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Abstract

:

In this paper, a solar-assisted enhanced vapor injection air-source heat pump (SC-EVIHP) system was built to investigate its heating performance in cold regions. A typical-weather day in Harbin was selected for the experiment, and the heating characteristics of the SC-EVIHP system were explored under variable working conditions. The experimental results showed that the system was greatly affected by solar radiation intensity. On typical-weather days in winter, the maximum values for the heating capacity and COP of the system appeared at the time of maximum radiation intensity. Compared with conventional enhanced vapor injection air-source heat pump systems (EVI-ASHPs), the heating capacity and COP were increased by 24.9% and 12.5% at most, respectively. The COP of the system increased by at most 11.1% under conditions where the outdoor temperature was −12 °C and the outlet hot air temperature of the solar air collector was 40 °C. The SC-EVIHP system works well in a low-temperature environment and can be widely applied in cold regions.
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1. Introduction


Heat pumps can absorb a large amount of low-grade heat energy in the external environment. Heat pumps are also energy-efficient, green and renewable, and easy to use as well as low-cost in installation, which make them easy to widely utilize and apply [1,2]. However, with a reduction in outdoor temperature, the heating capacity and COP of air-source heat pump (ASHP) systems drop sharply. This factor makes the heat pump difficult to promote in low-temperature areas [3,4,5,6,7].



Scholars at home and abroad have proposed different solutions to the limitations of ASHP systems. Jie et al. [8] experimentally found that by installing a flash tank, the exhaust temperature could be effectively reduced, which improved the reliability of the system in a low-temperature environment. Han et al. [9] went through comparative experiments and found that the performance of an ASHP system with vapor injection technology had obvious advantages compared with the conventional ASHP system under low-temperature conditions when the optimal injection ratio was achieved. Wei et al. [10] found that the defrosting efficiency of the ASHP system with vapor injection technology could be improved by 6.22% when the branch expansion valve was adjusted to the optimal opening. In summary, the running performance of an ASHP system with vapor injection technology is markedly improved compared with the conventional ASHP system. Heo et al. [11] proposed the optimal circulation control method by analyzing three different forms of vapor injection systems. For the heating capacity of the system, the optimal sub-cooler pressure ratio was suggested to be 0.4 to 0.7, and for the COP of the system, the optimal sub-cooler pressure ratio was suggested to be 0.7 to 0.8. Wang et al. [12] analyzed the performance of an ASHP system with a flash tank and a sub-cooler, respectively. They found that the ASHP system with a flash tank performed better. Li et al. [13] compared the effects of upstream and downstream injection on the performance of the heat pump system. The results showed that downstream injection resulted in better operational performance. In summary, there are optimal operating conditions for an ASHP system using vapor injection technology. Superior performance of the system is significant under optimal operating conditions.



In recent years, with the increasing demand for clean energy, the application of solar systems has attracted the attention of many scholars. Jia et al. [14] proposed a CHP system based on a solar gas-assisted thermo-photovoltaic (TPV) device. It was found that the addition of solar energy could not only increase the output power of the TPV system but also could save a significant amount of fuel. Wang et al. [15] established a combined solar and gas-fired boiler heating system. It was found that the combined heating system had a clear advantage with respect to both energy savings and economics over gas-fired boiler capacity expansion. Aligholami et al. [16] established a solar chimney power plant model. It was found that a hydrophobic surface could improve the system performance by 11%. According to the above academic research, combined solar systems can achieve the effect of improving system performance, saving energy, and protecting the environment.



With the development of combined solar systems, the combined application of solar and heat pump systems has attracted the attention of many scholars wanting to improve the performance of heat pump systems. Yang et al. [17] simulated a solar-assisted air-source heat pump using models of serial, parallel, and dual-source indirect expansion. The results illustrated that the three heat pumps had the potential to be applied in areas with relatively low solar radiation intensity. Wang et al. [18] found through theoretical analysis that the combined operation of solar and ASHP systems could compensate for the shortcomings of the ASHP system. The overall stability of the combined system operation as well as the economic benefits were better. Long et al. [19] simulated the energy efficiency of the combined system during the cold season and showed that the combined system could achieve high-efficiency energy conservation by adjusting system connections according to meteorological conditions. Xu et al. [20] found that air flowing through the outdoor evaporator after being heated by the collector could improve the heat production and efficiency of the ASHP system. Karolis et al. [21] explored the system performance using a TRNSYS software simulation and the results showed that solar-assisted ASHP systems had significant advantages.



Research has shown that the COP and heating capacity of the EVI-ASHP system under low-temperature environmental conditions have been improved to a certain extent compared with the conventional ASHP system. However, further improvement of thermodynamic performance is also an urgent problem to be solved. A combined solar energy and EVI-ASHP system can improve operational performance. In this paper, this combined system was studied. The hot air heated by the solar air collector was directly blown to the air intake of the outdoor unit of the EVI-ASHP system, increasing the evaporation temperature of the heat pump in order to optimize the performance of the system. In our experimental analysis, the operational regulations of the system were explored so as to find the best operation scheme suitable for winter heating in cold areas and to provide experimental data as a basis for follow-up projects.




2. Experimental System and Theoretical Analysis


2.1. Test Device


The SC-EVIHP system was composed of two parts: a solar air collector and an EVI-ASHP system. The EVI-ASHP system included outdoor and indoor units. The outdoor unit included a compressor, four-way reversing valve, outdoor heat exchanger, electronic expansion valve, and other equipment components. The indoor unit included an indoor heat exchanger and control system. The system principle and equipment pictures are shown in Figure 1, Figure 2 and Figure 3. The total area of the solar energy collector was 10.5 m2, and the collector efficiency was more than 55%. The fan airflow was 570 m3/h. The refrigerant of the EVI-ASHP system was R32, with a rated heating capacity of 4000 W and a rated power of 1700 W. The EVI compressor used a fully enclosed DC inverter. Both the indoor and outdoor units of the EVI-ASHP system used fin heat exchangers.



The experiment was carried out in an enthalpy difference laboratory, meeting the requirements of relevant national standards. In order to simplify the experiment and operate it easily, TRNSYS software was used to simulate the solar air collector, as shown in Figure 4. Through the software simulation, the outdoor air heated by the solar air collector could be measured. The same effect could be achieved by using the heating device to provide hot air to the same temperature. Eight groups of measuring points were set up on the system to measure the pressure and temperature at each point. The system was equipped with a mass flow meter, a power meter, a hydraulic mirror, a filter drier, and other equipment. The specific experimental equipment parameters are shown in Table 1. An Agilent 34,972 A (Keysight Technologies, Silicon, CA, USA) Valley was used for data collection at an interval of 5 s.




2.2. Thermodynamic Cycle Analysis


Figure 5 shows the pressure enthalpy diagram of the SC-EVIHP system. Generally, the operation process of the heat pump system is 1—2—3—4—1. The heating capacity of the system is improved because more refrigerant in the EVIHP system enters the condenser through the vapor injection loop [8]. The compression process can be divided into three stages: the first stage of compression before the vapor injection (1—9), the middle stage of the vapor injection (7—10, 9—10), and the second stage of compression after the vapor injection (10—11). After the refrigerant in the condenser exchanges heat with the external environment (11—3), the refrigerant is primarily throttled (3—5) into the flash tank, and then the refrigerant is diverted into two routes. Saturated vapor refrigerant directly enters the compressor through the vapor injection loop (5—7—10). The saturated liquid refrigerant enters the evaporator through secondary throttling and then enters the compressor for circulation (6—8—1).



The thermodynamic calculation formula is shown in Formulas (1) and (2):



The heating capacity of the SC-EVIHP system    Q ˙   :





    Q ˙  =  (   m ˙  + i  )  ×  (   h  11   −  h 3   )    



(1)







In Formula (1),    m ˙  + i   is the mass flow through the condenser (kg/s), which is measured by the mass flowmeter. h11 is the enthalpy of the condenser inlet (kJ/kg). h3 is the enthalpy of the condenser outlet (kJ/kg).



Unit COP:


  C O P =   Q ˙    W ˙  +   W ˙  0     



(2)







In Formula (2),    Q ˙    is the heating capacity of the heat pump (kW).     W  ˙    is the compressor power (kW), which is measured by a three-phase power meter.      W 0   ˙    is the heater fan power (kW), which is a CY125 (Shenzhen Xin Hao Long Electronic Technology Co., Ltd, Shenzhen, China) centrifugal fan with a power rating of 108 W.
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Figure 5. Diagram of the pressure enthalpy of the system. 
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As can be seen from the pressure enthalpy diagram in Figure 5, the total heating capacity of the SC-EVIHP system is:


   Q ˙  =  (   m ˙  + i  )   (   h  11   −  h 3   )  =  m ˙   (   h 1  −  h 8   )  +  m ˙   (   h 9  −  h 1   )  +  (   m ˙  + i  )   (   h  11   −  h  10    )   



(3)







In Formula (3), hi is the enthalpy at the corresponding point (kJ/kg).    m ˙   (   h 1  −  h 8   )    is the heat absorption of the refrigerant in the evaporator.    m ˙   (   h 9  −  h 1   )    is the work performed by the primary compression of the compressor.    m ˙   (   h  11   −  h  10    )    is the work performed by the secondary compression of the compressor.



The heating capacity of the ASHP system without a flash tank is:


    Q ˙  1  =  m ˙   (   h 1  −  h 4   )  +  m ˙   (   h 2  −  h 1   )   



(4)







According to (3) and (4), the difference between the two is the increase in the heating capacity of the ASHP system with flash tank. It is as follows:


  Δ  Q ˙  =  m ˙   (   h 4  −  h 8   )  +  (   m ˙  + i  )   (   h  11   −  h  10    )  −  m ˙   (   h 2  −  h 9   )   



(5)







According to the analysis of Formula (5), the heating capacity increment of the SC-EVIHP system comes from the supercooling of the refrigerant inside the flash tank and the increased work consumption of the compressor through the vapor injection loop.





3. Experimental Scheme Design


3.1. Performance Analysis of the SC-EVIHP System for a Typical-Weather Day


The temperature data for typical meteorological days in winter was simulated using TRNSYS software in Harbin, China. The result is shown in Figure 6. The temperature data were selected for experiments to test the heating performance of the SC-EVIHP system in cold areas. According to the requirements, the indoor temperature of the enthalpy difference laboratory was controlled at 14 °C. The experiment was divided into two groups. One group was the performance analysis of the EVI-ASHP system without the solar air collector. The second group was the performance analysis experiment of the SC-EVIHP system with the solar air collector. The operational performance of the SC-EVIHP system was investigated through comparative experiments.




3.2. Study of the Operational Regulation of the SC-EVIHP System


In order to further explore the operational characteristics of the SC-EVIHP system, test conditions were formulated according to the standards as shown in Table 2. First, the system was tested without the solar air collector to measure heating capacity, power consumption, and other performance parameters. Hot air with different temperatures was blown to the outdoor unit through the heating device. The airflow of the heating device was set at 200 m3/h to explore the operational regulations of the SC-EVIHP system under different outdoor temperatures.





4. Experimental Results and Analysis


4.1. Experimental Study of the SC-EVIHP System on a Typical-Weather Day in Winter


Figure 7 and Figure 8 show the comparison between the heating capacity and COP of the system. As can be seen from the figures, when the solar radiation intensity was 0, the heating capacity and COP of the two systems were the same. During 7:00~16:00, the solar radiation intensity increased first and then decreased to 0. Because the conventional EVI-ASHP system has no solar air collector, system performance was mainly affected by the outdoor temperature. At this point, the heating capacity and COP were low. For the SC-EVIHP system, the hot-air temperature at the solar air collector outlet increased rapidly with the increase in solar radiation intensity. The evaporation temperature of the SC-EVIHP system increased. This made the suction gas capacity of the compressor smaller and the mass flow of the heat pump moving fluid larger, thus causing an increase in the heating capacity and COP of the system. During this period, the heating capacity increased by 2.3~24.9%, with an average increase of 9.2%. The COP increased by 0.59~12.53%, with an average increase of 5.6%. At 12:00, the solar radiation intensity was the highest. The heating capacity and COP of the SC-EVIHP system also reached their peak. At this point, the heating capacity was 4.16 kW and the COP was 2.35. Compared with the EVI-ASHP system, the heating capacity and COP were increased by 24.9% and 12.5%, respectively. According to the experimental data, compared with the single EVI-ASHP system, the SC-EVIHP system had a better heating effect and more energy conservation. From 12:00 to 13:00, due to the sudden decrease in solar radiation intensity, the heating capacity and COP of the SC-EVIHP system also decreased. This indicates that the SC-EVIHP system is greatly affected by solar radiation intensity.




4.2. Study of Operational Performance of the SC-EVIHP System


Table 3 shows the operational performance of the EVI-ASHP system at different outdoor temperatures. It can be seen that both the heating capacity and COP of the system decreased with the fall of outdoor temperatures. They decreased by 66.4% and 22.3%, respectively, which indicates that the system was greatly affected by the outdoor environment.



The comparable results of the heating capacity of the SC-EVIHP system under different outdoor temperatures and different hot air temperatures are displayed in Figure 9. As shown in Figure 9, when the outdoor temperature was −12 °C, −5 °C, and 7 °C, respectively, the heating capacity increased first and then decreased with the increase in hot air temperature. When the hot air temperature was 40 °C, the heating capacity reached the maximum value, then it decreased with the rising hot air temperature. The reason for this is that with the increase in hot air temperature, the evaporation temperature of the system rose gradually, and more refrigerant absorbed heat from the outside to evaporate for circulation, thus the heating capacity of the system increased. However, as the hot air temperature continued to rise, more refrigerant entered the compressor through the vapor injection loop, causing a decrease in exhaust temperature and the temperature of the condenser inlet. These results caused a decrease in the heat transfer temperature difference between the system and the external environment. Although the mass flow in the system was improved, the heat transfer temperature difference plays a dominant role in the heat transfer process, so the heating capacity decreased. When the outdoor temperature was −20 °C, the heating capacity gradually increased with the rising hot air temperature. The heating capacity can be kept at about 4 kW. This indicates that a good heating condition can still be achieved in a cold area. As can be seen from Figure 9, as the outdoor ambient temperature decreased, the heating capacity of the SC-EVIHP system had greater improvement [22,23].



Comparison of the COP of the SC-EVIHP system at different outdoor temperatures and different hot air temperatures is shown in Figure 10. The variation trend of the COP was similar to that of the heating capacity. When the outdoor temperature was −12 °C, −5 °C, and 7 °C, respectively, the COP increased first and then decreased with the increase in hot air temperature. When the hot air temperature was 40 °C, the COP reached the maximum value, then it decreased with the rising hot air temperature. The reason is that with the increase in hot air temperature, the evaporation temperature of the system rose gradually, thus causing the heating capacity of the system to increase. However, as the hot air temperature continued to rise, the heating capacity of the system decreased. Moreover, as more refrigerant entered circulation, the power consumption of the compressor also increased. This resulted in a decrease in COP. When the outdoor temperature was −20 °C, the COP gradually increased with the increasing hot air temperature. This indicates that the SC-EVIHP system operates more stably in cold regions.



As can be seen from Figure 9 and Figure 10, when the airflow and the hot air temperature were 200 m3/h and 40 °C, respectively, the performance of the SC-EVIHP system was the best. When the outdoor environment is extremely cold, the hot air temperature can be continuously increased to improve the performance of the SC-EVIHP system.



The comparison of compressor exhaust pressure of the SC-EVIHP system at different outdoor temperatures and different hot air temperatures is shown in Figure 11. The compressor exhaust pressure was greatly affected by the outdoor temperature. The exhaust pressure increased with the increasing outdoor temperature. When the outdoor temperature was unchanged, the exhaust pressure gradually decreased by 7.5 to 12.1% as the hot air temperature increased. When the outdoor temperature was −20 °C, the decrease range was the largest. This indicates that the SC-EVIHP system has its best operational performance in a low-temperature environment.



Figure 12 shows the comparison of compressor exhaust temperatures of the SC-EVIHP system at different outdoor temperatures and different hot air temperatures. Compressor exhaust temperature is mainly affected by two parameters: suction temperature and compression ratio. As the outdoor temperature increased, the evaporation temperature increased, causing the compressor suction temperature to rise and the compression ratio to decrease. At this time, the suction temperature plays a leading role in causing the rise of the compressor exhaust temperature. As shown in Figure 12, when the outdoor temperature was 7 °C, the compressor exhaust temperature was 131 °C. High compressor exhaust temperature causes carbonization of the lubricating oil. It will increase the wear of the compressor’s moving parts, thus affecting the service life of the compressor. As the hot airflow increased, more refrigerant entered the compressor from the vapor injection loop. The compressor exhaust temperature was effectively decreased by 9~21%. This shows that the SC-EVIHP system is safer and more stable than the EVI-ASHP system.



It can be seen from Figure 13 and Figure 14 that the heating capacity and COP of the SC-EVIHP system at different temperatures were improved with hot air. The heating capacity of the SC-EVIHP system improved by 3.9~10.9% and the COP improved by 6.1~11.1%. When the outdoor temperature was −5 °C, the maximum increase in heating capacity was 10.9% compared with the EVI-ASHP system. When the outdoor temperature was −12 °C, the COP reached its maximum increase of 11.1%. When the outdoor temperature was −20 °C, the COP of the SC-EVIHP system still increased by 10%. This indicates that the SC-EVIHP system is more suitable and energy-saving in cold areas.





5. Economic Analysis


The initial investment, labor cost, and operational cost of the SC-EVIHP system and EVI-ASHP system are analyzed and compared in Table 4. According to the survey, the initial investment for a conventional EVI-ASHP system is about USD 630. The investment for a solar air collector is USD 560. The SC-EVIHP system is relatively complex, so the labor cost is USD 140. The labor cost of a conventional EVI-ASHP system is USD 70. Taking Harbin as the research city, the average power used by the SC-EVIHP system was 2 kW and the average power used by the conventional EVI-ASHP system was 3.1 kW. The unit electricity price in Harbin is 0.0714 USD /kWh. The daily operational time of the two systems was 8 h. During the six-month heating period, the annual operating cost of the SC-EVIHP system was USD 201.6, while the conventional EVI-ASHP was USD 312.48. According to the analysis, although the initial investment of the SC-EVIHP system is relatively high, its operational cost is significantly lower. The economic advantages of the SC-EVIHP system will become more apparent with increased years of operation. Assuming that the service life of the two systems is 15 years, the SC-EVIHP system can save the user USD 1663.2 in terms of electricity costs. The SC-EVIHP system is stable and reliable in operation, with outstanding energy-saving effects and obvious economic advantages. It will have broad application prospects.




6. Conclusions


Through the exploration of the operational regulation of the SC-EVIHP system, the experimental results are as follows:




	(1)

	
The SC-EVIHP system is greatly affected by solar radiation intensity. In the experiment regarding a typical meteorological day in winter, the maximum outlet temperature of the solar air collector appeared at 12 o’clock; at this time, the heating capacity and COP of the SC-EVIHP system were reaching their maximum value. Compared with the conventional EVI-ASHP system, the heating capacity and COP of the SC-EVIHP system were improved by 24.9% and 12.5%, respectively.




	(2)

	
In the conditions using hot air at different temperatures, the heating capacity and COP of the SC-EVIHP system increased by 3.9~10.9% and 6.1~11.1%, respectively. When the outdoor temperature was −12 °C and the hot air temperature was 40 °C, the COP of the SC-EVIHP system increased by 11.1% at most and still increased by 10% at the extreme outdoor temperature of −20 °C.









This research improves the heating performance of the EVIHP system and has very broad application prospects in cold regions. However, some improvements can be made to this system. It can adopt a solar air collector with energy storage materials to extend the operational hours of the system at night. Furthermore, suitable control schemes and optimized air supply mode can be researched to optimize the overall performance of the system.
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Figure 1. Experimental principles and measurement point layout diagram of the SC-EVIHP system. 
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Figure 2. Physical picture of the indoor unit of the SC-EVIHP system. 
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Figure 3. Physical picture of the outdoor unit of the SC-EVIHP system. 






Figure 3. Physical picture of the outdoor unit of the SC-EVIHP system.



[image: Energies 15 07730 g003]







[image: Energies 15 07730 g004 550] 





Figure 4. Solar air collector model. 
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Figure 6. The import and export temperature and solar radiation intensity for typical meteorological solar collectors in winter in Harbin. 
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Figure 7. Comparison of heating capacity of the systems. 
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Figure 8. Comparison of COP of the systems. 
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Figure 9. Heating capacity of the SC-EVIHP system. 
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Figure 10. COP of the system. 
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Figure 11. Compressor exhaust pressure changes under different operational conditions. 
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Figure 12. Compressor exhaust temperature changes under different operational conditions. 
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Figure 13. Heating capacity comparison at different outdoor temperatures. 
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Figure 14. COP comparison under different outdoor temperatures. 
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Table 1. Experimental instrument parameters.






Table 1. Experimental instrument parameters.





	Testing Instrument
	Product Model
	Range
	Accuracy





	T-type thermocouples
	SH-T
	−99.9~300 °C
	±0.15 °C



	Diffusible silicon pressure transducer
	MIKP300
	0–5 MPa
	0.25 class



	Mass flow meter
	RHM18913
	0~1.7 kg/s
	±0.2%



	Three-phase electronic measurement and control meter
	TP612
	0~756,000 kW
	0.5 class



	Filter dryer
	DFS-083S
	-
	-



	Hydraulic mirror
	SYJ6
	-
	-
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Table 2. Test conditions.






Table 2. Test conditions.





	

	
Indoor Side

	
Outdoor Side






	
Dry-bulb temperature/°C

	
20

	
−20

	
−12

	
−5

	
7




	
Wet-bulb temperature/°C

	
15

	
-

	
−13.5

	
−1

	
6
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Table 3. Operational performance of the EVI-ASHP system at different outdoor temperatures.






Table 3. Operational performance of the EVI-ASHP system at different outdoor temperatures.





	Outdoor

Temperature/°C
	Indoor

Temperature/°C
	Heating

Capacity/kW
	Power

Consumption/kW
	COP





	−20
	20
	3.90
	1.70
	2.29



	−12
	20
	5.11
	2.03
	2.52



	−5
	20
	5.56
	2.10
	2.65



	7
	20
	6.49
	2.32
	2.80
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Table 4. Economic benefit analysis.






Table 4. Economic benefit analysis.










	
	SC-EVIHP System
	Conventional EVI-ASHP System





	Initial equipment Investment/USD
	1190
	560



	Labor cost/USD
	140
	70



	Annual operating cost/USD
	201.6
	312.5
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