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The simultaneous need for energy efficiency and indoor comfort may not be met by existing air source heat pump (ASHP) technology. The novelty of this study lies in the use of a new gravity-driven radiator as the indoor heating terminal of ASHPs, aiming to provide an acceptable indoor comfort with improved energy efficiency. To confirm and quantify the performance improvement due to the proposed system retrofit, a field test was conducted to examine the system performance under real conditions. In the tests, measurements were made on the refrigerant- and air-side of the system to characterize its operational characteristics. Results showed that the proposed radiator has a rapid thermal response, which ensures a fast heat output from the system. The proposed system can create a stable and uniform indoor environment with a measured air diffusion performance index of 80%. The energy efficiency of the proposed system was also assessed based on the test data. It was found that the system’s first law efficiency is 42.5% higher than the hydraulic-based ASHP system. In terms of the second law efficiency, the compressor contributes the most to the overall system exergy loss. The exergy efficiency of the proposed system increases with the outdoor temperature and varies between 35.02 and 38.93% in the test period. The research results and the analysis methodology reported in this study will be useful for promoting the technology in search of energy efficiency improvement in residential and commercial buildings.
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INTRODUCTION
Air source heat pump (ASHP) is widely recognized as an energy efficient and cost effective means to provide space heating in buildings (Dai et al., 2020; Yang et al., 2020). It functions to transfer heat from outdoors to an indoor space with the aid of electrical work. As an ASHP operates based on vapor compression cycle, its heat output is constantly higher than the electricity input to provide an energy efficiency ratio always greater than unity (Chen et al., 2021; Zendehboudi et al., 2021).
Traditional ASHP system uses indoor air as heat carrier medium (referred to as the air-based system). In this system, indoor air is re-circulated and heated by the heat pump to compensate the space heat losses in winter (Zhang et al., 2017). This approach is featured by a rapid room temperature response, but it also has some limitations. First, the heated supply air with higher temperature will flow upward in the room due to buoyancy effect, thus leading to lower local air temperature in occupation zone. In practice, the resulting vertical temperature difference can be as high as 6–8°C (Zhang, 2015). Comfort temperature in occupation zone may be achieved by increasing the heat output from the ASHP, but this will inevitably increase the space heating energy consumption. Second, the thermal radiation effect introduced by the air-based system is negligible, which may result in low mean radiant temperature (MRT) of the space and adversely affects the human comfort (Walikewitz et al., 2015; Guo et al., 2020).
In view of the above limitations, hydraulic-based emitters are proposed in previous studies to be used as the indoor heating terminal of ASHPs (referred to as the hydraulic-based system) (Hewitt et al., 2011; Kelly and Cockroft, 2011). In this case, hydraulic-based emitters (e.g., radiators and radiant floor) are employed and installed in the room as heat dissipation device, and the ASHP is used only as a heat source. Since the hydraulic-based emitters dissipate heat by both convection and radiation, it can effectively reduce the radiative heat losses from human body in winter. Meanwhile, when compared with the air-based system, the use of hydraulic-based emitters can provide a relatively uniform indoor temperature, which further enhances the comfort level of the indoor environment (Myhren and Holmberg, 2008; Lin et al., 2016).
However, the use of the hydraulic-based emitters will incur additional pump energy use. Zhang measured the operating efficiency of a hydraulic-based system in a typical residence in the rural area of Beijing, China (Zhang, 2015). Results showed that the pump energy use accounts for 25–34% of the overall system consumption during winter, which is equivalent to a loss of about 30% of the heat pump efficiency.
This study contributes to the literature by proposing a novel gravity-driven radiator for use as the indoor heating terminal of ASHPs. The radiator uses gravity as the driving force for water circulation, thus eliminating the pump energy use in the hydraulic-based ASHP system. A field test was performed to examine the operational characteristics and performance of the proposed system. Based on the test results, the first and second law efficiency of the system are evaluated and discussed.
PROPOSED SYSTEM
The gravity-driven radiator proposed in this study was retrofitted from a steel plate-type radiator. Its schematic is shown in Figure 1. To enable heat exchange between the radiator and the ASHP, a tube-in-tube heat exchanger was installed on the external of the original radiator. The inner tube of the heat exchanger is the refrigerant flow path, and the outer tube is the water flow path. When being heated by compressor discharge refrigerant, water flows upward in the heat exchanger due to buoyancy effect. In the radiator, the water dissipates heat to the indoor space by convection and radiation, leading to a temperature decrease and thus a downward flow due to gravity difference. Subsequently, the water returns to the heat exchanger, where it is being heated again. It can be seen that the radiator uses gravity as the driving force for water circulation, implying that no additional pump work is needed and the associated energy consumption is eliminated. Unlike common radiators used in district heating, water is encapsulated in the proposed radiator, thus the possibility of fouling is minimized. The schematic of the ASHP system using the proposed radiator as indoor heating terminal is shown in Figure 2.
[image: Figure 1]FIGURE 1 | Schematic of the proposed gravity-driven radiator (unit: mm) T: Thermocouple; P: Pressure sensor; V: Flow meter.
[image: Figure 2]FIGURE 2 | Schematic of the proposed ASHP system.
METHODOLOGY
Field Test
In order to examine the operational characteristics and performance of the proposed ASHP system, a field test was conducted. The test was performed in a 74 m2 office located in Taiyuan, China. Five double-glazed windows were installed on the external walls of the office, as shown in Figure 3. Gravity-driven radiators were installed and placed under each external window. The radiators were connected in a parallel arrangement.
[image: Figure 3]FIGURE 3 | Arrangement of radiators and measuring points (unit: mm).
The ASHP used in the field test had a rated heating capacity of 4 kW and input power of 1.7 kW. The heat pump had a dual rotor compressor with a maximum allowable discharge and suction pressure of 4.2 and 1.5 MPa, respectively. An electronic expansion valve was used as the expansion device. Frost removal on the evaporator coil was realized by the common reverse-cycle defrosting method.
The measuring points on the refrigerant-side were located at the inlet and outlet of each system component as shown in Figure 2. Air temperature and humidity entering and leaving the heat pump’s evaporator were measured in real time using a hygrometer sensor. Thermocouples were used to measure the temperature distribution in the test room. Air temperatures were measured at five positions (1–5 in Figure 3) and three levels (0.1, 1.1, and 1.7 m height above the floor.). The above heights correspond to the height of the occupants’ ankle as well as the height of the occupants’ head when sitting and standing, respectively. Therefore, there were altogether 15 measuring points in the test room. Besides, the power consumption of the heat pump was measured using a power meter. The measurement instruments, which are summarized in Table 1, were connected to a data logger for real-time transmission and recording of test data.
TABLE 1 | Specific parameters of each measuring instrument.
[image: Table 1]The test period was from 22nd February to 28th February. The test could be divided into two stages. The first stage focused on the thermal response of the radiator during the system start-up. The second stage measured the quasi-steady performance of the system, where the test data sampling interval was set as 30 s. To confirm the validity of the test data obtained, the heat transfer of the system’s evaporator was calculated from both the refrigerant-side and air-side. It was found that the deviation between the two sets of data was less than 5%, thus confirming the reliability of the test data.
First Law Analysis
Based on the test data, the instantaneous heat output (q in kW) of the system can be calculated by:
[image: image]
where t is time, s; mr is the mass flow rate of the refrigerant, kg/s; Δh is the specific enthalpy difference of the refrigerant across the tube-in-tube heat exchanger (see Figure 2), kJ/kg.
The cumulative heat output (Q in kWh) in a certain time period (Δτ) can be calculated by:
[image: image]
Similarly, the cumulative power consumption (W in kWh) of the system in the time period Δτ can be given by:
[image: image]
where w is the instantaneous power consumption of the heat pump’s compressor, kW.
In this study, the first law efficiency of the system is characterized by a Coefficient of Performance (COP), which is defined as the amount of heat output per unit of electrical power consumed:
[image: image]
Second Law Analysis
The second law efficiency of the proposed system is evaluated by assessing the exergy at the inlet and outlet of each system component (Castelli et al., 2019). In this light, the equations for exergy analysis are established, which can be solved explicitly in sequence with measured refrigerant temperatures and pressures as model inputs.
The system satisfies (Zhang et al., 2019):
[image: image]
where Ein is the exergy input to the system, W; Eout is the exergy output from the system, W; ΔE is the exergy loss, W.
The exergy of refrigerant flow can be calculated using:
[image: image]
where h is the specific enthalpy of refrigerant, kJ/kg; T0 is the ambient temperature, K; h0 is the specific enthalpy of refrigerant at T0, kJ/kg; s is the specific entropy of refrigerant, kJ/kg K; s0 is the specific entropy of refrigerant at T0, kJ/kg K.
The exergy input to the radiator can be written as:
[image: image]
The exergy output from the radiator can be written as:
[image: image]
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Therefore, the exergy loss of the radiator can be given as:
[image: image]
where φb is φ at point b (see Figure 2), kJ/kg; φc is φ at point c, kJ/kg; Ts is the surface temperature of the radiator, K; q is the heat dissipation of the radiator, kW.
Similarly, the exergy loss of the expansion valve can be calculated by:
[image: image]
[image: image]
[image: image]
where φd is φ at point d, kJ/kg.
The exergy loss of the evaporator can be calculated by:
[image: image]
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where φa is φ at point a, kJ/kg.
The exergy loss of the compressor can be calculated by:
[image: image]
[image: image]
[image: image]
where w is the power consumption of the compressor, kW.
The overall system exergy loss is the sum of the losses from various components:
[image: image]
Therefore, the second law efficiency of the system can be expressed as:
[image: image]
Note that for an ideal (i.e., reversible) system, the second law efficiency ηsys equals to unity. The contribution of various components (e.g., radiator) to overall system loss can be evaluated by a fractional loss, which is defined as the ratio of the component exergy loss to the overall system loss.
RESULTS AND DISCUSSION
Thermal Response of the Proposed Radiator
In this section, the thermal response of the proposed gravity-driven radiator was examined during the system start-up. An Infrared Thermal Imager was used to record the radiator surface temperature by taking pictures at 15 min intervals after the heat pump was switched on. Results are shown in Figure 4. The radiator was in temperature equilibrium at time zero. Upon switching on the heat pump, the radiator surface temperature increased rapidly and became stable at 43.1°C after about 90 min, resulting in an average rate of temperature rise of 25.5°C/h (for the whole radiator surface). However, for a typical radiant floor heating system, this rate can be as low as 1.2°C/h. This is because the radiant floor and the circulating water itself have large thermal mass. In practice, this thermal mass can create a considerable lag for heat output from an ASHP and potentially leads to occupants’ complaint. Consequently, the use of the proposed radiator can ensure a fast heat output from the system.
[image: Figure 4]FIGURE 4 | Radiator temperature during the system start-up.
In addition, as seen in Figure 4, the radiator has a higher surface temperature in the upper part, and the maximum vertical temperature difference is about 4°C. This is due to the heat transfer between the circulating water and the indoor environment, which causes a decrease in water temperature along the flow direction. The resulting density difference is the driving force for water circulation in the proposed radiator.
Indoor Thermal Environment
During the test period, the outdoor temperature fluctuated within the range of −2.4–10.6°C, while the measured average indoor temperature was maintained at the set-point of 20°C, indicating that the proposed system is able to create a relatively stable and comfort indoor temperature. To further explore the temperature distribution in the test room, the measured data on 22nd February were selected for a detailed study. The average temperatures at 0.1, 1.1, and 1.7 m height above the floor are shown in Figure 5. As can be seen, a vertical temperature difference exists in the room. This is due to the buoyancy effect of heated air, leading to a higher temperature in the upper part of the room. The maximum temperature difference between 0.1 and 1.1 m as well as that between 0.1 and 1.7 m is found to be 2.2 and 3.3°C, respectively, which satisfies the requirements specified by ASHRAE Standard 55 (ANSI/ASHRAE, 2020) for acceptable thermal environment. Therefore, as compared with the air-based system, the use of the proposed radiators can mitigate the adverse effects due to uneven temperature distribution and enhance the comfort level of an indoor environment served by ASHP.
[image: Figure 5]FIGURE 5 | Indoor temperature distribution.
Air diffusion performance index (ADPI), as defined by ASHRAE Standard 113 (ANSI/ASHRAE, 2009), was used to quantity the air diffusion performance and thus thermal comfort for the test room because it considers two main thermal comfort variables (i.e., air temperature and velocity). ADPI is taken as the percentage of the measuring points that can meet the human comfort requirements. A larger ADPI generally means a better air distribution performance (Liu and Novoselac, 2015). Under winter heating conditions, people are considered comfortable when the effective draft temperature (EDT) at a measuring point is maintained within the range of −1.7–1.1°C. In the context of this study, EDTs at various measuring points (see Figure 3) were calculated and the obtained results are shown in Table 2.
TABLE 2 | EDT at different measuring points.
[image: Table 2]As seen in Table 2, ADPI reaches 80% for the proposed system. As a contrast, indoor environment served by traditional air-based ASHP system typically has an ADPI of only ∼30% (Wang, 2002). This demonstrates that the use of the proposed radiators can effectively reduce the vertical temperature difference in the room, where a majority of the measuring points have an EDT well within the acceptable range.
Operational Characteristics and First Law Efficiency
The compressor suction and discharge pressure changes during the system start-up are shown in Figure 6. It can be seen that upon the heat pump is switched on, the discharge pressure rises rapidly and becomes stable afterward. The time required to reach the steady state is about 90 min, which is consistent with the dynamic behavior of the radiator (see Figure 4). In addition, the discharge pressure changes more significantly than the suction pressure because of the sharp increase in radiator temperature during the system start-up. After reaching a steady state, the suction and discharge pressures are found to be 0.8 and 3.5 MPa, respectively, which are well within their respective operation limit to ensure a stable operation of the compressor.
[image: Figure 6]FIGURE 6 | Suction and discharge pressures during the system start-up.
To assess the steady state performance of the proposed system, the obtained test data are hourly averaged. The compressor suction and discharge pressures on hourly basis during the test period are shown in Figures 7, 8, respectively. It can be seen that for stable operation, the compressor suction pressure is closely related to the outdoor temperature, while the discharge pressure is mainly dependent on the radiator temperature. The first law efficiency of the system varies with the above parameters. The hourly COP of the proposed system is given in Figure 9. As can be seen, the system COP is mainly affected by the outdoor temperature. During the test period, the hourly COP varies between 1.83 and 3.33. As the outdoor temperature increases, the evaporating pressure elevates to decreases the compression ratio as well as the specific volume of refrigerant at compressor suction. Therefore, the system operates under favorable operating conditions, thus yielding a higher COP value.
[image: Figure 7]FIGURE 7 | Hourly suction pressure during the test period.
[image: Figure 8]FIGURE 8 | Hourly discharge pressure during the test period.
[image: Figure 9]FIGURE 9 | Hourly COP of the system during the test period.
To further understand the energy efficiency of the proposed system, the daily cumulative heat output, power consumption and average COP of the system during the test period were calculated. The daily COP of the system ranges between 2.22 and 2.78 with an average over the test period of 2.51. To enable a comparison of the COP between different ASHP systems, references were made to previous studies (Xiao et al., 2010; Zhou et al., 2013). Relevant information is shown in Table 3. It is revealed that under similar outdoor temperatures, the proposed system’s COP is comparable with the air-based system but 42.5% higher than the hydraulic-based system. This energy efficiency improvement is mainly due to the elimination of pump energy use in the hydraulic-based system. Therefore, the proposed system is capable of creating a comfort indoor environment without compromising the heat pump’s energy efficiency.
TABLE 3 | Comparison of COP for different systems.
[image: Table 3]Second Law Efficiency
In this section, five sets of data at outdoor temperatures of −2, 0, 2, 4, and 6°C were selected to evaluate the exergy performance of the proposed system as discussed in Second law analysis. Results are shown in Table 4. Among various system components, the compressor has the largest exergy loss, which varies between 551.42 and 927.23 W. This is due to the fact that non-isentropic compression is involved, of which the irreversibility is considerable. Further, the compressor exergy loss decreases with an increase in outdoor temperature. This is because as the outdoor temperature increases, the evaporating temperature also increases to result in a decrease in compression ratio as well as the irreversible compressor work. The fractional loss of the compressor reaches the minimum value of 43.01% when the outdoor temperature is 6°C. But it still contributes the most in the overall system exergy loss.
TABLE 4 | Exergy losses from different system components.
[image: Table 4]The exergy loss due to expansion valve varies between 406.95 and 587.35 W. As the outdoor temperature elevates, the corresponding loss decreases. This is because as the outdoor temperature increases, the evaporating temperature increases to result in a decrease in the temperature difference of refrigerant across the expansion valve. For the studies outdoor temperature range, the fractional loss of expansion valve remains relatively stable and varies between 31.03 and 33.18%. The radiator exergy loss varies within the range of 220.33–232.39 W. The evaporator has the lowest exergy loss among the system components, only accounting for 5.40–5.93% of the overall system exergy loss.
Generally, an increase in the outdoor temperature can improve the system’s exergy performance. This is due to the fact that the compressor power decreases with increased outdoor temperature, and the irreversibility due to non-isentropic compression is the main source of exergy loss in the proposed system. For the studied outdoor temperature range, the proposed system has a relatively high exergy efficiency varying between 35.02 and 38.93%. To enable a comparison of the exergy performance between different heating systems, references were made to previous studies (Wen and Ma, 2003). Relevant information is shown in Table 5.
TABLE 5 | Exergy efficiency comparison for different heating systems.
[image: Table 5]As can be seen from Table 5, the exergy efficiency of the proposed system is comparable with the hydraulic-based system using radiant floor as indoor heating terminal, but 15% higher than the district heating system. Therefore, the proposed system can be considered as a promising ASHP technology for further deployment in the building industry.
CONCLUSION
This study contributes to the literature by proposing a novel gravity-driven radiator for use as the indoor heating terminal of air source heat pump. The radiator uses gravity as the driving force for water circulation, thus eliminating the pump energy use in the hydraulic-based heat pump system. A field test was performed to examine the operational characteristics and performance of the proposed system. It was found that the proposed radiator has a rapid thermal response, which ensures a fast heat output from the system. The proposed system can create a stable and uniform indoor environment with a measured air diffusion performance index of 80%. The first and second law efficiency of the proposed system was also assessed based on the test data. It was found that the system’s first law efficiency is 42.5% higher than the hydraulic-based system, and is comparable with the traditional air-based system. In terms of second law efficiency, the compressor contributes the most to the overall system exergy loss. The exergy efficiency of the proposed system varies between 35.02 and 38.93% in the test period. The above findings confirmed that the proposed system can create a comfort indoor environment with relatively high energy efficiency, making it a promising solution for space heating in the building industry.
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