating period is divided into two experimental periods, with the central axis as the axis of symmetry, and has a similar weather temperature and solar radiation in the symmetrical interval. The weather in the severely cold region of Northeast China is suitable to conduct comparative experiments. In the first period, different parameters of the heating system were tested and evaluated. On this basis, the optimal operating parameters are identified for different heating periods. In the second period, the optimal operating parameters identified are used to carry out heating experiments.



The first experimental period and the second experimental period were subdivided into six stages, with the three stages in the first experimental period being the early stage, pre-mid stage, and mid-1 stage; and the three stages in the second experimental period being the mid-2 stage, mid-late stage, and late stage (Figure 2).



Parameter tests were conducted in the first experimental period, when temperature and solar radiation data were recorded on a daily basis. Different collector start-up temperature differences and heat pump set temperatures were set each day to measure the difference between the supply and return water temperatures of the heat pump unit, the daily power consumption of the unit, the power consumption of the pump on the ground-source side, and the power consumption of the pump on the end-load side.



According to the operating conditions of the system in previous years, there is a reasonable range of values for the collector start-up temperature difference and the heat pump set temperature, below or above which the system does not operate normally. We selected parameters within a reasonable range of values for parametric testing. The first period of the parameter test obtained the system operation data of each value parameter under different temperature and solar radiation weather conditions. By analysing the system operation pattern under different values of parameters at each stage, the preferred operation parameters for the three stages could be obtained.



In the second period, the preferred parameters were selected for the experiment because the three heating stages in the second period have similar weather conditions to the corresponding three heating stages in the first period. Thus, the system can be operated by selecting the preferred parameters in each stage of the second period according to the preferred parameters obtained in the first part. System operating parameters, such as the temperature difference between the supply and return water of the heat pump unit, the daily power consumption of the unit, and the power consumption of the pump at the ground-source end-load sides, were also measured.



In this study, a weather station was established on the roof of a building to monitor and record data on the climatic weather conditions every minute throughout the day. The temperature setpoint of the heat pump and the collector start-up temperature difference could be adjusted in the experimental setup through the visualisation panel. At 9:00 am every day, the two parameters were set, and they were also adjusted at the same time, taking into account the number of operating points. On this basis, the system’s operating mode could be switched. The heat pump system had temperature sensors at the inlet and outlet of each circuit to monitor and collect temperature data, and different data streams could be read through the system’s visualisation platform. The average evaporator temperature was around 3.5 degrees, and the average condenser temperature was around 37.5 degrees. Additionally, the system was equipped with a screen meter to record the power consumption of the pumps on the ground-source side and the end-load side, among other data. Figure 3 shows the equipment used for the experimental measurements.




2.2. Building Description


A demonstration building case study was considered in this work to implement and assess the proposed control strategy for the heating system. It is located in Changchun, Jilin Province, China.



The reasons for choosing this building as the experimental base for the heating system case study are as follows:




	
Geographic location: Changchun is located in a region with typical cold climate characteristics. Therefore, the building, as a test base, can provide research data on the performance of the heating system under cold conditions, which is of great significance for improving the applicability of the heating system in similar regions [45].



	
Application of advanced technology: This is a near-zero-energy-consumption building that adopts advanced heating technologies and equipment, such as ground-source heat pumps and solar heating. Through the optimisation of the heating system in this building, it is possible to assess the optimisation effect and performance of these advanced technologies in actual operation [46].



	
Control of experimental conditions: The use of a demonstration building as the test base allows for better control of the experimental conditions, including the thermal insulation of the envelope system and the adjustment of heating equipment parameters. This is conducive to accurately assessing the performance and energy efficiency of the optimised heating system.



	
Data collection and monitoring: Various sensors and types of monitoring equipment can be installed in the building to monitor the operation data of the heating system in real time, including the temperature, energy consumption, and other indicators. This can provide data support for the optimisation of the heating system.



	
Social demonstration: The test base has been labelled as a building with nearly zero-energy operation in the first round of evaluations carried out by the state. It has also been labelled as a model of “fine construction and precise operation” and included in the national “13th Five-Year Plan Best Case Study Collection of Near-zero Energy Buildings”, which is a case study test base for heating systems and can be made available to the public. Using this building as a test base for case studies on heating systems allows for advanced heating technologies and energy-saving solutions to be demonstrated to society, fully utilising the role of demonstration and leadership and promoting the evolution of both the construction industry and the market in the direction of more environmentally friendly and sustainable development [47].








The outlook of the NZEB is shown in Figure 4.




2.3. Experimental System Description


The solar–ground-source heat pump experimental setup established in this study can be divided into four major parts: a solar photothermal system, a heat exchange system of buried pipes, a heat pump circulation system, and an end-load system. The employed heating system integrates various operation modes, allowing the realisation of the experimental conditions. These modes include a solar collector heat cycle, a solar direct heat supply, a solar–ground-source heat pump coupling operation, and a ground-source heat pump system’s heat supply.



The operation schematic of the solar–ground-source heat pump system, as shown in Figure 5.



Overall, there exist nine kinds of circuits in the considered solar–ground-source heat pump heating system in this study. The different circulation loops are presented in Table 1.



Furthermore, the heating operation modes of the system in the demonstration building are solar direct supply mode, solar–ground-source heat pump coupling mode, and ground-source heat-pump direct-supply mode. It is worth noting here that these three cycles are independently controlled and coordinated in the overall system. This independent control allows for the coordinated operation of different systems and components.



The switching and conversion between different operating circuits in the solar–ground-source heat pump system are achieved through the opening and closing of the valves installed in the pipeline and the opening and closing of the water pump in the system. In the system, thermometers, flow meters, and water meters are integrated to monitor the different operational parameters during the experiments. Additionally, a number of temperature measurement points are set throughout the experimental system. The heat pump unit inlet and outlet temperatures and pressures are measured. In addition, the buried pipe heat exchanger inlet and outlet temperatures and pressures, as well as the solar collector inlet and outlet temperatures and pressures, are recorded. Similarly, the inlet and outlet temperatures and pressures of the heat storage tank (load side) and capillary tube end are measured. The monitored and recorded parameters and operational conditions are transmitted by the data acquisition system to the visualisation platform. This allows for evaluating and analysing the different experimental results and data streams in a systematic way.



This study focuses on the system operation in the winter season. Therefore, only the heating operation mode of the experimental system in winter is examined and analysed in the subsequent investigations. It is worth noting here that the system is able to recharge and make up heat in the transition season. This effectively prevents cold buildup. On this basis, the heat storage condition in the transition season and the cooling condition in the summer fall outside scope of this study and will not be examined in this paper.




2.4. Experimental Evaluation of the Solar–Ground-Source Heat Pump System


2.4.1. Heating Test Time Division


The weather station established on the roof of the demonstration building has allowed for recording key outdoor meteorological conditions and parameters during the heating period of the region in the past years, including the maximum and minimum outdoor temperatures, the average outdoor temperature, and the variation trend of the solar radiation. Based on these data, it is noted that the 15th of January can be considered the symmetry axis in terms of the climatic weather conditions, where the outdoor temperature and solar irradiation data are similar in the symmetry interval for the whole heating period. In this study, the experimental period is divided according to these meteorological data, as shown in Table 2.




2.4.2. Heating Experimental Programme


The six periods considered in this study are characterized by different outdoor ambient temperatures and solar radiation intensities, as well as different heat loads and operating characteristics of the heating room. In the first part, parameter testing is carried out, where the aim of this specific method is to change the two operating parameters of heat pump setpoint temperature and collector start-up temperature difference within a reasonable range. In this regard, the inlet and outlet temperatures and pressures of each of the heat pumps, the solar collector, the heat storage tank (load side), and those at the end of the capillary tubes are measured and recorded. The different data streams collected can be obtained through the visualisation platform. Measurement data can be obtained through the visualization platform during project construction (Figure 6). The energy monitoring platform was based on WCCV10-7.3 software (Changchun, China; the software version used is 7.3) system developed by the school–enterprise cooperation. Additionally, the system’s performance is evaluated under different solar radiation intensities and different outdoor temperatures. In each scenario, one of the operating parameters is set constant, while the other parameter is changed, and the obtained results are compared. In the second part of the experiment, the optimal parameters are chosen based on the outdoor ambient temperature and solar radiation intensity, allowing the system to meet the indoor load while ensuring energy-efficient operation.



On a holistic level, the hybrid solar–ground-source heat pump system can be divided into the heating system and the collector system. The control algorithm settings of the heating system and the collector system are shown in Table 3 and Table 4, respectively. It is worth noting here that the experiment in this paper is only concerned with the collector start-up temperature difference (the temperature difference between the collector and the water tank) and the heat pump setpoint temperature. On this basis, the influence of the other parameters on the system’s performance is not within the scope of this study.



The “Hybrid solar-ground source heat pump system 1” mode in the table indicates that the heat generated by the solar collector is delivered to the combined solar–ground-source heat pump heating system. Additionally, the “Hybrid solar-ground source heat pump system 2” mode indicates that the heat from the ground-source heat pump is delivered to the combined solar–ground-source heat pump heating system.






3. Results and Discussion


3.1. Calculation of the Experimental System Parameters during the Heating Period


As mentioned in the previous section, the main regulation parameters of the hybrid solar–ground-source heat pump system in the heating season are the collector start-up temperature difference (the temperature difference between the collector and the water tank outlet) and the heat pump setpoint temperature. The calculation formulas for the main experimental parameters of the system are presented below [48].



The calorific value Qh is given as follows:


   Q h  = C M Δ T  



(1)







In Equation (1), C is the specific heat capacity, J/(kg· °C), M is the mass of water, kg, and ΔT is the temperature difference between water supply and return, °C.



The heat pump unit’s coefficient of performance COPHP is given in Equation (2).


  C O  P  H P   =    Q 0     P 0     



(2)








	
Q0 is the heat production capacity of the heat pump unit, kW;



	
P0 is the heat pump unit power consumption, kW.








The heat pump cycle coefficient of performance COPC is given n Equation (3):


  C O  P C  =    Q 0     P 0  +  P S  +  P L     



(3)








	
PS is the electricity consumption for pumps on the ground-source side, kW;



	
PL is the power consumption of the pump at the end load side, kW.








The coefficient of performance of the hybrid solar–ground-source heat pump system COPS is given in Equation (4).


  C O  P S  =    Q M  +  Q D     P 0  +  P S  +  P L  +  P D     



(4)







In the above equation, QM is the solar direct heat supply, kW; QD is heat from direct solar heating; PS is the electricity consumption of the pumps on the ground-source side, kW; PL is the power consumption of the pump at the end-load side, kW; and PD is the sum of the power consumption of the direct supply circulation pump and the collector circulation pump, kW.



The pump consumption ratio α is given by


  α =    P S  +  P L     P 0  +  P S  +  P L    × 100 %  



(5)







The heat pump cycle power consumption, expressed as a percentage of β, is given by


  β =    P 0  +  P S  +  P L     P 0  +  P S  +  P L  +  P D    × 100 %  



(6)








3.2. Analysis of the Experimental Results


3.2.1. Influence of the Heat Pump Setpoint Temperature on the System Performance


In the first period of the experimentation, the parameter testing was carried out. The heat pump temperature setpoint was varied as follows: 37 °C, 38 °C, 39 °C, 40 °C. Using the set of equations presented in Section 3.1, under different outdoor temperatures, solar radiation conditions, and heat pump setpoint temperatures, the different system outputs were obtained, including the heat pump unit heat output, Q0, the heat pump unit heating power, P0, the heat pump unit’s coefficient of performance, COPHP, the heat pump circulatory system coefficient of performance COPC, and pump consumption as a percentage of α. The results of the different system outputs are shown in Figure 7 and Figure 8.



Figure 7 reveals that when the setpoint temperature of the primary heat pump is raised from 37 °C to 40 °C, there is a discernible rise in both the heat output generated by the heat pump and the corresponding heating power. As the set temperature of the heat pump is elevated, the cycle of the pump is adjusted accordingly, resulting in an increase in the supply temperature of the water at the output side. This adjustment enhances the heat transfer at the terminal unit, thereby elevating the instantaneous heat load inside the building and consequently, amplifying the heat production. Moreover, to fulfil the heightened demand for higher-grade heat within the system, the heat pump unit intensifies its heat output, which is facilitated by an increase in the thermal output of the unit’s compression mechanism.



Figure 8 presents the results of the first period of experimentation, with the change in the heat pump setpoint temperature from 37 °C to 40 °C. It is noted that with the increase in the heating setpoint from 37 °C to 40 °C, the pump unit’s coefficient of performance decreases from 3.51 to 3.21. At the same time, the heat pump cycle coefficient of performance decreases from 2.87 to 2.72. The decrease in the coefficient of performance with the increase in the setpoint temperature can be explained by the principle of the inverse Carnot cycle: under the same conditions of heat production, in the case of a relatively stable low-temperature heat source soil temperature, the higher the temperature of the water outlet at the load side of the high temperature heat source, the higher the electricity consumed by the heat pump unit. As a result, the coefficient of performance of the heat pump unit and the coefficient of performance of the heat pump cycle decrease with an increase in the setpoint temperature. In addition, as shown in Figure 8, under the four examined system conditions, the pump’s consumption accounts for a major proportion of the system’s electricity consumption, at about 26% to 32%. Under these conditions, the pump power’s consumption is found to be much larger than the heat pump unit’s power consumption. It is also noted that the trend of the heat pump cycle coefficient of performance is relatively flat with the changes in the heat pump setpoint temperature.



During the heating season, the outdoor temperature decreases drastically in cold regions, and the solar radiation intensity is reduced as well. Thus, the indoor thermal comfort load increases, leading to a higher heating demand. Due to this decrease in the ambient temperature, along with the decrease in the solar radiation intensity, there is a need to increase the temperature setpoint of the heat pump to respond to the increased indoor load. It is worth noting here that the load shall be met under the premise of a lower heat pump setpoint temperature.




3.2.2. Influence of the Collector Tank Start-Up Temperature Difference on the System Performance


In the first period of the experiment conducted in this study, the collector start-up temperature difference is set to 7 °C, 9 °C, 11 °C, 13 °C, and 15 °C. When analysing the data collected under the same weather conditions, the variation in the heat pump cycle power consumption ratio and the solar–ground-source heat pump system coefficient of performance, with the increase in the collector start temperature difference, are reported. The results are presented in Figure 9.



As seen in Figure 9, there is a noticeable trend with the variation in the collector start-up temperature difference, where it is observed that as this temperature difference increases from 7 °C to 15 °C, the proportion of power consumption attributed to the heat pump cycle also rises progressively. Concurrently, there is a gradual decline in the coefficient of performance of the solar–ground-source heat pump system. Specifically, when the temperature difference rises from 7 °C, the heat pump cycle’s share of power consumption increases from approximately 65.9% to about 68.4%. In tandem with this, the system’s COP decreases from an initial value of 4.12 to 3.94. This illustrates the inverse relationship between the collector start-up temperature difference and the system efficiency.



As shown in Figure 9, with the increase in the solar collector start-up temperature difference from 7 °C to 15 °C, the proportion of the heat pump cycle power consumption also increases gradually, while the coefficient of performance of the solar–ground-source heat pump system decreases gradually. By analysing the data presented in the Figure 9, it can be concluded that reducing the solar collector start-up temperature difference leads to an increase in the proportion of direct solar energy supply and an improvement in the coefficient of performance of the combined solar–ground-source heat pump system. It should be noted here that the solar radiation intensity is weak before 10.00 am on days of the heating season. If the solar collector start-up temperature difference is set too low, the solar collector cycle will start a bit early, with successive starting and stopping of the collector cycle several times. This phenomenon is unfavourable for the collector pump component. On this basis, the solar collector start-up temperature difference should also not be set at a very low value.



The operation results of the solar–ground-source heat pump system under different heat pump temperature setpoints and different solar collector start-up temperature differences during each period of the heating season in the first period are collected and analysed. In the evaluation, different system output parameters are considered, including the coefficient of performance of the heat pump and that of the solar–ground-source heat pump system. The system operation is analysed, allowing for the selection of the proper control strategy of the solar–ground-source heat pump system in each of the operation periods.



Through the first period of the experiment, the preferred parameters for each stage of the solar–ground-source heat pump system were obtained (the actual operation could be slightly adjusted according to the heat load of the day). Only one preferred parameter was identified for each period, at which the system had a high COP. The heat pump set temperature and the collector start-up temperature difference were the parameters that were selected most frequently for each period of experimentation. In Table 5, 39 °C/07 °C means a heat pump set temperature of 39 °C and a collector start-up temperature difference of 07 °C. The rest of the parameters are similar.



After completing the first period of experimentation and testing the different parameters, the heat pump setpoint temperature and the collector start-up temperature difference were selected in the second period of evaluation based on the optimal operating parameters obtained.



Through the two-stage experiments presented in Table 6, the total heat supply and power consumption of the system in each stage were obtained on the visualisation digital platform.





3.3. Comparative Analysis of the Operation Results under the Control Strategy


Considering the operating parameters, the coefficient of performance of the solar–ground-source heat pump system and that of the heat pump unit were calculated for each of the evaluated periods. The results obtained are presented in Figure 10. The data points in Figure 10 represent the total system COP derived from the total system heat production and total electricity consumption for each heating phase.



As shown in Figure 10, the coefficient of performance of the solar–ground-source heat pump system and that of the heat pump unit exhibit a decreasing trend. When implementing the control strategy, it is noted that in the last stage of the heating period, the coefficients of performance increased by about 4.2% compared to those reported in the early stage. Additionally, the coefficients of performance in the mid-late stage are increased by about 9.9% compared to those reported in the pre-mid stage. It is also shown that the coefficients of performance of the mid-2 stage are increased by 11.7% compared to those of the mid-1 stage. Furthermore, when implementing the developed control strategy, the average improvement in the coefficient of performance of the solar–ground-source heat pump system in the second stage is about 8.6%.



As shown in Figure 11, when implementing the control strategy, the coefficient of performance of the heat pump unit in the late stage of the heating period is improved by about 2.8% compared to that in the early stage of the first period. Additionally, the coefficient of performance of the system in the mid-late stage is improved by about 8.6% compared to that reported in the pre-late stage. It is also noted that the coefficient of performance of the heat pump unit in the mid-2 stage part of the second period is improved by about 6.7% compared to that in the mid-1 stage part of the first period. On average, the coefficient of performance in the second stage is improved by about 6.0% through the implementation of the control strategy.



In summary, it has been demonstrated that the implementation of the control strategy improves the energy efficiency of the system operation. For the combined solar–ground-source heat pump system in the heating season, it is noted that under the same operating parameters, the better the outdoor meteorological conditions, the larger the amount of heat delivered by the thermal collector, the longer the running time of the solar direct cycle, and the larger the percentage of the heat of the solar direct cycle within the total heat delivered. Moreover, under the same outdoor meteorological conditions, the smaller the start-up temperature difference of the collector cycle, the earlier the solar direct supply cycle starts, and the higher the solar direct supply cycle heat share due to the increase in operation time. At the same time, the solar–ground-source heat pump system coefficient of performance increases. However, it is worth noting here that the collector starting temperature difference cannot be set to a very low value. This will lead to the frequent starting and stopping of the collector cycle, and it has a negative effect on the collector heat pump. If on a specific day during the heating season, the ambient conditions include clouds, fog, haze, rain, or snow, along with other severe weather conditions, the temperature setpoint of the heat pump should be adjusted to realise the efficient operation of the heat pump and allow for meeting the heating demand and indoor thermal comfort requirements. On the other hand, on a sunny day, the collector start-up temperature difference should be adjusted to increase and prioritise the solar energy direct heat supply as much as possible.




3.4. Analysis of the Energy-Saving and Environmental Impacts of the Dual-Heat-Source Combined Heating System


The weight of standard coal saved is analysed by comparing a combined-heat-source heating system with a conventional boiler using a standard coal conversion method.



The same calorific consumption of standard coal mass is supplied:


    M   b 1   = q   Q   j    



(7)








	
Mb1—quality of standard coal saved, kg;



	
Qj —total heat pump system heat supply, GJ;










1 MJ = 10−3 GJ



(8)




q—average coal consumption per unit of heating in boiler rooms, kgce/GJ, taken as 47.0 [49];




   1   t =  10 3    kg   



(9)





This value is calculated as 13.05 tonnes of standard coal for the same amount of heat.



The system’s power consumption is converted into the mass of coal and calculated as follows:


    M   b 2   = α   Q   j   ;  



(10)








	
Mb2—conversion of system power consumption to standard coal mass, kg;



	
α—national standard coal consumption for electricity supply, kg/kW·h, taken as 0.306 [50];



	
Qj—total electricity consumption of the heat pump system, kW·h;










    M   b   =   M   b 1   −   M   b 2    



(11)




Mb—quality of standard coal saved, kg;


  1   kWh = 3.6   MJ  



(12)







The total building heat supply in the dual-heat-source combined heating system is calculated to be 277,840.8 MJ. To supply the same amount of heat requires the consumption of 13.05 tonnes of standard coal. The dual-heat-source combined heating system consumes 19,261 kWh of electricity, which translates into approximately 5.9 tonnes of standard coal. Therefore, the dual-heat-source combined heating system saves approximately 7.15 tonnes of standard coal per year.



The impact of dual-heat-source heating systems on the atmospheric environment is evaluated and analysed primarily on the basis of the amount of greenhouse gases and pollutant gases produced relative to the amount of primary energy consumed by conventional heating systems.



Based on the reduction in the amount of standard coal consumed due to the implementation of the renewable energy-driven heating system, the reduction in the emissions of pollutants (carbon dioxide, sulphur dioxide, and dust) can be represented as described below [51].



The CO2 emission reduction is given as follows:


    M     C O   2     =   M   b   ×   V     C O   2      



(13)








	
    M     C O   2       is the CO2 emission reduction, kg (1 t = 103 kg);



	
    V     C O   2       is the CO2 emission factor for standard coal, kgc/kgce, taken as 2.60 [52].








Then, the CO2 reduction of the heating system with dual-heat sources is 15.34 tons per year.



CO2 contains one carbon atom and two oxygen atoms and has a molecular weight of 44 (12 carbon atoms and 16 oxygen atoms).



The process of converting CO2 emissions to carbon emissions is given in Equation (14):


    M   C   =   12   44     M     C O   2      



(14)







The savings in carbon emissions are calculated to be 4.18 tons per year.



The SO2 emission reductions (MS) are given in Equation (15).


    M   S   =   M   b   ×   V   S    



(15)








	
MS is the SO2 emission reduction, kg;



	
VS is the SO2 emission factors for quasi-coal, kgs/kgce, taken as 0.02;








The SO2 reduction for the heating system with dual-heat sources is then 0.14 tons.





4. Conclusions


At this stage, the state is actively promoting the development of NZEB, contributing to the realisation of China’s “double-carbon” goal. This paper takes a NZEB as a platform to study the optimisation of the control strategy of the solar–ground-source heat pump heating system in the NZEB. The energy-saving characteristics of this exemplary NZEB envelope, such as no thermal bridges, high airtightness, and good thermal insulation, have led to better results in the experimental studies conducted in this paper compared to those conducted in conventional buildings.



This paper investigates the application of dual-heat-source heating systems in a NZEB, mainly through experimental methods. The experiment was divided into two periods, taking into account the weather conditions. In the first experimental stage, different parameters of the heating system were tested and evaluated. In this regard, the variation trends of the heat pump unit COP, system COP, collector start-up temperature difference, and heat pump setting temperature were analysed under different parameter combinations. On this basis, the optimal operating parameters were identified for different heating periods. In the second stage, the optimal operating parameters identified were used to carry out heating experiments, and the results of the two stages of the operation were compared and analysed.



The coefficient of performance of the solar–ground-source heat pump system and that of the heat pump unit exhibited a decreasing trend. When implementing the control strategy, it was noted that in the last stage of the heating period, the coefficients of performance increased by about 4.2% compared to those reported in the early stage. Additionally, the coefficients of performance in the mid-late stage increased by about 9.9% compared to those reported in the pre-mid stage. It was also shown that the coefficients of performance of the mid-2 stage increased by 11.7% compared to those of the mid-1 stage. Furthermore, when implementing the developed control strategy, the average improvement in the coefficient of performance of the solar–ground-source heat pump system in the second stage was about 8.6%.



When implementing the control strategy, the coefficient of performance of the heat pump unit in the late stage of the heating period was improved by about 2.8% compared to that in the early stage of the first period. Additionally, the coefficient of performance of the system in the mid-late stage was improved by about 8.6% compared to that reported in the pre-late stage. It was also noted that the coefficient of performance of the heat pump unit in the mid-2 stage part of the second period was improved by about 6.7% compared to that in the mid-1 stage part of the first period. On average, the coefficient of performance in the second stage was improved by about 6.0% through the implementation of the control strategy.



By adjusting the operation strategy of the dual-heat-source heating system, the annual carbon emissions saved are 4.18 tons, and the SO2 emission reduction of the dual-heat-source heating system is 0.14 tons. Adjusting control strategies effectively reduces pollution, such as carbon emissions from green buildings, and provides a reference for environmentally sustainable development.



Although this study improved the system performance and achieved better energy savings, some issues exist in this system and need further improvement.



First, the current study lacks the economic analysis of the system, such as the analysis of the benefits generated by the system using the control strategy, etc. The economic analysis helps to promote the application of the system control strategy, and this aspect can be improved in the future.



Second, although the system control strategy has been optimised through the experiments, the working condition points obtained from the short-term experiments are not comprehensive, and the control strategy given is not precise enough, which can further refine the division of the system operation stage and find the relationship curve between the system operation parameters and the outdoor meteorological conditions. This would help achieve the real-time adjustment of the system operation parameters according to the changes in the outdoor meteorological conditions, thereby achieving the real significance of the on-demand supply of energy and saving energy consumption.



Third, the control strategy of the heating season system is currently being studied, but there is a lack of research on the control strategy for the non-heating season system to manage heat distribution, etc., and this part can be improved in the future.



Finally, despite the fact that the data obtained from a series of short-term experiments in this study show the characteristics of the system, it is also necessary to collect long-term data.



The positioning of an NZEB building is the result of many interrelated factors, of which the optimisation of operational parameters is only one.



The goal of an NZEB building is to meet its energy needs from self-generated energy within a certain timeframe, thus achieving a balance between annual energy consumption and energy supply. Achieving NZEBs is not only dependent on optimising the operating parameters, but also on factors such as the building design, the choice of materials, the local climate of the geographic location, the availability and cost of renewable energy sources, and the behavioural patterns of the building’s occupants. These elements work together to determine the success of an NZEB project, and the following aspects can be studied in the future:




	
Building design: Reduce the energy consumption of the building by utilising passive design strategies, such as natural ventilation, daylight analysis, and thermal mass optimisation. The building orientation, window size and location should also be considered to maximise the use of natural light and improve energy efficiency.



	
Energy efficiency: Improving the energy efficiency of the systems and equipment within the building is an important aspect of achieving NZEBs. This includes efficient heating, ventilation, and air conditioning (HVAC) systems; energy-efficient lighting; and high-performance building insulation systems. By reducing energy demand, we can move buildings towards near-zero energy consumption. The initial construction cost of NZEBs is higher than that of conventional buildings, and more research is needed to evaluate the long-term economic benefits.



	
Integration of renewable energy: In order to achieve the goal of near-zero energy, renewable energy technologies (e.g., solar photovoltaic (PV) panels, wind power, and geothermal energy) need to be integrated into the building design. This requires optimising the selection and layout of renewable energy sources to ensure maximum use of these resources.



	
User behaviour and operations management: The final energy consumption level of a building is significantly influenced by user behaviour. Instructing occupants on how to use the building and equipment efficiently, as well as applying an intelligent building management system to optimise day-to-day operations, is critical to achieving the NZEB standard for today.
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Appendix A. Nearly Zero-Energy Building


Adapting to climate characteristics and site conditions, minimising building heating, using air conditioning sustainably, and lighting safety requirements should be considered through passive building design. The efficiency of the energy equipment and systems should be maximized through proactive technical measures. Renewable energy should be used to provide a comfortable indoor environment, with minimal energy consumption. Buildings meeting the standard requirements for indoor environmental parameters and energy efficiency indicators should achieve a reduction in energy consumption levels of more than 60% to 75% compared to the National Standard ‘Energy Efficiency Design Standard for Public Buildings’ GB50189-2015 and the industry standards, including the ‘Energy Efficiency Design Standard for Residential Buildings in Severe Cold and Cold Regions’ JGJ26-2010, the ‘Energy Efficiency Design Standard for Residential Buildings in Hot Summer and Cold Winter Regions’ JGJ134-2016, and the ‘Energy Efficiency Design Standard for Residential Buildings in Hot Summer and Warm Winter Regions’ JGJ75-2012 [53].
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Figure 1. Carbon emissions share of each period of the building process. 
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Figure 2. Research methodology workflow diagram. 
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Figure 3. Experimental measuring equipment. 
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Figure 4. Building exterior view. 
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Figure 5. Solar–ground-source heat pump system operation schematic diagram. 
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Figure 6. Interface diagram of energy monitoring WCCV10-7.3 platform. 
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Figure 7. Variation in the heat pump unit’s heating power and heat production with the changes in its setpoint temperature. 
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Figure 8. Variation in the heat pump unit’s coefficient of performance, heat pump circulating system coefficient of performance, and pump consumption percentage with the changes in the heat pump setpoint temperature. 
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Figure 9. Variation in the heat pump cycle power consumption ratio and solar–ground-source heat pump system coefficient of performance with the changes in the collector start-up temperature difference. 






Figure 9. Variation in the heat pump cycle power consumption ratio and solar–ground-source heat pump system coefficient of performance with the changes in the collector start-up temperature difference.



[image: Sustainability 16 04516 g009]







[image: Sustainability 16 04516 g010] 





Figure 10. Comparison of the system COP in the two periods. 
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Figure 11. Comparison of the unit COP in the two periods. 
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Table 1. Circulation loops.






Table 1. Circulation loops.





	Circuit Number
	Circuit Name
	Circuit Route





	①
	solar collector loop
	(C-V1-WT1-V2-P1-C)



	②
	photothermal heat-carrying-agent tank heat-output loop
	(WT1-V3-E1-P2-V4-WT1)



	③
	thermal-storage-tank heat-storage loop
	(WT2-V5-P3-E1-V6-WT2)



	④
	thermal-storage-tank direct-supply loop
	(WT2-V7-P4-V16-E3-V17-V8-WT2)



	⑤
	thermal-storage-tank coupling heating loop
	(WT2-V7-P4-V9-E2-V10-V17-V8-WT2)



	⑥
	ground-source coupled-heating loop
	(UP-P5-V11-E2-V12-HP-UP)



	⑦
	ground-source direct-supply loop
	(UP-P5-V13-HP-UP)



	⑧
	heat-pump-unit heating loop
	(HP-V15-P6-E3-V14-HP)



	⑨
	Indoor capillary heating loop
	(E3-V19-P7-CR-V18-E3)










 





Table 2. Division of the heating period.
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	Heating Period
	Times (Month.Day)





	
	early stage
	10.20–11.15



	First experimental period
	pre-mid stage
	11.16–12.15



	
	mid-1 stage
	12.16–01.15



	
	mid-2 stage
	01.16–02.15



	Second experimental period
	mid-late stage
	02.16–03.15



	
	late stage
	03.16–04.10










 





Table 3. Heating system experimental settings.
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Operation Mode

	
Activation Parameters

	
Shutdown Parameters

	
Circuits






	
direct solar heating

	
TW > 35 °C

	
water supply temperature >

(heat pump setpoint temperature +2.7 °C)

	
TW < 35 °C

	
water supply temperature >

(heat pump setpoint temperature +2.7 °C)

	
④, ⑨




	
Hybrid solar–ground-source heat pump system 1

	
TW < 35 °C

	
water supply temperature >

(heat pump setpoint temperature +2.7 °C)

	
TW < 17 °C

or

TW > 25 °C

	
water supply temperature < (heat pump setpoint temperature +2.7 °C)

	
⑤, ⑥, ⑧




	
Hybrid solar–ground-source heat pump system 2

	
TW > 25 °C

	
water supply temperature>

(heat pump setpoint temperature +2.7 °C)

	
TW < 25 °C

or

TW > 35 °C

	
water supply temperature < (heat pump setpoint temperature +2.7 °C)

	
⑤, ⑥, ⑧




	
Ground-Source Heat Pump Heating

	
TW < 25 °C

	
water supply temperature >

(heat pump setpoint temperature +2.7 °C)

	
TW > 25 °C

	
water supply temperature < (heat pump setpoint temperature +2.7 °C)

	
⑦, ⑧








TW: water tank temperature.













 





Table 4. Heat collection system experimental settings.
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	Operation Mode
	Activation Parameters
	Shutdown Parameters
	Circuits





	Heat collection cycle
	temperature difference between collector and water tank >15 °C
	Temperature difference between collector and water tank <3.5 °C
	①, ②, ③










 





Table 5. Optimal parameters in each of the operation periods.
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	Time
	Solar Radiation Illumination (W/m2)
	Maximum Outdoor Ambient Temperature/°C
	Parameters





	10.20–11.15
	650–820
	−4.3–15
	39 °C/07 °C



	11.16–12.15
	600–710
	−7.5–4.6
	40 °C/08 °C



	12.16–01.15
	510–650
	−9–1.5
	42 °C/10 °C



	01.16–02.15
	505–650
	−8.8–6.1
	41 °C/10 °C



	02.16–03.15
	620–730
	−7.7–4.7
	40 °C/09 °C



	03.16–04.10
	660–830
	1.27–17
	39 °C/07 °C










 





Table 6. Total heat supply and electricity consumption of solar–ground-source heat pump systems during the heating period.
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Stage

	
Heating Period

	
Total Heating Capacity/kWh

	
Total Power Consumption/kWh






	
Phase I

	
early stage

	
8168

	
1712




	
pre-mid stage

	
13,990

	
3647




	
mid-1 stage

	
15,372

	
4491




	
Phase II

	
mid-2 stage

	
16,095

	
4280




	
mid-late stage

	
14,394

	
3427




	
late stage

	
8287

	
1681
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