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Abstract

:

Attention to photovoltaic (PV) cells to convert solar irradiation into electricity is significantly growing for domestic usage and large-scale projects such as solar farms. However, PV efficiency decreases on hot days. This paper proposes an effective cooling technique consisting of a 2% nano encapsulated phase change material (NEPCM) slurry and impinging jets (IJs) in a PV system. The impact of five influencing parameters on PV efficiency is studied using a multi-phase volume of fluid (VOF) model encompassing the effects of solar irradiation, latent heat, mass flow rate, number of nozzles, and jet-to-surface distance. The maximum efficiency of 15.82% is achieved under irradiation of 600 W/m2. The latent heat shows a slight improvement at the low particle concentration. Increasing the mass flow rate to 0.12 kg/s enhances the PV output power by 17.32%. While the PV performance is shown to be improved over the increment of the number of nozzles, the jet-to-surface spacing of 5.1 mm records a remarkable PV surface temperature reduction to 33.8 °C, which is the ideal operating temperature for the PV panel.
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1. Introduction


Traditional fuels are the major contributor to releasing carbon dioxide into the air, causing adverse effects such as greenhouse gas and global warming [1,2]. The rapid depletion of fossil fuels has inspired extensive research to alter conventional energy resources with renewable energy alternatives. The sun provides renewable, sustainable, and cost-competitive energy. Photovoltaic (PV) cells are an excellent technique for converting solar energy to electricity. However, PV efficiency decreases under high temperatures, and manufacturers recommend to maintain the PV temperature at 25 °C to achieve the maximum output power [3]. Integrating an effective cooling system into solar PV panels provides a lower surface temperature and boosts PV performance [4].



Different cooling techniques have been studied for the PV panels [5,6,7], divided into passive and active categories [8]. It was shown that a cooling system increased PV efficiency by 38.4% [5]. Integrating PV panels with thermal collectors has been widely studied, since it can provide lower PV temperature, higher efficiency, and hot water for domestic usage [9,10,11,12]. According to previous studies [2,13], jet impingement provides higher heat transfer, controlling the surface temperature effectively. Bahaidarah [14] reported a temperature reduction of 33 °C using jet impingement cooling (JIC) in a PV module. In a comprehensive study [2], different configurations of water impingement jets (IJs) were analysed in a PV system. It was found that IJs with higher mass flow rates enhanced the output power by 47.67% at the small jet-to-surface distance.



The dispersion of nanoparticles into base fluids offers better performance in the JIC system [15]. In our previous study [16], we conducted a parametric study to find the optimum design of multiple IJs using nanofluids. It was demonstrated that the maximum output power increased by 20.36% compared to the conventional PV panel. Later, Javidan and Jabari Moghadam [17] carried out an experimental investigation on a JIC system using nanofluids. They showed that multiple orifice nozzles provided better performance than single orifice nozzles. Ag nanoparticles demonstrated better performance than alumina particles with 45% heat transfer enhancement in a PVT system [18]. Mustafa et al. [19] showed that nanofluids and lower solar irradiation resulted in higher efficiency. Using phase change materials (PCMs) in solar panels as a passive cooling technique results in lower surface temperature. Khodadadi and Sheikholeslami [4] conducted a study on the effect of integrating PCMs, fins, and nanofluids in a PVT system. They could enhance electrical and thermal efficiency by 13.25 and 79.54%, respectively. Nanofluids demonstrate higher thermal conductivity, while the risk of agglomeration and sedimentation is higher [15].



However, advanced nanotechnology offers nano encapsulated phase change material (NEPCM) to tackle existing deficiencies. A polymer shell around NEPCMs prevents particles from leakage and agglomeration [20]. Moreover, due to releasing latent heat, NEPCM slurries have a higher effective heat capacity than nanofluids [21]. Therefore, NEPCM is an excellent alternative for cooling systems [22,23,24,25]. Kuravi et al. [26] found that increasing the effective viscosity of NEPCM slurries caused a higher pressure drop. They also showed that slurries with the mass fractions of up to 30% can be assumed Newtonian. Later, Mohammadpour et al. [27] maximised the heat transfer coefficient enhancement to 28.5% in a microchannel at the NEPCM particle concentration of 0.2 while the figure of merit decreased. Influential parameters contributing to NEPCM heat transfer were reviewed by Salunkhe et al. [11]. Moreover, 67% heat transfer enhancement was reported by Lu et al. [14] using the NEPCM slurry.



To the best of the authors’ knowledge, a limited number of pertinent research computationally studied PV/JIC systems. In addition, the NEPCM slurry is the potential and recent alternative to use as a coolant instead of air, water, and nanofluids. The present research aims to find the effectiveness of multiple impinging jets using NEPCM slurry to maximise PV efficiency by controlling PV temperature. A computational study is conducted to examine the effects of influential parameters on PV efficiency. The investigating parameters included in this study are the effects of solar irradiation, latent heat, mass flow rate, number of nozzles, and jet-to-surface distance.




2. Physical and Mathematical Model


Problem Definition


Figure 1a shows the physical model of a PV/JIC system, which is similar to the experimental model of the ZT10-18-P PV panel [2]. The nominal operating cell temperature (NOCT) equals 45 ± 2 °C. Table 1 presents the design parameters and thermophysical properties of each component. The PV module dimensions are 350 × 270 × 17 mm. Figure 1b shows different nozzle arrays examined in the present study. Previous studies showed that although a reduction of the nozzle diameter from 2 to 1 mm improved the PV efficiency, it led to a higher pressure drop penalty and pumping power. Hence, the diameter of the nozzles is assumed to be 2 mm.



Table 2 gives the thermophysical properties of NECPM particles and water [20]. The melting process of PCM in particles occurs at a span temperature between 21 °C and 29.5 °C, and the melting point is assumed 25.25 °C [20]. The diameter of particles equals 100 nm. The variation range of important parameters in this study is given in Table 3.





3. Governing Equations


Air is considered as the primary phase while injected NEPCM slurry is assumed to be the secondary phase. The multi-phase volume of fluid (VOF) model [28] is adopted to track and locate the free surface. In this model, there is no penetration between phases, and all phases are in the control volume simultaneously. The VOF model, continuity, momentum, energy conservation equations, the volume fraction equation, and the turbulence model are expressed as follows [28].



	-

	
Continuity equation









    ∂  ρ  e f f     ∂ t   + ∇ ·  (   ρ  e f f    u →   )  = 0  



(1)




where    ρ  e f f     is the effective density and   u →   is the velocity vector.



	-

	
Momentum equation









   ∂  ∂ t    (   ρ  e f f    u →   )  + ∇ ·  (   ρ  e f f    u →     u →   )  =  ρ  e f f    g →  +  ρ  e f f     F →   v o l   − ∇ P + ∇ ·  (   μ  e f f     ∇  u →   )   



(2)




where  P  is the pressure and     F →   v o l     is the surface tension force modelled by a continuum technique [29].



	-

	
Energy equation









   ∂  ∂ t    (   ρ  e f f      C  e f f   T  )  + ∇ ·  (   u →    (  ρ  e f f      C  e f f   T )  )  = ∇ ·  (   k  e f f     ∇  T f   )   



(3)




where    S h    is assumed for any other volumetric heat sources.



	-

	
Volume fraction equation








    v q  ∇  φ q  = 0   



(4)





Here, the renormalisation group (RNG) k-ε turbulence model is adopted to predict the flow field and heat transfer as follows [30].


  ∂  (  ρ k  )  / ∂ t + ∇ ·  (  ρ k v  )  = ∇ ·  {   (  μ +    μ t     σ k     )  ∇ k  }  +  P k  +  P b  − ρ ε  



(5)






  ∂  (  ρ ε  )  / ∂ t + ∇ ·  (  ρ ε v  )  = ∇ ·  {   (  μ +  μ t  /  σ ε   )  ∇ ε  }  + ε / k  (   C  1 ε    P k  −  C  2 ε   ρ ε  )   



(6)








4. Thermo-Physical Properties


In this study, one effective liquid phase is assumed for the NEPCM slurry consisting of 2% NEPCM particles and pure water [27]. Higher particle concentrations are neglected due to their considerable pressure loss penalty [27]. Table 4 shows proper correlations to model effective thermophysical properties, further discussed in [27].




5. Thermal Assessment


The following equation expresses the energy balance on the top surface of the PV module.


    q ˙   l o s s   =  h w *   (   T  a m b   −  T  g l a s s    )  + σ ε  (   T  s k y  4  −  T  g l a s s  4   )   



(7)




where  σ  represents the Stefan–Boltzmann constant,    h w *    is the heat transfer coefficient, and    T  s k y     is the sky temperature [4].



The absorbed solar irradiation (  E ˙  ) in each layer is calculated as follows [4].


    E ˙   g l a s s   = I A  α g   



(8)






    E ˙   P V   = I A F  τ  g l a s s    α  P V    



(9)






    E ˙   t e d l a r   = I A  τ  g l a s s    [   (  1 − F  )  + F  τ  P V    ]   α  t e d l a r    



(10)




where F represents the packing factor and A is the panel surface area. The absorbed solar irradiation can be neglected in the layers beneath the PV cells.



Evans et al. [31,32] proposed an empirical correlation (Equation (11)) to calculate the efficiency of the flat silicon PV module (   η  P V    ), which is dependent on the NOCT, wind speed, and ambient temperature.


   η  P V   =  η  r e f    [  1 − 0.0045  (   T  P V   − 25  )   ]   



(11)




where    η  r e f     is the PV efficiency at the standard conditions and assumed to be 0.165 based on the manufacturer’s recommendation.




6. Numerical Setup


The finite volume method is adopted to discretise the governing equations. While the compressive scheme is employed for the volume fraction, the 2nd order upwind scheme is adopted for rest parameters. [4]. Simulations are performed in the pseudo transient condition [2]. All outlets are considered open boundaries. Given that the flow and thermal fields are symmetrical on the X-axis and Z-axis, one-quarter of the PV/JIC system is simulated to save computational costs. The jet inlet temperature is set to the NEPCM liquidus temperature (=21 °C) [20], and the ambient temperature is 25 °C [2].



A hybrid structured and unstructured mesh is applied for the computational domain, including solid and fluid zones, and further refinement is considered near the target surface due to high gradient flow and heat transfer parameters. According to our previous study [16] on 4 mesh configurations of 0.9, 1.5, 2.7, and 4.4 M cells, the mesh resolution with 2.7 M cells has acceptable accuracy, and further refinement has a minor impact on predicting the average PV temperature.




7. Numerical Validation


Validating the present methodology is carried out in two parts, presented in Figure 2. First, the effective heat capacity technique in this study is validated with experimental [33] and numerical [26] studies. The present numerical study shows an excellent level of accurate agreement. Later, the current model is validated versus the experimental study on a similar PV/JIC system with water. The model predicts the decreasing trend with an acceptable agreement, while the average PV panel is underpredicted, which is resulted from 4.2% uncertainty in experimental measurements [33] and numerical models.




8. Results and Discussion


In this section, the effects of influential parameters on PV efficiency are discussed. Firstly, the effects of the solar irradiation magnitude and the latent heat on the PV performance are shown in Figure 3 for the JIC system when the mass flow rate, number of nuzzles, and jet-to-surface spacing are equal to 0.045 kg/s, 8, and 30 mm. Our previous study [16] showed that the PV temperature under the solar irradiation of 1000 W/m2 without JIC systems reached 68.5 °C, which resulted in the PV efficiency of 13.3%. Implementing the present JIC system including the NEPCM slurry significantly increases the efficiency to 15.26%. According to the obtained results, at the solar irradiation of 1000 W/m2, adding 2% of NEPCM particles into pure water of the JIC system reduces the PV temperature from 43 to 41.7 °C under the same operating conditions. Referring to Equation (11), increasing solar irradiation enhances the PV surface temperature leading to a reduction in the PV efficiency [4]. In addition, Figure 3 shows that the PV efficiency is slightly improved by increasing the latent heat of NEPCM particles from 107.1 kJ/kg to 250 kJ/kg, which is consistent with previous studies [34]. The effective specific heat equation in Table 4 confirms the minor effect of the latent heat at lower concentrations. The maximum efficiency of 15.83% is obtained at I = 600 W/m2.



The variance of temperature distribution (T′) is further discussed in this study and defined as


   T ′  =   ∑   i = 1  n   [   (   |   T i  −  T  a v g    |   )   ]   A i  /   ∑   i = 1  n   A i   



(12)




where Ai is the facet area and i is the number of facets.



Although the maximum efficiency is obtained at the lowest solar irradiation, the rest of the results are shown under the intensive solar irradiation of 1000 W/m2 to evaluate the JIC performance. Previous studies [30] demonstrated that increasing the mass flow rate at the jet inlet raises the turbulence kinetic energy, reduces hydrodynamic and thermal boundary layers, and increases heat transfer. In this regard, Figure 4 compares the velocity contours for the minimum and maximum mass flow rates. It can be found that increasing the inlet mass flow rate results in higher velocity magnitudes, a thinner boundary layer, and moving the strong deflected flow toward the wall jet and farther distances from the stagnation points. Therefore, as shown in Figure 5, higher mass flow rates significantly reduce the PV temperature and improve the temperature uniformity. The mean surface temperature significantly decreases as the mass flow rate increases. In addition, according to Equation (12), lower variance values show a more uniform temperature distribution over the PV panels. Hence, increasing the mass flow rate from 0.045 to 0.12 kg/s results in a temperature reduction of 4.2 °C and higher temperature uniformity.



Since the mass flow rate plays a significant role in the PV/JIC system, this parameter is further analysed in the present study by the maximum power increment percentage (  %  P   (  m a x  )  i n c r e a s e    ), defined as follows [2]. This parameter compares the maximum output power of the PV/JIC with the conventional PV panels.


  %  P   (  m a x  )  i n c r e a s e   =    P  P V / J I C   −  P  P V ,   u n c o o l e d      P  P V ,   u n c o o l e d      



(13)







Table 5 presents the impact of different mass flow rates on the PV/JIC system. Increasing the mass flow rate notably enhances the output power of the PV/JIC compared to the conventional PV panel. While the maximum power increment percentage reaches 14.99 at the mass flow rate of 0.045 kg/s, it is enhanced to 17.32% when ṁ = 0.12 kg/s.



Different arrangements of IJs are discussed in this study to enhance PV performance (See Figure 1). Table 6 compares the PV temperature and efficiency of different nozzles at ṁ = 0.12 kg/s. Increasing the number of active jets in the JIC system shows a reduction in the PV temperature and improves the PV efficiency. However, this improvement is more pronounced by increasing nozzles from 8 to 12, and this increment is smaller for further nozzles. The minimum temperature of 34.3 °C and the maximum efficiency of 15.81% are obtained for 24 nozzles.



Jet-to-surface spacing is highly significant in jet impingement heat transfer [2]. Decreasing the jet-to-surface distance can move larger turbulent vortices downstream, resulting in increasing the hydraulic jump diameters and decreasing the thickness of boundary layers [35]. Figure 6 indicates the influence of the jet-to-surface spacing on the PV temperature and efficiency. Decreasing H from 55 mm to 5.1 mm reduces the surface temperature and considerably improves module efficiency. The surface temperature is minimised to 33.8 °C while the PV efficiency is maximised to 15.85% at the jet-to-surface spacing of 5.1 mm.




9. Conclusions


A numerical study was carried out to improve PV performance using a JIC system. The VOF model was adopted to simulate the interaction between the air and NEPCM slurry, and the effective phase was considered for the mixture of the nanoparticles and water. The computational study focused to identify the effects of solar irradiation, latent heat, mass flow rate, number of nozzles, and jet-to-surface distance on PV efficiency. The concluding remarks can be high as follows:




	
While the conventional PV efficiency under the solar irradiation of 1000 W/m2 reached 13.3%, using the NEPCM-JIC system with the mass flow rate of 0.045 kg/s, the jet-to-surface spacing of 30 mm, and 8 active nozzles increased the efficiency to 15.26%.



	
Using the NEPCM slurry in the JIC system instead of pure water reduced the PV temperature by 1.3 °C under the same conditions.



	
Increasing solar irradiation led to higher surface temperature and lower efficiency. The PV efficiency was maximised under irradiation of 600 W/m2 and the latent heat of 250 kJ/kg.



	
The PV temperature was significantly reduced when the mass flow rate increased. In addition, the temperature uniformity and output power were improved by increasing the mass flow rate.



	
Smaller jet-to-surface distances improved the PV output power, and the minimum PV temperature of 33.8 °C was obtained at H = 5.1 mm.








Future research on PV/JIC systems is proposed to study PCMs and pulsation jets providing higher efficiency.
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Figure 1. Configuration of the PV/JIC system. (a) Schematic diagram and (b) nozzle arrays. 
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Figure 2. Validation of the present study. (a) Validation with the Exp. [33] and numerical [26] data, and (b) validation with PV/JIC experimental data [2]. 
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Figure 3. Effect of solar irradiation and latent heat on the PV temperature at c = 2%, ṁ = 0.045 kg/s, N = 8, and H = 30 mm. 
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Figure 4. Comparison of velocity contours between two mass flow rates in the YZ-plane at c = 2%, I = 1000 W/m2, hsl = 107.1 kJ/kg, N = 8, and H = 30 mm. (a) ṁ = 0.045 kg/s and (b) ṁ = 0.12 kg/s. 
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Figure 5. Effect of mass flow rates on the PV temperature and its uniformity at c = 2%, I = 1000 W/m2, hsl = 107.1 kJ/kg, N = 8, and H = 30 mm. 
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Figure 6. Effect of nozzle-to-surface spacing on the surface temperature and PV efficiency at c = 2%, I = 1000 W/m2, hsl = 107.1 kJ/kg, ṁ = 0.12 kg/s, and N = 24. 
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Table 1. Design parameters and thermophysical properties of PV components [4,14].
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	Glass
	PV Cells
	Tedlar
	Substrate





	Thickness, t, (mm)
	4
	0.3
	0.5
	0.5



	Thermal conductivity, k, (W/mk)
	1
	148
	0.033
	202



	Specific heat capacity, Cp, (J/kg·K)
	500
	677
	1250
	903



	Density, ρ, (kg/m3)
	2450
	2330
	1200
	2702



	Absorptivity, α
	0.05
	0.9
	0.128
	-



	Transmissivity, τ
	0.92
	0.09
	-
	-



	Emissivity, ε
	0.85
	-
	-
	-
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Table 2. Thermophysical properties of water and NEPCM [20].
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	Materials
	ρ (kg/m3)
	k (W/m·K)
	Cp (J/(K·kg))





	Water
	997
	0.61
	4180



	Octadecane (core)
	850
	0.34
	1800



	Polystyrene (shell)
	1260
	0.21
	2130
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Table 3. The variation range of important parameters.
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	Parameter
	
	Variation Range





	Solar irradiation (W/m2)
	I
	600–1000



	Latent heat (kJ/kg)
	hsl
	107.1–250



	Inlet mass flow rate (kg/s)
	ṁ
	0.045–0.12



	Number of nozzles
	N
	8–24



	Jet-to-surface spacing (mm)
	H
	5.1–55
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Table 4. Correlations for modelling effective physical properties [27].
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Properties

	
Correlation






	
Density

	
   ρ  s l u r r y   = c  ρ p  +  (  1 − c  )   ρ w   

where c is the volumetric concentration of particles.




	
Dynamic viscosity

	
    μ  s l u r r y   =    (  1 − c − 1.16  c 2   )    − 2.5    μ w    




	
Thermal conductivity

	
    k  s l u r r y   =  k b   (  1 + B c P  e p m   )    

    k b  =  k w   (   k p  + 2  k w  + 2  (   k p  −  k w   )  c  )  /  (   k p  + 2  k w  −  (   k p  − w  )  c  )    




	
    {      B = 3 ,   m = 1.5 ,   P  e p  < 0.67                                     B = 1.8 ,   m = 0.18 ,   0.67 < P  e p  < 250       B = 3 ,   m =  1  11   ,   P  e p  < 250                                           

	
and

	
   P  e p  =   e  d p 2     α  b f       




	
where  e  and  α  are the shear rate magnitude and thermal diffusivity, respectively [27].




	
Specific heat capacity

	
   C  p , s l u r r y   =  (  1 −  c m   )   C  p , w   +  c m   C  p , p   +  c m  Υ  [   {   π 2   (     h  s l      T  M R     −  C  p , p    )  sin π  [     (  T −  T s   )     T  M R      ]   }   ]     ,   Υ    = 0 or 1

where    c m    is the mass concentration of particles.    h  s l     is the latent heat,    T s    is the solidus temperature, and    T  M R     is the melting range.
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Table 5. Effect of mass flow rate on economic factors at c = 2%, I = 1000 W/m2, hsl = 107.1 kJ/kg, N = 8, and H = 30 mm.
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	ṁ (kg/s)
	%P(max)increase





	0.045
	14.99



	0.07
	16.01



	0.095
	16.76



	0.12
	17.32
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Table 6. Effect of number of IJs on the PV temperature and PV efficiency at c = 2%, I = 1000 W/m2, hsl = 107.1 kJ/kg, ṁ = 0.12 kg/s, and H = 30 mm.
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	Nozzle No.
	TPV (°C)
	     η  P V        





	8
	37.55
	15.56



	12
	34.88
	15.76



	16
	34.77
	15.77



	20
	34.75
	15.78



	24
	34.31
	15.81
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