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Abstract

:

The operative temperature of a photovoltaic cell influences the electric conversion yield. This can be enhanced by cooling the panel. Among the studied solutions, phase change materials (PCM) exploit latent heat and absorb a large amount of energy at a nearly constant temperature. PCMs suffer from a low thermal conductivity. Under these premises the paper presents a hybrid graphene/fins/PCM cooling system to maximize efficiency gains and thermal recovery. An indoor laboratory characterization, under a solar simulator, compares the proposed model with a reference one (an identical, simple PV module) under fixed environmental conditions. Outdoor tests investigate the performances of the two systems under natural conditions. Indoor results show that the front temperature of the proposed PCM integrated module is averagely 6 °C less, with a peak of 8 °C, than the reference case. This means an increase in the electric yield of about 3%. Outdoor investigations prove that, when the PCM is solid and during the melting phase, the proposed system is averagely 1.12 °C and 4.87 °C colder than the reference case, respectively. The thermal efficiency is 30% and 65%, respectively. Once the melting process is completed, the performance becomes worse, and the hybrid panel is almost 3 °C warmer than the simple panel.






Keywords:


phase change material; thermal storage; photovoltaic; nanoparticles; graphene; solar simulator; solar radiation












1. Introduction


The exploitation of solar radiation is fundamental for the transition from a fossil fuels-based technology to renewable ones. A photovoltaic (PV) panel allows a clean energy production transforming the radiation incident into electricity [1,2]. Nowadays, typical commercial PV panels, composed of silicon, have a photovoltaic conversion efficiency ranging from 15% to 20%. Modern OPV (organic photovoltaic) modules can reach a higher performance [3,4]. The remaining share of energy is lost in the environment as heat. In addition, the just-defined yield refers to the standard test conditions (STC), namely, an incident radiation of 1000 W/m2, an air mass of 1.5 and a cell temperature of 25 °C. This latter parameter is very influential because as the temperature increases, the efficiency decreases [5]. Quantitatively, it depends on the typology of the panel, for instance, for the prevalent mono crystalline-type, a power reduction of 0.5%/°C has been observed. As a result, in warm periods and climates, the yield, which is already low under standard test conditions, can be significantly reduced. Accordingly, it is important to maintain the operating temperature as low as possible to maximize the efficiency of the module.



Over the years several strategies have been adopted to limit this phenomenon, with the aim of cooling the module. A macro subdivision can be an active and passive system [6,7]. An example of a passive system is natural air circulation. The main advantage is the low cost and lack of maintenance. On the other hand, they suffer from a low heat transfer rate, a low thermal conductivity and heat capacity of air, a dependence on wind direction and speed and, for these reasons, they can offer a limited temperature reduction, similar is the case of cooling via heat pipes. Active cooling systems [8,9], such as forced air circulation, hydraulic or thermoelectric cooling, have higher heat transfer rates compared to natural air circulation air and independence on wind direction and speed [10]. As disadvantages, they have high initial maintenance costs, an electricity consumption associated with an electricity consumption, and they are noisy systems.



Recently a new passive solution has been developed as a cooling system of modules, namely, through the exploitation of phase change materials (PCM) [11,12,13]. These materials are proving to be a good application [14]. PCMs use latent heat to absorb a large amount of energy and keep the panel cool. Dissimilar to sensitive heat, which is associated with an increase in temperature, the phase change occurs at a nearly constant temperature. PCMs absorb a large amount of heat during the solid–liquid phase change, and this allows to have smaller sizes with equal absorbed heat. In addition, reaching a lower temperature, self-discharge thermal losses are reduced, compared to fluids such as water, or air that can reach higher temperatures. In addition, maintenance is not usually required and there is no associated power consumption, as there are no fluids to be handled. The advantages of the application of the change phase materials in the back side of a photovoltaic module have already been studied.



Abdulmunem et al. [15] investigated the effects of the tilt angle of a PV panel from 0° to 90° obtaining a minor cell temperature in a range of 0.4% to 12%. Huang [16] conducted an experimental investigation combining two different PCMs achieving the highest temperature reduction. Sharma et al. [17] experimentally obtained a reduction of 3.8 °C of the panel with an increase in the open-circuit voltage of 4.4%, at an incident radiation of 1000 W/m2. Hasan et al. [18] monitored over a one-year period the performance of a PV panel integrated with phase change materials. The annual electrical energy yield increased by 5.9% in hot climatic conditions.



The performance of PCMs coupled with PV panels has also been investigated numerically, to understand the working mechanism of the heat transfer and the parametric optimization [19]. These studies are divided into one-dimension (1D) [20], two-dimensions (2D) [21] and three-dimensions (3D) model analyses [22].



Phase change materials suffer frow a low thermal conductivity, and this represents an obstacle to the heat transfer rate. For instance, a paraffin wax has a thermal conductivity of around 0.2 W/m K. Over the years, many strategies have been tested with the aim of increasing this parameter [23]. One of these consists of adding high thermal conductive nanoparticles in the PCM matrix, as they work as a “thermal bridge” for the heat flow. Studies focused on the quantification of the conductivity enhancement, on the thermal stability, on chemical compatibility and on the optimization of the arrangement of the particles in the PCM matrix. Sari et Karaipekli [24] proved that the thermal conductivity of a PCM increase with the percentage content of graphene. Wang et al. [25] introduced expanded graphite in a paraffin wax and obtained an improvement of the conductivity up to 12 W/m K with a mass percentage of graphite of 20%wt. For other percentages, 2%wt, 5%wt, 10%wt and 15%wt, the thermal conductivity resulted in 2.1, 4.0, 13.6 and 20.4 times higher than pure paraffin. Other nanoparticles have been tested with the same aim. The most promising are TiO2 with a thermal conductivity increased by 47% with a mass ratio of 3%wt [26], SiO2 with time saved during the melting process of 25% obtained with a mass content of 1%wt [27], carbon nanotubes [28] and Al2O3 [29]. Ahmadi et al. [30] infiltrated the PCM to a PS-CNT (polystyrene–carbon nanotube) foam, finding a good increase in PCM conductivity. Alternatively, many studies have been conducted on the effect of metallic fins as a medium for heat transfer from the PV module to the PCM [31,32]. Fins allow to increase the contact surface between the panel and PCM and are usually metallic with high thermal conductivity. Abdulmunem et Jalil [33] obtained an improvement of 5% with the introduction of fins compared to traditional phase change materials.



This paper investigates the energy performance of a PV panel cooled by an innovative hybrid graphene/fins/phase change materials technology. The innovation consists of combining different strategies, aiming at optimizing the melting process. Aluminum fins work as a thermal bridge between the back of the FV panel and the PCM, while the presence of graphene nanoparticles increases the thermal conductivity of PCM. The procedure for preparing samples is widely presented in the paper. Initially, the proposed solution is tested under a solar simulator with controllable parameters (such as radiation and ambient temperature). The enhanced panel is compared to the reference case, namely, the pure panel, under the same conditions. The aim is to obtain a minor frontal temperature in the PV panel cooled by the hybrid system. This way the conversion yield increases, and the panel produces a greater amount of energy with an equal incident radiation. Later, the two configurations are tested simultaneously outdoors, to investigate the performances under natural atmospheric conditions. The system is analyzed continuously for three days, both during the day and night, to study the performances (melting and solidification cycles of PCM) under external conditions. The paper is organized as follows: in Section 2, a detailed description is provided as regards to the materials utilized and the design phase, results are discussed in Section 3 and, in Section 4, the conclusions are listed.




2. Materials and Methods


A common monocrystalline PV panel was experimentally compared to an enhanced panel, integrated in the rear part with graphene/fins/phase change material. A monocrystalline panel (650 × 505 mm) was chosen. The rated power was 40 W, with 17.8 V module voltage and 2.3 A nominal current, while the open-circuit voltage and the short-circuit current were 21.3 V and 2.7 A, respectively.



Paraffin wax was chosen as phase change material (PCM), the RT35 HC, produced by the Rubitherm company (Germany). The most important properties are reported in Table 1.



The first enhancement proposed to increase the low thermal conductivity of PCM was the addition of graphene powder, in a percentage of 2 wt%. It consisted of nanoparticles (average diameter 50 µm and thickness 3 nm), in appearance such as a powder, with high thermal conductivity (between 3000 and 5000 W/m°C). Graphene was characterized by low density and chemical activity, large specific surface area (300–500 m2/g) and high infrared emissivity (0.95). The purpose was to distribute graphene powder evenly in the PCM matrix and increase its thermal conductivity. The preparation of the PCM/graphene sample consisted of different steps (Figure 1). First, the PCM was completely melted and then the graphene powder was added. The mixture is mechanically stirred for 3 h at a temperature of around 70 °C. This ensured uniformity of the composite. Afterwards, the mixture underwent a further treatment by an ultrasonic processor for 30 min at 40 °C for appropriate dispersion of molecules.



The second enhancement concerned the implementation of aluminum fins. This way, the contact area between the PCM and the PV panel was greatly increased, and they worked as “thermal bridges” between the PV module and the PCM–graphene mixture. Fins were obtained from cutting and bending of strips from a thin aluminum sheet glued to the back surface of the panel.



The containment box was composed of plexiglass to ensure transparency and to visualize the melting process. The external dimensions of the box were 65 x 50 x 2.5 cm, while the internal ones were 64 × 49 × 2.0 cm. Once the PCM/graphene preparation was completed, the liquid mixture was poured in the plexiglass box and then it was closed with the panel where the fins were glued.



The proposed system appeared as in Figure 2. A set of thermocouples (red bullets in figure) were mounted throughout the system to monitor the temperatures. One was mounted frontally on the PV panel and another on the back, glued on the aluminum sheet. Two thermocouples were placed in the PCM, at 7 mm from each other, to monitor the heat flow and phase change process of the PCM; the last one, on the rear surface of the plexiglass. Thermocouples were T type (copper-constantan) with a sensitivity of 48.2 µV/°C and a measurement range from −200 °C to 400 °C. The global solar radiation was monitored by a pyranometer, model DPA/ESR 154, with a range of measure from 0 to 2000 W/ m2, a sensitivity of 10.88 μV/Wm−2 and a linearity of 0.75%.



Two sets of measures were organized. The first one was performed indoors under a solar simulator [34], useful to allow repeatable tests under the same conditions (such as the incident radiation and the ambient temperature). The solar simulator consisted of 20 metal halide lamps that could irradiate uniformly a horizontal area of around 2 × 1 m. The spectral content of the artificial source, as indicated in data sheet depicted in Figure 3, was close to that of the natural sunshine.



The intensity and the angle of incidence of the simulated radiation on the target area were adjustable. The test aimed to prove the advantages of the proposed system (enhanced PV panel) compared to the reference case. The comparison was based on the front temperature of the panel, which influenced the electric conversion yield. A minor temperature corresponded to a major yield. In addition, the presence of PCM also allowed a thermal energy recovery, that was completely lost in the reference case. The second set of measurements was performed outdoors to verify the data and the performance obtained indoors under real conditions. Outdoor tests also allowed to investigate the behavior during the day and night. In this case, the simple panel and the enhanced one were tested simultaneously under the same conditions, aiming to obtain a comparison.




3. Results and Discussions


3.1. Indoor Characterization


Indoor analysis lasted 2 h, a time sufficient to reach a steady-state temperature regime. In Figure 4, the experimental setup is shown.



Both tests were performed at a simulated solar radiation of 1000 W/m2. Both trends are depicted in Figure 5, where the blue line indicates the references case test and the red one the enhanced panel. After a ramping of about 3 min, necessary to the lamps to reach the nominal power, the simulated radiation was around 1000 W/m2.



The comparison of the temperatures between the reference case and the enhanced PV panel is shown in Figure 6. The front temperature of the pure panel is depicted with the red line, while the blue line indicates the front temperature of the graphene/fins/PCM PV system.



After around ten minutes, where the temperatures followed the same trend, at around 45 °C, the reference panel became warmer. At the end of the two hours, the front thermocouple mounted on the reference panel measured a temperature of 65.4 °C, while on the enhanced panel 58.6 °C. The time taken to reach a steady-state temperature condition was investigated to estimate the major conductivity obtained by adding the graphene and the aluminum fins into the PCM. The slope of the trend was calculated by the following Equation (1):


  Δ  ( i )  =   T m  ( i )  − T m  (  i − 1  )    T m  ( i )    × 100  



(1)




where i is the time step, set in a minute, and Tm(i) and Tm(i − 1) are the average temperatures over a minute in the current time step and in the previous one, respectively. ∆ is the slope of the temperature trend. The trend is considered in a steady-state regime when the slope (∆) was in a range of convergence of ±1%. Results were post-processed through the function “polyval” and “polyfit” on the software MATLAB to eliminate the signal noise. The results are shown in Figure 7. The increased conductivity was proved, as the reference case reached the steady-state condition after 20 min while the enhanced panel after only 14 min. This allowed the panel to be colder and, accordingly, the electric yield increased.



Globally, over the two hours test, the temperature of the enhanced panel was 6 °C colder than the reference case one. Hypothesizing a temperature coefficient of 0.5%/°C for the monocrystalline PV panel, an increase of 3% in the electric yield was obtained. In Table 2, all the results are summarized.



The enhanced panel was monitored for more than three hours, to allow the melting process to be completed. In Figure 8, the end of the process was visible in a change of slope. This occurred around 35 °C, for the first thermocouple (orange line), then dipped into the PCM after 1:20 h from the beginning of the test. For the second one, this happened after 2:30 h (blue line). When the change of slope occurred for the light blue line (2:45 h), representing the thermocouple mounted on the plexiglass box, the melting process was completed. In Figure 8, the trend of all temperatures is shown.



Figure 9 visually shows the sequence of the same melting process.




3.2. Outdoor Performance


The outdoor analysis lasted over 3 days, to monitor the performance of the proposed system during the day–night cycle. The setup is shown in Figure 10.



The reference case and the enhanced panel were investigated in parallel under the same atmospheric conditions. In Figure 11, the front temperature of the simple PV panel (red line) and the enhanced panel (blue line) are depicted. Results showed that the enhanced panel had a minor temperature in the morning, while during the remaining hours it was warmer than the simple panel. Numerically, the deviation of the two temperatures is represented in Figure 12. Positive numbers indicate that the enhanced panel was colder, vice versa for the negative ones. The maximum difference measured was almost 6 °C. Considering a temperature coefficient of 0.5%/°C for a monocrystalline panel, this means an increase in the electric conversion of 3%. During the evening and at night, the PCM maintained the panel warmer, but without affecting the electric yield as there was no solar radiation.



The different performances resulting during the daytime hours, made a greater deepening necessary. An analysis was differentiated in the function of the state of the PCM, to find a correlation. Figure 13, Figure 14 and Figure 15 show the temperature difference in the two systems with solid state PCM, during phase change and liquid phase, respectively. The red line indicates the front temperature of the simple panel, while the blue one the enhanced panel. The black line is the average of the two thermocouples dipped into the PCM, to measure the thermal level of the PCM.



Figure 13 shows the difference of temperature between the two system while the PCM was still solid. As the PCM temperature increased, the two front temperatures started to differ slightly. In this period, the average temperature of the panel was 32.1 °C, while in the case of the enhanced one, it was 30.9 °C. This meant that in the solid state, an increase in the electric yield of around 0.5% was obtained. In Figure 14, the same trends are depicted during the solid–liquid phase change. The temperature of the PCM was nearly constant, and the different between the two panels was more pronounced. The melting process lasted about 2 h, and the enhanced panel was about 5 °C colder (53 °C against 48.2 °C of the simple panel) with an increase in the yield of 2.5%. Once the PCM was completely melted, the trend was reversed and the panel became increasingly warm, surpassing the reference one (Figure 15). In this phase, the enhanced panel turned out to be 2.8 °C warmer with a decrease in the yield of 1.4%. Globally, throughout the day, the enhanced panel was 0.5 °C warmer than the reference case. This was due to the negative contribution of the liquid phase, the only one with a negative deviation. The melting process, on the contrary, showed the best results. This meant that, once the melting process was completed, an extraction system shall be activated to return the PCM to the beginning of the melting zone and re-exploit the phase change. Accordingly, the difference in temperature between the two system was maximized. Results are reported in Table 3.



The same analysis was conducted in regards to the thermal aspect. Table 4 summarized the results. The incident radiation was determined starting from data collected by the pyranometer. The heat absorbed (Q) was calculated with the following equations:


  Q  ( i )  = m ×  c p  × Δ T  ( i )  ,  



(2)




where m is the mass and cp is the specific heat of the PCM. ∆T(i) is the difference of temperature at the time i measured by the thermocouples. The thermal yield was defined as:


  Y i e l d =      ∑  i  r a d i a t i o n   ( i )      ∑  i  Q  ( i )    ,  



(3)




where the two summations were calculated over the reference period (solid state, phase change and liquid state).



Results, as reported in Table 4, showed that the higher yield was obtained during the solid–liquid phase change (65%). The solid state presented a 30% yield and the worst case was the liquid phase with only 6%. Globally, the thermal yield of the proposed system was 30%. Worth noting is the correlation between the thermal and electrical efficiency. During the phase change, the enhanced panel could absorb a relevant amount of the incident radiation (65%). This allowed the panel to remain colder; in fact, during the same period, the largest increase in electrical efficiency was obtained (almost 2.5%, as reported in Table 3). The same way, once the melting process was completed, the thermal and electric yield reached the minimum level. The liquid PCM could no longer absorb as much heat as previously to keep the panel cool. As a result, the performance precipitated. The thermal aspect confirmed that, at the end of the phase change, an extraction system would allow the maximization of both the thermal and electric yield.



Figure 16 shows the trend of temperature for all the thermocouples mounted on the proposed graphene/fins/phase change materials PV panel. The melting process during the morning hours and solidification process at night were clearly visible, highlighted in the figure. Both occurred at a nearly constant temperature, around 35 °C. This meant that, the day after, the PCM could start a new melting cycle, as it was completely solid.





4. Conclusions


This paper presented a hybrid cooling system for the thermal regulation of photovoltaic panels (PV). The innovative solution consisted of the design and construction of a box, applied on the back of the panel, containing a combination of fins/graphene/PCM. Aluminum fins were mounted on the rear surface of the panel and immersed in the PCM (RT 35 HC), working as a “thermal bridge”. The graphene nanoparticles, equally distributed in the PCM, increased the thermal conductivity of the PCM. The procedure for preparing samples was presented in the paper. The proposed system was compared to a reference simple panel to investigate the performance improvements.



Indoor tests, under a solar simulator, aimed at comparing the front temperature of the two panels. Results showed that the enhanced panel was averagely 6 °C colder than the reference case, resulting in an increase in the electric yield of about 3%.



Outdoors, the proposed solution and the simple panel were monitored simultaneously for two days. A detailed analysis in the function of the PCM state was performed. Results showed:




	
During the solid phase, the two systems showed a similar temperature, the efficiency was slightly higher in the case of the hybrid panel (0.5%).



	
The solid–liquid phase change provided the best results. The hybrid panel was about 5 °C colder, with an efficiency increase of about 2.5%.



	
The liquid PCM did not absorb large amounts of heat, and the panel overheated. The hybrid panel showed higher temperatures, and the efficiency was reduced.








In addition, outdoor tests proved that the liquid–solid phase change occurred both days, under atmospheric conditions. This ensured that, the day after, the PCM was completely solid and could start a new melting cycle. Further research can optimize this innovative solution, including an extraction system that would allow the PCM to not overheat once fully melted and to exploit, cyclically, the phase change process. This way, the system always works in its best conditions. Future works will be provided in this direction.
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Figure 1. Preparation of the PCM/graphene mixture. 
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Figure 2. A schematic section of the proposed PV–PCM panel. 
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Figure 3. Spectral content of the lamps. 
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Figure 4. Experimental indoor setup. 
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Figure 5. Trend of the simulated radiation for the reference case (blue line) and the enhanced panel (red line). 
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Figure 6. Comparison between the front temperature of the reference case (red line) and the enhanced panel (blue line) over the two-hours test. 
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Figure 7. Convergence to the steady state regime (the blue line indicates the enhanced panel and the red one the reference case). 
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Figure 8. Monitoring of temperatures of the enhanced panel during the indoor test. 
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Figure 9. Photo sequence of the melting process. 
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Figure 10. Experimental outdoor setup. 
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Figure 11. Front temperature of the simple PV panel (red line) and the enhanced panel (blue line). 
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Figure 12. Deviation between the reference case and the enhanced panel. 
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Figure 13. Temperatures during solid state PCM. The red line indicates the front temperature of the simple panel, the blue one the enhanced panel. The black line is the average of the two thermocouples dipped into the PCM. 






Figure 13. Temperatures during solid state PCM. The red line indicates the front temperature of the simple panel, the blue one the enhanced panel. The black line is the average of the two thermocouples dipped into the PCM.



[image: Applsci 11 08807 g013]







[image: Applsci 11 08807 g014 550] 





Figure 14. Temperatures during the melting process. The red line indicates the front temperature of the simple panel, the blue one the enhanced panel. The black line is the average of the two thermocouples dipped into the PCM. 
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Figure 15. Temperatures during liquid state PCM. The red line indicates the front temperature of the simple panel, the blue one the enhanced panel. The black line is the average of the two thermocouples dipped into the PCM. 
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Figure 16. Monitoring of temperatures of the enhanced panel during the outdoor test. 
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Table 1. Characteristics of PCMs used.
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	Characteristics
	RT 35 HC





	Melting area (°C)
	34–36 peak 35



	Congealing area (°C)
	36–34 peak 35



	Volume expansion (%)
	12



	Latent heat (kJ/kg)
	240



	Heat conductivity (W/m2 K)
	0.2



	Specific heat capacity (kJ/kg K)
	2



	Liquid density (kg/l)
	0.77



	Solid density (kg/l)
	0.88
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Table 2. Indoor test results.
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	T Average (°C)
	T Peak (°C)
	Ramping Time (Minutes)
	Average Solar Radiation (W/m2)





	Ref case
	60.01
	65.4
	20
	977



	Enhanced panel
	54.48
	58.6
	14
	992
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Table 3. Results of the electric yield in the different states.
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	Tavg PV
	Tavg PV–PCM
	∆T
	∆ yield (%)





	Solid state
	32.1
	30.9
	1.12
	0.56



	Phase change
	53.09
	48.2
	4.87
	2.44



	Solid state
	47.09
	49.8
	−2.79
	−1.40



	Global
	43.3
	43.8
	−0.49
	−0.25
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Table 4. Results of the thermal recovery in the different states.
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	Radiation (MJ)
	Heat Absorbed (MJ)
	Yield (%)





	Solid state
	0.376
	0.117
	31.1%



	Phase change
	1.062
	0.906
	65.6%



	Liquid state
	2.609
	0.176
	6.6%



	Global
	4.028
	1.199
	29.7%
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