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Abstract


The negative effect of the operating temperature on the functioning of photovoltaic panels has become a significant issue in the actual energetic context and has been studied intensively during the last decade. The very high operating temperatures of the photovoltaic panels, even for lower levels of solar radiation, determine a drop in the open-circuit voltage, with consequences over the electrical power generated and PV-conversion efficiency. The temperature effect over the efficiency of monocrystalline and polycrystalline photovoltaic panels by using a double-climatic chamber and a solar simulation device was studied experimentally for two photovoltaic panels, one monocrystalline and another polycrystalline, with the same nominal power of 30 Wp. The double-climatic chamber used is composed of two separate rooms, a cold and a hot one, while the PV panel is placed as a barrier between them. The study is focused on establishing the effect of raising the temperature of PV panels over electrical parameters: voltage, current, and power produced and for efficiency and fill factor to promote sustainable energy consumption. The findings highlight the positive impact of cooling on enhancing system efficiency, with the primary focus on quantifying its overall performance. The operating temperature is controlled by the flow of air on the backside of the PV panel inside the cold room. The level of radiation studied corresponds to a vertical integration of PV panels in building façades. The coefficient of the mean variation of the efficiency with the photovoltaic panels’ temperature was −0.52%/°C; for voltage, −0.48%/°C, and for current, +0.10%/°C.
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1. Introduction


Climate change has an important impact on the worldwide flora and fauna, including human civilization. To address this issue, sustainable solutions need to be implemented urgently to reduce carbon dioxide emissions [1]. In this context, photovoltaic (PV) technology has important advantages, considering that the energy source is renewable and free and the production of electricity is clean and does not have a negative impact on the environment (CO2 and NOx emissions, waste, noise, etc.). The generation of electricity is done without moving parts, determining reduced costs of maintenance. When the systems are serving buildings, the energy produced is consumed locally, which results in reduced power losses [1].



Generating electricity with low CO2 emissions represents an important energetic target, presenting a large European and worldwide interest. In terms of environmental sustainability, PV panels harness solar energy, which is a clean and inexhaustible source. They reduce dependence on fossil fuels and help lower greenhouse gas (GHG) emissions.



The building-integrated photovoltaic (BIPV) concept consists of placing PV panels on the roof or façades of buildings [2]. The integration is justified if one analyzes the main advantages: the local production and consumption of electricity, which imply reduced energy losses and the possibility of complex use of electricity and thermal energy. By increasing energy generation and reducing consumer losses, a reduction in CO2 and NOx emissions and environmental protection are achieved, maintaining the same comfort conditions for occupants. The implementation of high-efficiency PV systems integrated into buildings and the reduced distance between the source and the consumption point could determine a decrease in environmental pollution and CO2 emissions [3,4].



One of the main problems concerning the operation of photovoltaic panels is the significant increase in their operating temperature, which causes an important drop in conversion efficiency [5,6,7]. The decrease in the conversion efficiency related to the increase in the temperature for solar radiation of 1000 W/m2 has values around −0.50%/°C [8].



Even though monocrystalline and polycrystalline solar panels are structurally different, with a slightly higher efficiency for monocrystalline ones, their operation is similar, and, according to the specialized literature, both are similarly affected by high operating temperatures [8].



The performance characteristics of photovoltaic panels (voltage (V), current intensity (I), electric power generated (P), efficiency (η), and fill factor (FF)) depend on operating temperature (Tmed) and intensity of solar radiation (G) [9]. It is estimated that around 80% of the solar radiation incident on the photovoltaic panel is converted into heat [10] at operating temperatures in the interval of 65–80 °C, depending on solar radiation intensity [7]. As the power of a photovoltaic cell is influenced by the temperature and radiation levels, the standard test conditions (STC) parameters are defined: Tmed = 25 °C, G = 1000 W/m2, AM 1.5, when PV panels generate the nominal power measured in watt-peak (Wp) [11]. A real concern is that in regular operation, at solar radiation levels of 500 … 1000 W/m2 and low air velocities, the photovoltaic panels can reach temperatures of 80 °C [12], leading to a significant decrease in efficiency [13].



The literature provides examples, procedures, and relationships for determining the influence of operating temperature over the efficiency of PV panels, but most of them are related to the STC or NOCT conditions only [11].



A feasible method to increase the efficiency of PV panels consists in using cooling solutions [14,15]. Most of the studies on the cooling of photovoltaic panels are also focused on the usage of the thermal energy extracted because of this process so that the recovery time of the investment is less than that of the stand-alone photovoltaic systems [16]. The simultaneous conversion of solar energy into electric and thermal energy using photovoltaic-thermal panels is known in the literature as PVT (photovoltaic-thermal system) [17]. A particular feature of this solution is the BIPVT concept, which implies the integration of PVT into buildings [3,4].



Detailed studies on the air cooling of photovoltaic panels are carried out in [18,19]. The integration of photovoltaic panels in the building envelope, as the exterior glazing of the double-glazed façades, is also considered a viable solution [20,21]. In this case, the ventilation of the channel can be realized naturally (due to the thermal draft or wind) or mechanically [22].



The use of water as a cooling agent for photovoltaic panels is a solution analyzed in different studies [23,24,25]. The hybrid photovoltaic panels studied in the literature have attached a water coil with the role of cooling the PV panel and solar collector [26]. Most water-cooling techniques are placed in the category of active cooling solutions and are superior to air cooling, but are more expensive [27].



The present study presents an experimental evaluation of the influence of the operating temperature over the most relevant parameters of two silicon PV panels at constant levels of radiation. It highlights the potential for enhancement of the efficiency of photovoltaic systems and emphasizes the importance of further research to promote sustainable energy consumption. The implemented analysis is suitable for building integrated photovoltaics in vertical positions when solar radiation levels are around 500 W/m2, but important heating is still recorded [28].




2. Experimental Setup


Comparative tests were performed for two types of photovoltaic panels: monocrystalline and polycrystalline, with approximately equal dimensions and of the same nominal power, 30 Wp, with slightly different electric characteristics (Table 1). Within the experimental program, carried out by using a Feutron double-climatic chamber (DCC) (Feutron Klimasimulation GmbH, Langenwetzendorf, Germany) [29], the performance of the photovoltaic panels was analyzed under various conditions by modifying the air temperature. The measured values were the electric Voc, Isc, Pmp, Vmp, and Imp, and thermal ones, Tmed and Gmed. Additionally, the influence of external parameters on photovoltaic conversion efficiency, η, was determined.



The radiation was provided by a solar radiation simulation device (Figure 1) composed of six light bulbs, type OSRAM Ultra-Vitalux, of 300 W each. The design, setup and calibration of the device was realized through PhD research in TUIASI - Romania [30]. The radiation produced by the simulation device does not cover the entire solar radiation spectrum but has satisfactory wavelengths necessary for evaluating PV panel heating and conversion [31]. The radiation produced is nearly uniform on the surface of the PV panel and it is inversely proportional with distance.



The advantage of using a double-climatic chamber consists in its compartmentation into two spaces, a hot room and a cold one, in which different conditions of temperature and humidity can be created. The air temperature can be adjusted within a range of +5 to +100 °C in the hot room and −45 to +100 °C in the cold room. The relative humidity values can be adjusted between 10 and 95% for the hot room and 15 and 95% for the cold room [32].



For the experimental evaluation of the effect of temperature on the photovoltaic panels, the analysis of thermal phenomena was performed in a steady-state regime.



The experimental setup and the equipment used for the analysis of photovoltaic panels in the double-climatic chamber are shown in Figure 2. In this figure, the red lines were used for representing the connections for electrical parameters measurements, blue lines for voltage and the magenta lines for the data transmission to PC.



The photovoltaic panels were positioned in the DCC between the two chambers and the cooling is assured by the air from the cold room. The small size of the photovoltaic panels and the solar radiation simulation device were imposed for easy handling and integration in the climatic chamber.



To control the operating temperature of the PV panel exposed to radiation, the solar radiation simulator was placed in the hot room, while the back of the photovoltaic panel was in the cold room (Figure 3). The connections for the measurement of the temperature and the electric parameters were made through a sealed orifice of the climate chamber.



1—PV panel; 2—extruded polystyrene insulation; 3—solar radiation simulation device; 4—solar lamps; 5—hot room; 6—cold room; 7—conductors from thermocouples; 8—double-climatic chamber; 9—digital multimeter; 10—control panel of DCC; 11—data acquisition station; 12—uninterruptible power supply (UPS); 13—computer; (±)—conductors of PV panels.



The temperature measurement and recording were performed using the data acquisition system provided by COMET Data Logger MS6 (COMET System s.r.o., Rožnov pod Radhoštěm, Czech Republic) with 16 inputs for PT1000 [33] and temperature sensors and (PT1000 thermocouples), while the electrical measurements were achieved by using Fluke multimeters and clamp meters (Fluke Europe B.V., Eindhoven, Netherlands) [34]. The distribution of the temperatures was determined using both the thermal imaging camera Testo 871 (Testo SE & Co. KGaA, Baden-Württemberg, Germany) [35] and thermocouple values.



The measurement of the radiation distribution on the surface of the photovoltaic panels was done using specific equipment: Pyranometer Model Voltcraft PL-110SM (Voltcraft®, Hirschau, Germany) [36] and Solarimeter Model RE550 (PA Hilton Ltd., Hampshire, UK) [37].



When possible, all devices were used together with their dedicated software. The average uncertainty of the measurement associated with the instruments was approximately 0.6%.



During the measurements the following parameters were monitored: the temperature of the photovoltaic panels for the monocrystalline and polycrystalline panels and their electrical parameters; the open-circuit voltage (Voc), the short-circuit current intensity (Isc), and the maximum power produced under the tested conditions (Pmp).



The photovoltaic panels were mounted in the boundary area between the two sections of the double-climatic chamber. They were positioned facing the solar radiation simulation device in the hot room (Figure 4b), and the back was in contact with the air in the cold room (Figure 4c). To ensure control of the temperature with the help of the cold room, it was isolated from the hot room by sealing the space around the photovoltaic panel with extruded polystyrene (Figure 4a).



On the rear area of the photovoltaic panel are attached the six contact thermocouples, type PT1000, fixed by means of an adhesive tape, resistant to high temperatures.



A total of 10 measurement setups were conducted for each photovoltaic panel, with different operating temperatures achieved by adjusting the air temperature in the cold room. During this work, the data are presented for measurements in steady-state operation (when radiation level and PV panel temperature were stabilized). Each case required an entire day to obtain these conditions and to remove the influence of the previous scenario.



Radiation Emitted Inside the Climatic Chamber


The results of the average radiation measurements for the positioning of the solar radiation simulation device inside the climatic chamber at a 15 cm distance to the PV panel surface are presented in Table 2. The data were obtained by multiple measurements at each point, both with a solarimeter and pyranometer. The measured values show minor differences compared to the flux emitted when no obstacle is present (Figure 1). These differences are influenced by the reflections that appeared when the simulator was introduced into the climatic chamber, characterized by shiny and highly reflective metal surfaces.



Due to the small differences between the dimensions of the two photovoltaic panels (monocrystalline and polycrystalline) and the limitations introduced by the size of the climate chamber and the solar radiation simulator, the average radiation recorded on their surfaces presents some differences for the same distance of 15 cm. The average radiation intensity incident on the PV panels surface mounted in DCC was 560 W/m2 for the monocrystalline panel and 520 W/m2 for the polycrystalline panel.



This level of radiation used during the experiment simulates the integration of PV panels in the building’s façade with good accuracy, while the operating temperatures were controlled through the double-climatic chamber operation in order to analyze the cooling effect for these specific conditions.





3. Results


3.1. Experimental Results—Monocrystalline Photovoltaic Panel


3.1.1. Distribution of Incident Radiation on the Monocrystalline Photovoltaic Panel


Figure 5 presents the distribution curves of the radiation levels on the surface of the monocrystalline photovoltaic panel for 15 cm imposed on the solar simulator. Radiation intensity measurements had the following black points of identification:




	
the delimiting area between the two rooms of the DCC: 1, 3, 5, 8, 11, 13, 15, 18;



	
photovoltaic panel frame: 21, 22, 23, 28, 33, 38, 43, 42, 41, 36, 31, 26;



	
the inner surface of the photovoltaic panel: 24, 25, 27, 29, 30, 32, 34, 35, 37, 39, 40.








Throughout the paper, the figures representing the distribution of the radiation and/or temperatures are reported on the front face of PV panels. The plots were generated based on numerical data from measurements by using TOPO LT tool integrated in AutoCAD software. The colors used in these images has the following meaning: Blue text—used for marking the values in the measurement points; Blue lines—marking the edge of the PV panels; Red text—used for marking the values of the isolines for temperature/radiation; Red lines—isolines for temperature/radiation. Apart from the ϖαλυεσ μεασυρεδ at the points of identification, the other ones were determined through interpolation.



Figure 5 shows some areas where the maximum incident radiation values are recorded. These coincide with the position of the solar lamps, and the effect of non-uniformity generated is inversely proportional to the distance. Additionally, a radiation gradient is observed, with higher values in points 29 and 34, and lower in points 30 and 35. This phenomenon is determined by the reflective effect of the climate chamber wall in that area. The minimum values of the measured radiation were at least 80% of the average value and the maximum at 130%.




3.1.2. Temperature Distribution on the Monocrystalline Photovoltaic Panel


The measurements revealed the appearance of two temperature gradients, one vertically, with higher temperatures in the upper area, and one horizontal, with higher temperatures near the stainless-steel wall, which has high reflective characteristics (Figure 6 and Figure 7). The vertical temperature gradient is determined by the thermal stratification of the air in the immediate vicinity of the photovoltaic panel, while the horizontal differences are determined by the higher levels of radiation in these areas.



The distribution of the average temperatures measured on the surface of the photovoltaic panel is presented in Section 3.1.3. The average temperatures of the PV were calculated as an arithmetic mean of the six thermocouples (TCs), positioned two by two in the upper, middle, and lower areas behind it.



Regarding the temperature of PV on its two faces, one exposed to radiation and the other in contact with cold air, it was found that the temperatures vary practically instantaneously and the differences between them fall in smaller intervals of degree 1 °C.



The images captured using the thermal imaging camera led to a better qualitative and quantitative analysis of the results, confirming the temperature distribution on the photovoltaic panels in Figure 8 and Figure 9. Validation of the temperature distribution obtained using thermocouples was performed for the average panel temperature of 40 °C (Figure 9).



Figure 9 shows the phenomenon of overheating of the photovoltaic panel around its connection box. It can be observed that at an average temperature of 40 °C in the vicinity of the points, this portion records values about 10 °C higher. This phenomenon is determined by the thermal insulation effect produced by the presence of the box, causing the low cooling in that area. The heating of the photovoltaic cells in the respective areas of the panel has a negative effect on overall efficiency when all the cells are interconnected in series. This phenomenon determines an important local decrease in efficiency that is extended to the entire PV panel operation and also a risk of fire [38].




3.1.3. Variation of the Parameters of the Monocrystalline Photovoltaic Panel with the Operating Temperature


The maximum power produced, Pmp, by the photovoltaic panels was determined by testing the power dissipated by them on linear resistors with variable resistance, using the characteristic resistance method, Rch [39]. For each value of the radiation intensity, three values of the electrical resistance were tested, thus resulting in the maximum power point. Figure 10 shows the variation of the power generated by the monocrystalline photovoltaic panel for the three values of the resistance and various temperatures, at a radiation intensity of 560 W/m2. There is a reduction in the power produced when the operating temperature is increased for each value of the electrical resistance.



The variation of two of the most important parameters of the photovoltaic panel, the open-circuit voltage, Voc, and the short-circuit current, Isc, for a radiation level of 560 W/m2 is shown in Figure 11. The increase in temperature can be observed to have a significantly greater impact on Voc than on Isc.



Figure 12 illustrates how the open-circuit voltage and the operating temperature of the photovoltaic panel change over time, while the radiation remains constant. It is found that the maximum values of the voltage are recorded at minimum temperatures and the reverse effect. Additionally, it is important to note the very short reaction time of the PV panel operation related to the temperature change. This behavior is advantageous, as significant efficiency gains can be achieved instantly by cooling when a temperature rise is noticed.



The effect of the operating temperature of the photovoltaic panel is also observed on the efficiency variation curves (Figure 13). A significant influence of the increase in operating temperature at a constant radiation level can be observed.




3.1.4. Coefficients of Variation of the Parameters of the Monocrystalline Photovoltaic Panel with the Operating Temperature


The detailed analysis of the experimental results is presented as coefficients of the influence of the operating temperature on the parameters of the photovoltaic panel, cT. The coefficients are calculated by comparing the PV panel parameters, X, for temperature intervals of ΔT = 5 °C starting with 25 °C:


   c T  =    Δ X   Δ T       [ % / ° C ]  



(1)







The results are determined for a constant level of radiation of 560 W/m2 in Figure 14, Figure 15 and Figure 16.



Figure 14 shows the coefficients of variation of efficiency, open-circuit voltage, and short-circuit current as a function of operating temperature. The results in Figure 14 are presented for average values over analysis intervals of 5 °C. The negative influence of the panel temperature on the efficiency and the open-circuit voltage is registered for all studied intervals. Additionally, the short-circuit current has positive coefficients of variation on the analogous intervals.



Figure 15 shows the results for the maximum power output, and the percentage values of efficiency and the filling factor. These are presented for a constant radiation intensity of 560 W/m2 for temperatures in the range of 25–80 °C. It can be observed that all three parameters are negatively influenced by temperature rise.



The total variation of the open-circuit voltage, short-circuit current, and efficiency, at intervals between 25 °C and 75 °C is shown in Figure 16a. It is observed that there is a constant decrease in efficiency and the open-circuit voltage and an increase in the short-circuit current, compared to the temperature of 25 °C. For temperatures around 75 °C, the total efficiency decrease is −27.4%, and for the open-circuit voltage it is −24.0%.



Figure 16b shows the effect of temperature as coefficients of variation mediated per interval. Using these charts, for any temperature chosen, the coefficients of variation with temperature (%/°C) can be determined.



The coefficients of the influence (β) of the operating temperature on efficiency (−0.52–−0.55%/°C), voltage (−0.48–−0.50%/°C), and current intensity (+0.1–+0.16%/°C) can be approximated with satisfactory accuracy according to Table 2.





3.2. Experimental Results—Polycrystalline Photovoltaic Panel


3.2.1. Distribution of Incident Radiation on the Polycrystalline Photovoltaic Panel


As in the case of the monocrystalline PV panel, Figure 17 presents the distribution of the radiation for d = 15 cm imposed on the polycrystalline photovoltaic panel. A slightly lower average level of radiation is obtained for the polycrystalline (520 W/m2), compared to the monocrystalline one (560 W/m2), determined by the elongated shape and the larger surface. The analysis was implemented at this level of radiation because the quantitative increase in radiation would be obtained by an important decrease in the uniformity of radiation on the surface of the PV panel.




3.2.2. Temperature Distribution on the Polycrystalline Photovoltaic Panel


The distribution of the operating temperatures measured on the surface of the polycrystalline photovoltaic panel for the reference mean temperature values is shown in Figure 18 and Figure 19. The average temperature of the PV panel was calculated as the arithmetic mean of the values from six thermocouples (TC) positioned in pairs in the upper, middle, and lower sections on the back of the panel, as shown in Figure 18 and Figure 19.




3.2.3. Variation of the Parameters of the Polycrystalline Photovoltaic Panel with the Operating Temperature


During the present study, the focus was on determining the trends of variation of the parameters of the photovoltaic panels on temperature and radiation intervals and less on punctual values. Figure 20, Figure 21 and Figure 22 show the variation of the Pmp, Voc, and Isc of the polycrystalline photovoltaic panel for the three values of the resistance and various temperatures at a radiation intensity of 520 W/m2.




3.2.4. Coefficients of Variation of the Parameters of the Polycrystalline Photovoltaic Panel with the Operating Temperature


Figure 23 shows the variation of the efficiency of the polycrystalline photovoltaic panel with the temperature for the radiation level of 520 W/m2. When the operating temperature increases, the efficiency of the photovoltaic panel is reduced almost linearly.



Figure 24, Figure 25 and Figure 26 represent the coefficients of variation of PV panel parameters with temperature.



Table 3 presents the coefficients of dependence of the parameters of the photovoltaic panels with the operating temperature. According to these data, the decrease in efficiency with temperature has average values of about −0.50%/°C.






4. Conclusions and Discussion


During the experiment, a series of important insights were gained regarding the behavior of two different photovoltaic panels under various operating temperature conditions. The coefficients of influence of operating temperature on power, efficiency, voltage, current intensity, and fill factor were determined. In all cases studied, the coefficients were quantified both as general average values and over specific study intervals.



The study focuses on the performance of monocrystalline and polycrystalline panels under specific irradiation conditions but does not consider other potential influencing factors (e.g., humidity or wind speed). Therefore, there are some limitations regarding the entire spectrum of influence on the efficiency of PV panels. However, this represents a major interest in future research. It demonstrates the potential of efficient photovoltaic systems to promote sustainable energy consumption. The findings highlight the positive impact of cooling on enhancing system efficiency, with the primary focus on quantifying its overall performance.



The results of the experimental tests revealed a series of differences regarding the behavior of the monocrystalline and polycrystalline photovoltaic panels, as well as certain similar general trends under varying operating temperatures and radiation conditions. In terms of power and efficiency, the results show significant differences (Table 4) determined by the incidence surfaces and the different spectral responses of the two panels to the radiation emitted by the solar simulator.



However, regarding the general trend, there have been some results with important similarities. The variation of the parameters of the two photovoltaic panels with the temperature is presented in Table 5.



According to Table 5, the decrease in the efficiency of the photovoltaic panel with the operating temperature had values of −0.46–−0.50%/°C, and of the power produced by it with −0.47–−0.50%/°C, for both types of panels. These values were obtained based on the initial predictions, highlighting that the manufacturing material (silicon) has an independent influence, regardless of the technology or type of panel used, whether polycrystalline or monocrystalline. During the present research, a slight advantage is reported for the monocrystalline photovoltaic panels in terms of temperature effect, being preferable for integration into buildings.



The dependence of the power produced by the photovoltaic panel on the operating temperature is largely influenced by the variation of the voltage generated by the photovoltaic panel and less by the current produced. The coefficients of variation of the open-circuit voltage have values in the range −0.43–− 0.45%/°C, very close to those corresponding to efficiency (Table 5).



The present study demonstrates the important effect of improving the efficiency of PV panels through cooling, together with the instant effect of applying this technique.
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Nomenclature




	STC
	Standard test conditions



	NOCT
	Nominal operating cell temperature



	AM
	Air mass



	cT
	Coefficient of variation with temperature



	ΔT
	Difference between the tSTC and Tmed (°C)



	ΔX
	PV panel parameters



	Tmed
	Operating cell temperature (°C)



	d
	Distance between solar simulator and PV (cm)



	Gmed
	Average radiation on PV panel surface (W/m2)



	Rch
	Characteristic resistance (Ω)



	tNOCT
	Cell temperature in NOCT conditions (°C)



	tSTC
	Cell temperature in STC conditions (°C)



	Pmp
	Maximum power produced (Wp)



	Vmp
	Voltage at Pmp (V)



	Imp
	Current at Pmp (A)



	Voc
	Open-circuit voltage (V)



	Isc
	Short-circuit current (A)



	η
	PV panel efficiency (%)



	FF
	Fill factor



	β
	PV panel temperature coefficients (%/°C)



	L
	Length of PV panel (mm)



	l
	Width of PV panel (mm)



	H
	Height of the PV panel (mm)
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Figure 1. The radiation produced by the simulation device depending on the distance to the PV panel—average (Gmed), minimum (Min), and maximum (Max) values. 
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Figure 2. Experimental setup for testing the photovoltaic panels in the double-climatic chamber. 
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Figure 3. Elements of the experimental stand: (a) cold room opened (conductors and thermocouples); (b) cold room closed (data acquisition devices). 
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Figure 4. Mounting and testing photovoltaic panels: (a) sealing of the PV panel in the double-climatic chamber; (b) photovoltaic panel—front view; (c) photovoltaic panel—rear view. 
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Figure 5. Distribution of radiation on monocrystalline PV for the distance of d = 15 cm/Gmed = 560 W/m2. 
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Figure 6. Distribution of temperatures on the monocrystalline panel at Tmed: (a) 20 °C; (b) 25 °C; (c) 30 °C; (d) 35 °C; (e) 40 °C; (f) 45 °C. 
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Figure 7. Distribution of temperatures on the monocrystalline panel at Tmed: (a) 50 °C; (b) 55 °C; (c) 60 °C; (d) 65 °C; (e) 70 °C; (f) 75 °C. 
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Figure 8. Confirmation of the temperature distribution at Tmed = 40 °C: (a) based on the measurements with thermocouples on the back of PV; (b) captures thermal imaging camera. 
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Figure 9. Overheating of photovoltaic cells in the connection box area: (a) front view; (b) rear view. 
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Figure 10. Maximum power output depending on the monocrystalline PV panel temperature and resistive load for Gmed = 560 W/m2. 
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Figure 11. Variation of open-circuit voltage and short-circuit current of monocrystalline PV panel with temperature for Gmed = 560 W/m2. 
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Figure 12. Instantaneous effect of PV panel cooling on the open-circuit voltage for Gmed = 560 W/m2. 
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Figure 13. Variation of the efficiency of the PV panel with the operating temperature for Gmed = 560 W/m2. 
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Figure 14. Coefficients of variation on temperature intervals at Gmed = 560 W/m2 for (a) efficiency and open-circuit voltage; (b) short-circuit current and open-circuit voltage. 
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Figure 15. Influence of the temperature variation at Gmed = 560 W/m2 over (a) efficiency and fill factor; (b) power generated and efficiency. 
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Figure 16. Influence of the temperature variation at Gmed = 560 W/m2 over short-circuit current, open-circuit voltage, and PV panel efficiency: (a) total values; (b) average values. 
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Figure 17. Distribution of radiation on polycrystalline PV for the distance Gmed = 520 W/m2. 
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Figure 18. Distribution of temperatures on the polycrystalline panel at Tmed: (a) 20 °C; (b) 25 °C; (c) 30 °C; (d) 35 °C; (e) 40 °C; (f) 45 °C. 
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Figure 19. Distribution of temperatures on the polycrystalline panel at Tmed: (a) 50 °C; (b) 55 °C; (c) 60 °C; (d) 65 °C; (e) 70 °C; (f) 75 °C. 
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Figure 20. Maximum power output depending on the polycrystalline PV panel temperature and resistive load for Gmed = 520 W/m2. 
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Figure 21. Variation of open-circuit voltage and short-circuit current of polycrystalline PV panel with temperature for Gmed = 520 W/m2. 
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Figure 22. Instantaneous effect of polycrystalline PV panel cooling on the open-circuit voltage for Gmed = 520 W/m2. 
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Figure 23. Variation of the efficiency of the PV panel with the operating temperature for Gmed = 520 W/m2. 
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Figure 24. Coefficients of variation on temperature intervals at Gmed = 520 W/m2 for (a) efficiency and open-circuit voltage; (b) short-circuit current and open-circuit voltage. 
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Figure 25. Influence of the temperature variation at Gmed = 520 W/m2 over (a) efficiency and fill factor; (b) power generated and efficiency. 
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Figure 26. Influence of the temperature variation at Gmed = 520 W/m2 over short-circuit current, open-circuit voltage, and PV panel efficiency: (a) total values; (b) average values. 
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Table 1. Characteristics of photovoltaic panels.
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	Type of PV Panel
	Real Image
	Parameters





	Monocrystalline photovoltaic panel (Victron Energy)
	[image: Sustainability 16 10566 i001][image: Sustainability 16 10566 i002]
	Pmp = 30 Wp

Vmp = 18.0 V

Imp = 1.67 A

Voc = 22.5 V

Isc = 2.00 A

Dimensions (L × W × H): 450 mm × 540 mm × 25 mm



	Polycrystalline photovoltaic panel (Suntech)
	[image: Sustainability 16 10566 i003][image: Sustainability 16 10566 i004]
	Pmp = 30 Wp

Vmp = 17.2 V

Imp = 1.74 A

Voc = 21.6 V

Isc = 1.94 A

Dimensions (L × W × H): 426 mm × 680 mm × 15 mm










 





Table 2. Coefficients of dependence of Voc, Isc, Pmp, η, and FF with temperature.
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	Gmed = 560 W/m2





	ΔVoc/ΔT (%/°C)
	−0.48



	ΔIsc/ΔT (%/°C)
	0.16



	ΔPmp/ΔT (%/°C)
	−0.52



	Δη/ΔT (%/°C)
	−0.55



	ΔFF/ΔT (%/°C)
	−0.15










 





Table 3. The values of the dependence coefficients of Voc, Isc, Pmp, η, and FF with temperature.
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	Gmed
	520





	ΔVoc/ΔT (%/°C)
	−0.44



	ΔIsc/ΔT (%/°C)
	0.17



	ΔPmp/ΔT (%/°C)
	−0.52



	Δη/ΔT (%/°C)
	−0.54



	ΔFF/ΔT (%/°C)
	−0.27










 





Table 4. Comparison between the parameters of the two photovoltaic panels.
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	Panel
	Pmp (W)
	ηSTC (%)
	Pmax (W)
	ηmax (%)





	Mono
	30
	16.66
	12.6
	12.70



	Poly
	30
	15.15
	15.9
	14.42










 





Table 5. Variation of PV panel parameters with operating temperature.
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	Panel
	ΔPmp/ΔT (%/°C)
	Δη/ΔT (%/°C)
	ΔVoc/ΔT (%/°C)
	ΔIsc/ΔT (%/°C)





	Mono
	−0.47
	−0.46
	−0.45
	0.14



	Poly
	−0.50
	−0.50
	−0.43
	0.16
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