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Abstract

:

Photovoltaic (PV) systems are well-known systems that convert solar energy into electrical energy. Increases in operating temperature induce a drop in conversion efficiency and, thus, in the output power produced by the panel. This paper investigates the effectiveness of using Phase Change Materials (PCMs) in cooling PV modules. Due to its high storage density with limited temperature fluctuations, the latent heat storage in a PCM is an important factor. This depends on the thermophysical properties of PCMs such as the melting point, specific heat capacity, latent heat, density, etc. This paper aims to make a comparison between four types of PCM with different melting points and physical properties. Indoor experimental studies were performed using five prototypes. A halogen lamp was used as a solar simulator to ensure that experiments were carried out under the same irradiance. The first prototype was the reference, which consisted of a PV panel, a stand, and an electric circuit without PCMs. Four other prototypes were investigated, consisting of a PV panel with a container added at the rear face, with each having different types of PCM: sodium sulfate decahydrate, sodium phosphate dibasic dodecahydrate, decanoic acid, and calcium chloride hexahydrate, respectively. The results clearly show the effect of PCMs’ properties on PV temperature profile and power generation.
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1. Introduction


Solar energy is one of the most attractive sources of green energy production nowadays. Photovoltaic cells—a type of solar energy production mainly used to convert sunlight energy into electricity—suffer from a drop in efficiency at peak temperatures. Thus, a cooling technique should be used in order to deal with this issue. Several passive and active cooling techniques are found in the literature. A passive technique such as buoyancy-driven air flow in a duct was used by Brinkworth [1]. PCM cooling techniques were also used by other researchers [2,3,4,5,6]. Active techniques are mainly water and air flow-based techniques [7]. Due to the weight of water required, water cooling may be unsuitable [7]. Water is scarce in some places, such as deserts, where the sun’s irradiation is high. In addition, using air or water in active cooling systems adds to maintenance and running costs. At the current time, PCM is the most reliable technique for cooling and regulating the temperature of PV panels, as well as increasing their electrical efficiency.



PCMs classified as latent heat storage materials are increasingly being used in solar systems [8,9,10,11], buildings [12], waste heat recovery [13,14], and load leveling for power generation [15]. The electric power generated by a PV module is affected by its temperature.



Skoplaki and Palyvos [16] performed a study on commercial silicon-based cells where they found that only 10 to 20% of radiation is transformed into electric power and the remaining 80 to 90% into heat. This high percentage of heat will definitely increase the temperature of the panel, and then, affect its performance. Mahamudul et al. [17] found in their study that it is important to maintain a temperature of around 25 °C for 1000 W/m2 irradiation in order to ensure a high efficiency of energy generation by the panel.



PCM cooling is considered a recent and promising technique. Due to their high heat of fusion, PCMs are able to absorb a high amount of energy before melting, ensuring a stable temperature during the transition phase. In a recent review, Browne et al. [18] studied the efficiency of the PV cooling technique using PCMs. They concluded that this technique needs to be improved more. In this context, the present work exhibits an experimental study on the effects of using different types of PCMs with different thermophysical properties on the thermal behavior and electrical performance of a PV panel.



PCMs are characterized by thermophysical properties such as specific heat capacity (Cp), thermal conductivity (k), latent heat of fusion (H), melting point (Tm), and density (ρ). For example, choosing a PCM in cooling an electronic device [19,20,21,22] based on its melting point—that should be close to the efficient temperature—might be inadequate if the latent heat of fusion is small.



Hence, the following overview describes the novel contributions of this paper. A wide range of PCMs with different thermophysical properties are considered to analyze the effect of each property (k, Cp, and Tm) on the performance of cooling a PV module by PCM. The thermal diffusivity is then calculated in order to back up the conclusions.




2. Experimental Setup


2.1. Setup


Two prototypes were designed wherein four different PCMs were tested in order to assess the influence of thermophysical properties on the PV’s performance. Figure 1 shows a draft of these prototypes.



Prototype 1 was the reference, which consisted of a 10 watts polycrystalline PV panel without PCM. Prototype 2 consisted of the PV panel with a container added at the rear face, with each having different types of PCM: sodium sulfate decahydrate (PCM 1), sodium phosphate dibasic dodecahydrate (PCM 2), decanoic acid (PCM 3), and calcium chloride hexahydrate (PCM 4), respectively.



The experimental setup is presented in Figure 2. The panel was fixed upside down at the point where the PCM container was built at the back and closed with a fiberboard to prevent corrosion. The temperature of the PV panel was measured using a thermocouple located on the outer surface of the panel as shown in Figure 2. Another thermocouple placed inside the PCM container was used to measure PCM temperature.




2.2. PCMs Used


The melting point is basically the first parameter to check when selecting a PCM for a defined application. For example, in air conditioning applications, the melting point of a PCM should be below 15 °C, while in refrigeration applications, the melting point should be above 90 °C [23,24]. PCMs with a melting point between the above values can be used in solar heating applications [25].



In this paper, four types of PCM were bought from Sigma Aldrich Company [26]: sodium sulfate decahydrate, sodium phosphate dibasic dodecahydrate, decanoic acid, and calcium chloride hexahydrate. The choice of these PCMs was based on several parameters: melting point, latent heat of fusion, cost, and availability on the market.



The thermophysical properties of these PCMs were measured using a device manufactured by [27], since the values provided by the company may change due to storage, transportation, etc. Indeed, the measured values of K, Cp, and the melting point were in the same range as those provided by the company. In addition, the melting temperature of the 4 PCMs ranged between 29 °C and 40 °C, which is suitable for solar applications. Table 1 summarizes the measured thermophysical properties of these PCMs. The measurement of thermophysical properties was repeated four times to ensure the accuracy of the measured values.




2.3. Experimental Procedure


Indoor experiments were carried out in a room with ambient temperature around 20 °C. For the sake of simplicity, the thermal flux can be assumed to be mono-dimensional and orthogonal to the surface of the panel. In addition, the PV-PCM panel was set upside down to achieve total direct contact of the PCM with the backside of the panel. The steps involved in the experimental procedure are summarized as follows:




	
The five prototypes were fixed perpendicular to the light direction in an ambient temperature of 20 °C.



	
Using the Lux meter, the solar simulator (halogen lamp) was placed at a defined distance away from the prototype in order to ensure an irradiance of 1000 W/m2.



	
The measuring tools were connected to the PV system.



	
The experiment was conducted at maximum power transmission for an appropriate amount of time.



	
The output voltages and currents were recorded for different resistors. In addition, the temperatures of the PV panel during the experiment were recorded as a function of time. The sampling frequency was one reading every 20 s.



	
Different graphs were drawn based on the obtained results including the (I–V) curve, (P–V) curve, efficiency versus time, temperature versus time, and PV panel power versus time.










3. Results


3.1. Uncertainty Analysis


To assess confidence in the experimental results, an uncertainty analysis was performed. In the experimental setup, the uncertainty was due to several factors including the lux meter, thermocouples, voltmeter, and ammeter as summarized in Table 2.



The uncertainty of the used thermocouple was 0.5 °C for a minimum measurable value of 18 °C. Thus, the absolute uncertainty in % was et = 2.78%.



As for the lux meter, the uncertainty was el = 1.5%. However, the uncertainties of the voltmeter and the ammeter were eV = 1% and eA = 1%, respectively.



The total uncertainty of the experimental setup is the norm of the above uncertainties:   e =    e l 2  +  e t 2  +  e V 2  +  e A 2     . Substituting all the above values in the equation of e, the total uncertainty was e = 3.46%, which is in the acceptable range.




3.2. Maximum Power Point (MPP)


To detect the MPP, (I–V) and (P–V) curves were drawn in Figure 3a,b, respectively. By keeping the irradiance and PV temperature constant, the relationship between the output power of the PV and the output voltage can be depicted by the P–V chart. As the temperature increased to 65 °C, a drop in the maximum output power from 6.2 W to 4.9 W was observed. At a load of 22 Ohms and a temperature of 25 °C, the MPP was obtained.




3.3. PCM and PV Temperature Variations


3.3.1. PCMs Temperature Variation


As shown in Figure 4, for PCM 1, the temperature increased from 19.5 °C to 29.5 °C (melting point) in 1020 s. However, during the next 1440 s, it increased slightly from 29.5 °C to 30 °C (transition phase) and then reached 48.2 °C in the remaining 1440 s. As for PCM 2, the temperature increased from 20 °C to 32.2 °C (melting point) during 840 s, whereas it increased to 46 °C in 1620 s and then reached 62.3 °C in the remaining 1440 s.



For PCM 3, the temperature increased quickly from 20 °C to 24.2 °C (melting point) in 420 s. This quick increase was followed by a transition phase with a slight increase from 24.2 °C to 28.4 °C in 1080 s. After complete melting, the temperature increased to 66.4 °C in the remaining 2400 s. Finally, the temperature of PCM 4 showed the same behavior as that of PCM 3, where it increased from 20 °C to 27.3 °C (melting point) in 540 s, then increased slightly to 30 °C in 1260 s, to finally increase to 45.6 °C in the remaining 2100 s.



It can be noticed from the curves in Figure 4 that each PCM undergoes three stages. The first stage is the increase in temperature before reaching the melting point, in which the PCM absorbs sensible heat in its solid state. The second stage is the stabilization of the temperature at the melting point. During this stage, the PCM absorbs the latent heat until it totally melts. The heat energy absorbed by each PCM as latent heat is equal to the actual mass multiplied by the latent heat of fusion (m×H). In the third stage, and after complete melting of the PCM, its temperature keeps on increasing, meaning that the PCM, in its liquid state, is absorbing sensible heat.



It should be noted that each experiment for a defined PCM was repeated several times to ensure that the data collected were accurate. It was found that the variation between the measurements was negligible for each type of PCM.




3.3.2. PV Temperature Variation with and without PCM


The temperature curves of the PV panel with PCM are divided into three stages, as shown in Figure 5. In the first stage, the temperature increase with PCM was approximately similar to that without PCM because the sensible energy stored by the PCM was negligible with respect to the energy stored by the PV. In the second stage, when the temperature of the PV stabilized (different slope observed from the first stage in the range of the melting point of the PCM), most of the heat energy was stored in the PCM as latent heat until the PCM totally melted. Then, the temperature continued increasing in the third stage (with a different slope than that of the melting point range).



The stabilized temperature of the PV panel using different PCMs depends on the melting point of the PCM. For example, PCM 1 melted at around 30 °C and the PV temperature stabilized at 57.4 °C, whereas PCM 2 melted at 32.2 °C and the PV temperature started to stabilize at 60 °C. The temperatures of the PV panel in each PCM experiment were very close, with 1 °C to 6 °C differences. The PV panel temperature increased to reach 50 °C just before the PCM started melting and absorbing heat.




3.3.3. PV Panel Power Output


In Figure 6, the variation of the output power generated by the PV panel is plotted as a function of the experiment time. Figure 6 sheds light on the effect of the PCM added to the rear face of the panel. The output power in the reference experiment (without PCM) decreased quickly from 6.2 W to 5.1 W. However, it decreased slowly when different types of PCMs were used.



During the first time interval (0–1000 s), the PCMs prevented any sharp decreases in power. They conserved power at high values between 5.92 W and 5.72 W, or at 5.1 W in the case where no PCM was used. Thus, an approximate saving of 23% in power at this time was observed.




3.3.4. Power and Energy Gained


The improvement in electric energy after adding the PCM as an extracted heat medium can be calculated as follows:


   P  gained      ( t ) = P    PV − PCM    ( t )  −  P  PV    ( t )   



(1)






   Q  gained   =    ∫ 0 t    P  PV − PCM   dt    −    ∫ 0 t    P  PV   dt     



(2)




where PPV and PPV-PCM are the electric power from the PV panel in watts before and after using the PCMs, respectively. Qgained is the energy saved by using the PCMs in joules during a defined time t.



Using Equation (1), the power gained by each PCM was calculated as a function of time. Figure 7 shows that the power gained using the PCM increased over a period of time (0–1000 s). The power then remained constant for an interval of time (1000–2000 s) until it started to decrease.



According to Figure 7 and using PCM 3, the power gained by the panel reached its maximum value first because of its lower melting point. However, the power dropped suddenly as PCM 3 had low actual latent heat. For PCM 4, the power remained constant at a lower value than the peak of PCM 3, whereas PCM 1 had approximately the same power value as that of PCM 4 but remained constant for a longer time due to its higher latent heat. For PCM 2, the lowest power peak was reached and the power then decreased gradually due to the high melting point range of PCM 2.



The area under each curve in Figure 7, representing the energy gained by using different PCMs, is calculated using Equation (2). Moreover, the percentage of energy gained (PEG) is calculated using Equation (3):


  P E G   =      E  ( p r o t o t y p e   2 )   −  E  ( p r o t o t y p e   1 )      E  ( p r o t o t y p e   1 )     × 100  



(3)




where E(prototype 2) is the energy generated by the panel in the case of prototype 2 where a different type of PCM was used and E(prototype 1) represents the energy generated by the panel in the case of prototype 1 without PCM. Table 3 summarizes the results of the energy gained by the PV with and without the PCM, where the energy gained represents the difference between the energy generated by the PV with and without PCM.






4. Discussion


4.1. Thermal Diffusivity


To analyze the effects of the thermophysical properties of the PCMs used, a dimensionless parameter, thermal diffusivity, is introduced. Thermal diffusivity    ( α )    is defined as the ratio of heat conducted to heat energy stored per unit volume of a material. It is also the ratio between the thermal conductivity (K) of a substance, and the product of its density (ρ) and specific heat capacity (Cp), as in Equation (4):


  α   =    K  ρ    C p     



(4)







The values of α are calculated using the values of K, ρ, and Cp listed in Table 1. These values are plotted in Figure 8.



Figure 8 shows that PCM 4 has the highest thermal diffusivity, which means that it has a high conduction rate relative to its heat storage capacity and so responds quickly to changes in temperature. Additionally, it is capable of transferring a high amount of energy over a long period of time. This keeps the panel cooled for a longer time, and thus, a larger gain in energy is obtained. This conclusion is backed up by the results presented in Figure 5. It can be observed that the PV temperature profile has a wider zone of latent storage and for a long period. Compared to the three other PCMs, PCM 4 maintained the panel temperature at the lowest level. Moreover, the results of PEG presented in Table 3 show clearly that the highest amount of energy gained is for the panel with PCM 4 (PEG = 14.1%).




4.2. Economic Analysis: A Case Study


The cost of PCM depends on the quantity used in the container. As the amount of PCM purchased increases, the cost per kg decreases significantly. By ordering high quantities of PCMs such as calcium chloride hexahydrate (PCM 4), 1 kg will cost around USD 0.75 instead of its actual price of USD 33 [24]. This high quantity can be used in cooling a large PV station producing megawatts of power. Calcium chloride hexahydrate (PCM 4) was shown to be the most efficient PCM in the experiments. It has a good price relative to the power enhancement it provides and compared to other PCMs.



To illustrate the above statements about PCM 4, a PV home station of 1080 Wh in Lebanon is considered. The station is composed of four 270 Wh panels with dimensions (1580 × 1069 × 10 mm3) that ensure the functioning of small equipment when utility electricity goes down. Note that Lebanon is a country with an average of 300 sunny days per year with 5-6 sunny hours per day. Thus, such a project is of a high importance.



For cost analysis, an outdoor experiment using the same experimental setup used in the indoor experiment on a panel of 10 watts nominal power was performed. The measurements were managed over a completely sunny day (3 July) and carried out in Beirut, Lebanon. The same procedure as in the indoor experiments was followed to calculate the PEG using PCM 4 (calcium chloride hexahydrate). The results showed a gain in power generation (PEG = 11.3%) due to the addition of PCM 4. The difference between the indoor (PEG = 14.1%) and outdoor (PEG = 11.3%) values might be due to variations in solar irradiance and boundary conditions.



Now, based on the outdoor experiment value of PEG, an economic study will be presented on the abovementioned PV home station of 1080 Wh capacity. The volume of one rear container of PCM to be added at the rear face of a PV module with dimensions of 1580 × 1069 × 10 mm3 is:


   V  PCM   = a × b × c = 0.01689      m   3   











Using PCM 4 with a density   ρ = 1710   kg /  m 3    (Table 1), the mass of PCM is then:


   M  PCM   = ρ ×  V  PCM   = 28.8    kg   











Thus, the cost of PCM to be used in the four PV panels is:


   Cost   of   PCM  = 4 ×  M  PCM   ×  price   per   kg  =  USD    87  











The energy gained due to the cooling technique with PCM 4 is:


   Energy   gained  =  PEG  ×  Energy   generated  = 11.3 % × 1080 = 122    Wh   











In Lebanon, the average number of effective sunny hours is around 6 h per day. Thus, the power gained by the home station during a day is:


   Power   gained   per   day  = 6 × 122   Wh = 732    W   











In Lebanon, the price of generating 1 kWh is USD 0.23 [28]. Thus, the money saved per day due to the use of PCM is:


   Money   saved  = 0.732 × 0.23 =  USD    0.17 / day  











As for the PCM containers added to the rear faces of the panels, the cost is evaluated at USD 150. In addition, the cost of assembly, installation, and labor is approximated to USD 150. Thus, the total cost of PCM integration in the system of four PV modules is USD 387. In order to recover this cost, the time needed is calculated as the ratio between the PCM cost and the daily money saved:


   Recovery   time  =   387   0.17   = 2298    days  ≅ 6.5    years   











After this period of time, the gain in power production will be of pure benefit. The cycle lifetime of a PV panel is 25 years; thus, 18.5 years will be of pure benefit due to the addition of PCM at the rear face of PV. It is worth mentioning that the benefit value may be decreased a little if we take into consideration the degradation of the PCM used over the lifetime of the project. A study performed by [29] showed that a decrease of 6% in the latent heat of fusion of micro-encapsulated octadecane mixture samples after 5400 cycles of use is detected.



It should be noted that the extra power gained due to the use of PCMs can help in decreasing the number of panels needed, especially for large stations, and thus, reduces the cost of construction of large PV stations.





5. Conclusions


In this paper, an experimental setup was made in order to improve the power generation of a PV module using PCM cooling techniques. Different types of PCM were used, where the selection was based on different parameters such as the melting point, latent heat of fusion, cost, and availability on the market. This makes the study consistent.



The results showed that each PCM has a different effect according to its thermophysical properties. All PCMs used in this experiment were able to achieve the goal of the study by reducing the panel’s temperature at a constant irradiance. The selection of a given PCM with a given melting point depends on the country where the PV panel will be used and on the average ambient temperature and irradiance available.



The results also showed that the addition of calcium chloride hexahydrate (having the highest thermal diffusivity among all tested PCMs, which means that it has a high conduction rate relative to its heat storage capacity and so responds quickly to changes in temperature) produced an increase of 14.1% in the energy generated by the PV. This technique seems appealing to be applied over a wide selection of PV panel stations.



This study should be conducted over a large period of time to see the effect of aging and degradation of a selected PCM, since it may affect its performance in cooling a PV module.



As a future work, this study will be extended to the use of different mixed PCMs in order to benefit from a wider range of thermal properties. Some mixtures of fatty acids seem to be potential candidates to be used as PCMs in solar applications.
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Figure 1. Schematic of the constructed prototypes. Prototype 2 is duplicated four times for different type of PCMs. 
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Figure 2. Experimental setup. 
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Figure 3. (a) Current–voltage curve at different temperatures (MPP at T = 25 °C) (b) PV power as a function of voltage at different temperatures. 
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Figure 4. Variation of the temperature of each type of PCM as a function of time during experiments. 
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Figure 5. Variation of the PV temperature as a function of time with and without PCM. 
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Figure 6. Variation of the PV power output as a function of time. 
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Figure 7. Variation of power gained by using different PCMs. 
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Figure 8. Thermal diffusivity for the four types of PCM used in the experiments. 
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Table 1. Measured thermophysical properties of PCMs using the device of Mjallal et al. [27].
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PCM 1

	
PCM 2

	
PCM 3

	
PCM 4




	
Name

	
Sodium Sulfate Decahydrate

	
Sodium Phosphate Dibasic Dodecahydrate

	
Decanoic Acid

	
Calcium Chloride Hexahydrate






	
Density (kg/m3)

	
1485

	
1552

	
1004

	
1710




	
Melting point (°C)

	
32

	
40

	
30

	
29




	
Latent heat (kJ/kg)

	
252

	
270

	
153

	
180




	
Specific heat (kJ/kg·K)

	
1.8

	
1.9

	
1.81

	
1.4




	
Thermal conductivity (W/m·K)

	
0.554

	
0.514

	
0.372

	
1.08
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Table 2. Experimental uncertainties of different equipment used in the experimental setup.
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	Equipment
	Experiment Error





	Thermocouple
	0.5 °C



	Lux meter
	1.5%



	Voltmeter
	1%



	Ammeter
	1%
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Table 3. Energy generated and gained by the PV with and without using PCMs during 4000 s.
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	Energy Generated (kJ)
	Energy Gained (kJ)
	PEG (%)





	Without PCM
	18.74
	0
	0



	With PCM 1
	21.06
	2.31
	12.37



	With PCM 2
	20.09
	1.34
	7.20



	With PCM 3
	20.15
	1.40
	7.50



	With PCM 4
	21.38
	2.64
	14.10
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