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Photovoltaic panels can directly convert solar energy into electricity, but temperature will have a certain impact on the efficiency of photovoltaic cells. Especially under the condition of nonuniform energy flow density of high-power concentration, it is of great significance to maintain the temperature uniformity of cells. Therefore, based on the radiation under nonuniform heat flux density, four heat exchangers were proposed: single-channel serpentine flow, multi-channel flat plate, full jet, and single-jet nozzle. Taking into account the uniformity of the cell temperature, the single-jet nozzle and single-channel serpentine flow can better maintain the uniformity of the temperature field compared with other heat exchangers. Especially under high-concentration energy flow density, considering the quality of heat and electricity, the performance of the four-jet nozzles is the best from the perspective of exergy efficiency. Under the condition of four-jet nozzles, the electrical efficiency and thermal efficiency of the cell can be maintained at about 29 and 62.5%, respectively, and the exergy efficiency of the system can reach 31%.
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INTRODUCTION
Recently, the serious environmental pollution of fossil fuels and mining life problems have become important factors affecting climate change and economic development (He, et al., 2021). As the world's energy structure transitions to green and low-carbon, domestic and foreign scholars and experts are exploring more new types of energy. As a clean, abundant, and renewable new energy, solar energy stands out from many alternatives, and has now been widely used in construction, transportation, communications, petroleum, and other fields (Dirker, et al., 2019; Leonard, et al., 2020; Singh, 2021). Compared with other new energy sources, such as wind energy and geothermal energy, solar energy has the characteristics of being more flexible and adaptable. Although solar energy is restricted by geographical factors, it still has broad development prospects.
Photovoltaic power generation is one of the main application methods of conventional solar power generation. It is basically composed of solar cells in series and parallel to form photovoltaic modules, and then is made to cooperate with the controller and inverter to generate electricity (Lakshmi Swarupa et al., 2021). On this basis, concentrated photovoltaic power generation adds an optical device that condenses solar energy on the surface of the photovoltaic module, which greatly reduces the expensive cost caused by the use of semiconductor materials (Gakkhar, et al., 2020). Among them, low concentration photovoltaic (LCPV), such as V-groove concentrators, require relatively low operating and maintenance costs because they do not require solar trackers and have simple technical requirements. At the same time, they can also provide a certain energy output when applied to non-energy buildings (Parupudi, et al., 2020). When LCPV systems are used in the field of seawater desalination, studies have shown that the total output of fresh water will increase significantly during the day, and the solar radiation intensity can effectively improve the thermal efficiency of the system (Xinxin, et al., 2019). Through software simulation, it can be known that considering the factors of incident angle and concentration ratio, different degrees of deformation of the compound parabolic concentrator (CPC) will have a certain impact on the CPC concentration (Xu, et al., 2018). Research on the parabolic trough solar collectors shows that the use of integrated power generation and cooling units can relatively improve thermal efficiency and power generation efficiency, and it is also outstanding in terms of cost reduction (Habibollahzade, et al., 2018). Due to the relatively high power and economic benefits of high concentration photovoltaic (HCPV) systems under actual weather conditions, the current concentration photovoltaic designs are developing to a higher concentration level (Shanks, et al., 2018). After adding a circular Fresnel lens in the middle of the traditional Fresnel condenser, as the solar radiation intensity increases, the thermal efficiency of the system will be significantly improved (Liang, et al., 2021). Recently, linear Fresnel solar reflectors have also been used in polygeneration energy systems to replace traditional fossil fuels to provide power (Sun, et al., 2021).
In view of the uneven distribution of light in the concentration system, a suitable front metal index and its spacing can enhance the performance of low-concentration photovoltaic cells (Li, et al., 2020). A study shows that when the wind speed is less than a certain value, the heat dissipation performance of the high-concentration solar cell module is significantly affected by the wind speed (Wang, et al., 2013).
When the uniformity of light on the surface of the cell is poor, stronger solar radiation intensity will more easily increase the surface temperature of the photovoltaic cell, thereby reducing the photoelectric conversion efficiency (Saura, et al., 2021). This is mainly because the increase in temperature will reduce the open circuit voltage of the battery, so in order to obtain the required output power, the cell is required to have a larger load. Therefore, the effective heat dissipation of photovoltaic cell, especially for high-power concentration systems, is indispensable and worthy of discussion and research (Hernandez-Perez, et al., 2021). Regarding how to determine the surface temperature of photovoltaic cells, Eduardo F. et al. (Fernandez, et al., 2014) analyzed and compared four methods for estimating the temperature of cells, indicating that the module-based direct measurement is better.
The cooling technology of photovoltaic cells includes active cooling and passive cooling. In some cases, passive cooling is not enough to meet the cooling requirements of the system, especially for high-power concentration systems with larger energy density, the use of active cooling will be better (Siah Chehreh Ghadikolaei, 2021). In plate heat exchangers, mutually parallel and straight metal plates are usually used to evenly distribute the heat transfer fluid in many narrow channels to flow, and a more novel way is to use serpentine coils to guide the fluid flow path (Arvanitis, et al., 2020). One study has shown that the serpentine tube structure extends along the length of the cooling plate, and can obtain a better cooling effect than the width direction. At the same time, reducing the coolant temperature is the best way to improve cooling efficiency (Deng, et al., 2018). In the research of a new type of solar air heater, it was found that improving the heat transfer efficiency of the current collector mainly depends on increasing the length of the current collector (Hajabdollahi, 2021). A study has shown that the rectangular protrusions on the solar heat exchanger absorber can obtain better hydraulic and thermal performance, and at the same time increase a certain amount of friction loss (Kumar, et al., 2021). In terms of selecting the working fluid, nanofluid has a great potential in the application of cooling PV panels due to its high thermal conductivity and good optical properties (Al-Shamani, et al., 2014; Qeays, et al., 2020). For plate heat exchangers that use nanofluids as working fluids, it has shown that Fe3O4−water nanofluids have great prospects in improving thermal performance (Zheng, et al., 2020). Jet impingement cooling technology is a kind of active cooling, which can not only maintain the low temperature of the cell under high-concentration solar energy conditions, but also the power consumption of the device is less than 1% of the cell’s power generation (Abo-Zahhad, et al., 2018). The hybrid cooling method that combines jet impingement cooling and microchannel cooling is very helpful for improving cell temperature uniformity on the basis of enhancing the cell cooling effect (Abo-Zahhad, et al., 2019). Generally, the cooling stability of a single jet is worse than that of multiple jets. At the same time, the increase of the distance between the two jets will reduce the energy loss of the jet itself, thereby improving the thermal performance of the system (Nadda, et al., 2018).
Although a lot of research work has been done on HCPV systems, there is little research on the performance of the system under the nonuniformity of heat flow density coupled with the nonuniformity of temperature field. In this study, under the condition of uneven and high heat flux, four kinds of heat exchangers were combined with concentration photovoltaic cells to study the cells’ uniformity of temperature, thermal, and electrical performance. For four different exchanger structures, a comprehensive three-dimensional model was established. The influence of different energy flow densities and mass flow on the temperature of cell, electrical efficiency, and thermal efficiency was studied. Furthermore, an exchanger structure that can better maintain cell temperature uniformity under the condition of uneven and high heat flux density is proposed. In addition, the comprehensive performance of the exchanger with the best temperature uniformity is analyzed from the perspective of thermodynamics, which can be used for industrial printing and dyeing, domestic water, and so on.
Physical Model
In order to carry out this research, a typical HCPV system was analyzed, which can be seen from Figure 1. The whole system includes a high-power concentrator, a solar concentrating photovoltaic cell, a solar concentrating photovoltaic cooling heat exchanger, a solar tracking device, and a hot water storage tank. The concentrator is used to concentrate the solar irradiance on the solar cell, and the exchanger takes away the excess heat of the solar cell. In this system, a two-dimensional tracking device is used. The two-dimensional tracking device can always make the sunlight incident perpendicularly to the concentrator, and then gather it to the solar concentrating photovoltaic cell located on the focal plane through the reflective surface, which can achieve a concentration ratio of more than 500. The solar concentrator cell in this study uses triple junction GaAs, and the size of the heat exchanger is 20 × 20 cm.
[image: Figure 1]FIGURE 1 | A typical high-power concentrator system.
The working performance of solar concentration photovoltaic cells depends not only on the concentration ratio, but also on the working temperature. If the working temperature of the cell is poor, it will affect its electrical efficiency and even its working life. Studies have shown that the optimal operating temperature range of a solar concentration photovoltaic cell is 25–80°C. If the temperature exceeds 110°C, the service life of the cell will be affected (Aldossary, et al., 2016). Therefore, the exchanger should be combined with the solar cell to take away the excess heat. As shown in Figure 2, four different solar concentration photovoltaic cooling heat exchangers are combined with the cell to compare the performance parameters of the cells. It can be seen from Figure 2 that the four heat exchangers are single-channel serpentine flow, multi-channel flat plate, full jet, and single-jet nozzle, which reflect the heat exchange of photovoltaic cells by the water-cooled enhanced heat exchange method from different angles. In addition, the specific parameters of the heat exchanger structure are shown in Table 1.
[image: Figure 2]FIGURE 2 | Four different solar concentration photovoltaic cooling heat exchangers. (A) Single-channel serpentine flow; (B) Multi-channel flat plate; (C) Full jet; and (D) Single-jet nozzle.
TABLE 1 | Specific parameters of the simulated heat exchanger.
[image: Table 1]THEORETICAL AND SIMULATED ANALYSIS
Theoretical Analysis
In the model of this study, after considering optical losses, the energy that actually reaches the photovoltaic surface is converted into a nonuniform heat flux. For the thermal energy Qpv generated by the photovoltaic cell in the process of absorbing solar energy, it can be obtained by the following formula:
[image: image]
where αpv is the absorption rate of the photovoltaic cell, G is the total energy reaching the surface of the photovoltaic cell (W/m2), which is related to solar radiation and concentration ratio, Apv is the area of the photovoltaic cell (m2), and Epv represents the power output of the photovoltaic cell (W).
The output power Epv of the photovoltaic cell is affected by the total amount of direct solar radiation that reaches the surface of the cell after being collected by the concentrator and the photovoltaic cell temperature Tpv, which can be calculated by the following formula:
[image: image]
where rpv is the coverage factor of photovoltaic cells and ηpv is the photoelectric conversion efficiency of photovoltaic cell.
The working electrical efficiency of the cell is a function of the working temperature and the efficiency of the solar cell at the reference cell temperature, which can be calculated by the following formula (Maka and O'Donovan, 2020):
[image: image]
where ηref and Tref are the electrical efficiency and temperature of the photovoltaic cell under reference conditions, respectively, with the value of ηref at 32% and the value of Tref at 25°C, Tcell is the working temperature of cell (°C), and β is the thermal coefficient.
The formula of the thermal efficiency of the system is as follows:
[image: image]
where ηth is the thermal efficiency of the photovoltaic cell, Qw is the heat energy output by the system (W), m is the mass flow of cooling fluid (kg/s), A is the area of the entire surface (m2), cp is the specific heat capacity of the cooling fluid at constant pressure (J·kg−1·°C−1), tin is the inlet temperature of the cooling fluid (°C), and tout is the outlet temperature of the cooling fluid (°C).
In order to further explore the comprehensive performance of the system, the comprehensive efficiency proposed according to the first law of thermodynamics is used to evaluate, which is equal to the sum of electrical efficiency and thermal efficiency. The formula is as follows (Khanjari, et al., 2016):
[image: image]
where ηtotal is the overall efficiency.
However, the comprehensive efficiency proposed only based on the first law of thermodynamics is one-sided. Therefore, from the analysis of the second law of thermodynamics, the exergy efficiency is proposed to better evaluate the comprehensive performance of the system. Exergy refers to the part of energy that can be converted into useful work when the system interacts with the environment, which reflects the quality of energy to a certain extent. The formula is as follows (Aste, et al., 2015):
[image: image]
where ηel is the exergy efficiency, Ts is the temperature of the environment (K), and Tout is the outlet temperature of the cooling fluid (K).
Meshing and Grid Independence
Under the condition of uneven high-power concentrated energy flow density, the distribution of energy reaching the heat exchanger is also uneven, with a certain range of attenuation from the center to the edge. In order to give uneven heat flux density on the surface of the heat exchanger, a model was built using ANSYS software, the surface was divided into different regions, and the mesh was drawn in Meshing, which can be shown in Figure 3. For the cell to obtain more uniform heat flow, the size of the cell should be similar to the innermost area in Figure 3.
[image: Figure 3]FIGURE 3 | Area divisions and grids of the surface of the heat exchanger.
At the same time, in order to simplify the calculation and improve the feasibility of the simulation and the correctness of the simulation results, the following assumptions were made during the numerical simulation:
1) The cooling fluid is an incompressible fluid, its physical parameters are constant, and there is no slippage on the wall of the model;
2) There is no dust on the surface of the photovoltaic cell;
3) The transmittance of the EVA layer is 1;
4) There is perfect thermal contact between the photovoltaic cell and the bottom copper substrate;
5) The thermophysical properties of the solid domain have nothing to do with temperature.
In order to simulate and calculate the established heat exchanger model, it is necessary to verify the grid independence. As shown in Figure 4, taking a single-channel serpentine flow as an example, the simulation results of six different grid cell numbers of 55,089, 120,312, 273,991, 393,126, 473,991, and 580,863 are compared. It can be seen from Figure 4 that the temperature of the cell and the outlet water temperature calculated by the number of grids of 473,991 and 580,863 are not very different, and the relative error is about 0.0057%. Taking into account the cost of calculation, continuing to refine the grids is of little significance to the output results. Therefore, the number of grids selected in this study is 473,991.
[image: Figure 4]FIGURE 4 | Temperature of the cell and outlet temperature under different grid numbers.
RESULTS AND DISCUSSION
The Influence of Different Heat Exchanger Structures on the Temperature Uniformity of Cell
Figure 5 shows the temperature field distribution of the cells under four heat exchangers. Under the same mass flow and heat flow density, the temperature field of the cell combined with the single-channel serpentine flow heat exchanger is relatively uniform, and the cooling fluid takes away a lot of heat. However, the temperature field of the cell has a certain increase from the inlet to the outlet, which is not obvious. The temperature field of the cell combined with the multi-channel flat plate heat exchanger is uneven and obviously distributed in stripes. The temperature of the part in contact with the channel is less than 80°C, and the noncontact part does not lose a lot of heat, which exceeds 80°C. Under the action of high heat flux density, the temperature difference of the cell between the area where the cooling fluid passes and the area without the cooling fluid will be very large and long-term operation will affect the service life of the cell.
[image: Figure 5]FIGURE 5 | Temperature field distribution of the cell under four different conditions, the Influence of inlet flow on the uniformity and temperature of the cell. (A) Single-channel serpentine flow; (B) Multi-channel flat plate; (C) Full jet; and (D) Single-jet nozzle.
Figure 5C and Figure 5D are the temperature field distributions of the cell under full jet and single-jet nozzle, respectively. Compared with the first two forms, the two structures can keep the temperature uniformity in the high heat flux in the center, and the uniformity of the single-jet nozzle is better than that of the full jet. Compared with the single-channel serpentine flow and the multi-channel plate, the average temperature of the cell exceeds 80°C, which is suitable for medium-fold energy flow density. It can be seen from Figure 5 that the single-channel serpentine flow and single-jet nozzle can better maintain the uniformity of the cell temperature field.
The Influence of Inlet Flow on the Uniformity and Temperature of Cell 
Figure 6 and Figure 7, respectively, show the influence of the inlet flow on the average temperature of the cell with different concentration ratios. For single-jet nozzle, as the flow rate increases, the temperature of the cell has a downward trend, but as the concentration ratio increases, to ensure that the temperature of the cell is in a safe area, the range of the flow rate will be reduced. When the inlet flow is more than 0.08 kg/ s, the heat taken away by the cooling liquid is not enough to quickly reduce the temperature of the cell, which is suitable for a low concentration ratio of 100. Especially in the dish-type concentration system with nonuniform heat flux, when the concentration ratio exceeds 500, no matter how large the inlet flow is, it is not enough to ensure the effective working temperature and temperature uniformity of the cell. Therefore, under the existing cooling method, the concentration ratio of the dish system is recommended to be less than 500.
[image: Figure 6]FIGURE 6 | Influence of inlet flow on the temperature of the cell under the single-jet nozzle.
[image: Figure 7]FIGURE 7 | Influence of inlet flow on the temperature of the cell.
Compared with the single-jet nozzle, the single-channel serpentine flow can carry a lot of heat, thereby the temperature of the cell will drop sharply, especially when the inlet flow rate changes from 0.04 kg/ s to 0.18 kg/ s. When the inlet flow exceeds 0.18 kg/ s, the temperature changes more slowly, which has less influence on the temperature of the cell. And when the concentration ratio is 500, the system under single-channel serpentine flow can also work normally. Therefore, single-channel serpentine flow is more suitable for a high-power concentration system than single-jet nozzle.
Figure 8 shows the temperature difference of cells between the single-channel serpentine flow and single-jet nozzle under the energy flow density of the concentration ratio of 100. As the flow increases, the temperature difference in cell decreases. When the inlet flow is less than 0.1 kg/ s, the cell temperature difference under the single-channel serpentine flow is smaller than that under the single-jet nozzle. If the flow rate further increases, the temperature field of the cell under the single-jet nozzle is more uniform than single-channel serpentine flow. Taking account into the uniformity of the cell temperature, the single-channel serpentine flow can be considered when the inlet flow is less than 0.1 kg/ s. If the inlet flow increases, it is recommended to use the single-jet nozzle.
[image: Figure 8]FIGURE 8 | Influence of inlet flow on the temperature uniformity of the cell.
ANALYSIS OF TEMPERATURE UNIFORMITY AND THERMOELECTRIC CHARACTERISTICS OF CELL UNDER FOUR-JET NOZZLES
Analysis of Temperature Uniformity of Cell Under Four-Jet Nozzles
The four-jet nozzles method is proposed for the high concentration ratio to ensure that the cell under the four-jet nozzles can not only maintain a uniform temperature field, but can also keep the overall average temperature under the high concentration ratio in the optimal temperature range.
Figure 9 shows the changes in the cell temperature and outlet temperature under the four-jet nozzles under different concentration ratios. The temperature of cells under the four-jet nozzles is lower than that under the single-channel serpentine flow. Both forms of heat exchange are suitable for low concentration ratios. When the concentration ratio is increased to 500, the temperature of the cell under the four-jet nozzles can be kept within the optimal operating temperature range, thereby having a stable power output.
[image: Figure 9]FIGURE 9 | Influence of concentration ratio on cell temperature and outlet temperature under the four-jet nozzles and single-channel serpentine flow.
The outlet temperature of the two heat exchange forms also increases with the increase of the concentration ratio. When the concentration ratio is relatively low, the difference in the outlet temperature of the two heat exchange forms is not large. When the concentration ratio is 500, the outlet temperature of the single-channel serpentine flow can reach 48°C, but the outlet temperature of the four-jet nozzles is only 32°C. Therefore, in the high-power concentration system, the cooling effect of the single-channel serpentine flow is worse than that of the four-jet nozzles, and the photoelectric conversion efficiency of the cell is also lower.
Figure 10 shows the change of the difference of cell temperature under the four-jet nozzles, single-channel serpentine flow, and single-jet nozzle with different concentration ratios. When the concentration ratio is relatively low, the temperature difference of the cell under the three heat exchange modes has little difference, which can be kept below 10°C, and the cells under the three heat exchangers can maintain the temperature uniformity. As the concentration ratio increases, the temperature difference of the cell under the three heat exchange modes is significantly different. When the concentration ratio is 400, the temperature difference of cells under the single-channel serpentine flow is the largest, exceeding 25°C, and the temperature difference of cells under the four-nozzle jet is the smallest, with a value of 10°C. Compared with the single-jet nozzle and the single-channel serpentine flow, the four-jet nozzles can better ensure the uniformity of the cell temperature field, which is suitable for high concentration ratios.
[image: Figure 10]FIGURE 10 | Influence of concentration ratio on temperature uniformity of cell under the four-jet nozzles, single-channel serpentine flow, and single-jet nozzle.
Analysis of the Thermoelectric Performance of Cell Under Four-Jet Nozzles
Total Efficiency and Exergy Efficiency of the Cell Under Four-Jet Nozzles
Figure 11 shows the change of the electrical efficiency, thermal efficiency, total efficiency, and exergy efficiency of the cell with inlet flow under the four-jet nozzles at the concentration ratio of 500. As the inlet flow increases, the electrical efficiency, total efficiency, and exergy efficiency of cells have a rising trend, especially when the inlet flow changes from 0.1 kg/s to 0.16 kg/s. The electrical efficiency is significantly improved, reaching 29.8%. Thermal efficiency has little effect and remains at about 62%. When the inlet flow exceeds 0.16 kg/ s, the increasing trend of the electrical efficiency of the cell gradually becomes flat, which can not only maintain the stability of electrical and thermal efficiency, but also provide considerable system energy output of 31%.
[image: Figure 11]FIGURE 11 | Influence of the inlet flow on the electrical efficiency and thermal efficiency.
Influence of the Inlet Temperature of Cooling Water on Exergy Efficiency of Cell Under Four-jet nozzles Flow.
It can be seen from Figure 12 that the change of the thermal exergy efficiency and exergy efficiency of the cell under the four-jet nozzles at the concentration ratio of 500 with the inlet temperature of cooling water. Ignoring the influence of external radiation, it is assumed that the ambient temperature in summer is 20°C and the ambient temperature in winter is 0°C. The thermal exergy efficiency and total exergy efficiency in winter are significantly higher than that in summer. When the inlet temperature of cooling water is 60°C, the thermal exergy efficiency in winter can exceed 10%, and the total efficiency can exceed 40%. From the comparison between winter and summer, a higher energy quality can be obtained in winter.
[image: Figure 12]FIGURE 12 | Inlet temperature of cooling water on the thermal exergy efficiency and exergy efficiency of the cell under the four-jet nozzles in summer and winter.
CONCLUSION
Due to the uneven energy flow density at high concentration of solar concentrators, it is of great significance to maintain cell temperature uniformity. Based on high-power concentrated energy flow density, this study establishes a thermoelectric model of concentrated solar energy, which uses four forms, namely single-channel serpentine flow, multi-channel flat plate, full jet, and single-jet nozzle. In this model, the uniformity of the cell temperature field and the thermoelectric performance are extensively analyzed.
1) Considering the uniformity of the temperature field, the cell under the multi-channel plate is the worst, which distributed in stripes. The cell under the single-channel serpentine flow is relatively uniform. Both the full jet and the single-jet nozzle can maintain temperature uniformity under the high-power concentrated energy flow density, but the uniformity of the single-jet nozzle is better than that of the full jet. The single-channel serpentine flow and single-jet nozzle can better maintain the uniformity of the cell temperature field.
2) As the flow rate increases, the temperature of the cell has a downward trend, but as the concentration ratio increases, the range of the flow rate to ensure that the temperature of cell is in a safe area will decrease. For single-jet nozzle, when the concentration ratio exceeds 500, it is not enough to ensure the effective working temperature and temperature uniformity of the cell. However, when the concentration ratio is 500, the single-channel serpentine flow can work normally. Therefore, the single-channel serpentine flow is more suitable for high-power concentration systems than single-jet nozzle. Considering the uniformity of the cell temperature, when the inlet flow rate is less than 0.1 kg/ s, the single-channel serpentine flow can be considered. If the inlet flow increases, it is recommended to use the single-jet nozzle.
3) In order to maintain the uniformity of the cell temperature when the high-power concentrated energy flow density is uneven, a four-jet nozzles heat exchange form is proposed and analyzed. When the concentration ratio is increased to 500, the temperature of cell under the four-jet nozzles can be kept within the optimal operating temperature range, thereby having a stable power output. Compared with the single-jet nozzle and the single-channel serpentine flow, the four-jet nozzles can better ensure the uniformity of the cell temperature field, which is suitable for high concentration ratios.
4) At an energy flow density of the concentration ratio of 500, as the inlet flow increases, the electrical efficiency is significantly improved to 29.8%. The thermal efficiency has little effect and remains at about 62%. Taking into account the quality of heat and electricity, the total exergy efficiency has not changed much, basically maintained at about 31%. The thermal exergy efficiency and total exergy efficiency in winter are significantly higher than that in summer. When the inlet temperature of cooling water is 60°C, the thermal exergy efficiency in winter can exceed 10%, and the total efficiency can exceed 40%, which can obtain high-quality heat output.
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GLOSSARY
A the area of the entire surface [m2]
Apv the area of the photovoltaic cell [m2]
cp the specific heat capacity of the cooling fluid at constant pressure [J · kg-1 ·° C-1]
Epv the power output of the photovoltaic cell [W]
G the total energy reaching the surface of the photovoltaic cell [W · m-2]
m the mass flow of cooling fluid [kg · s-1]
Qpv the thermal energy generated by the photovoltaic cell in the process of absorbing solar energy [W]
Qw the heat energy output by the system [W]
rpv the coverage factor of photovoltaic cells [%]
Tcell the working temperature of photovoltaic cell [° C]
Tref the temperature of the photovoltaic cell under reference conditions [° C]
Tout the outlet temperature of the cooling fluid [K]
Ts the temperature of the environment [K]
tin the inlet temperature of the cooling fluid [° C]
tout the outlet temperature of the cooling fluid [° C]
αpv the absorption rate of the photovoltaic cell [%]
β the thermal coefficient [%]
ηpv the photoelectric conversion efficiency of photovoltaic cells [%]
ηref the electrical efficiency of the photovoltaic cell under reference conditions [%]
ηth the thermal efficiency of the photovoltaic cell [%]
ηel the exergy efficiency of the photovoltaic cell [%]
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