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Abstract 

Regulating the operating temperature of photovoltaic (PV) systems is essential for their longevity. An 

efficient passive cooling method involves the incorporation of Phase Change Materials (PCMs). In this 

study, a novel non-linear analytical solution is employed to investigate the melting and solidification 

processes within the PV-PCM system, which operates continuously for 24 hours each day. The analytical 

approach significantly reduces computational time to a few seconds compared to over three months required 

by the CFD techniques. The transformation of the partial differential energy equation into a non-linear 

ordinary differential energy equation facilitates precise observation of both melting and solidification 

processes of the PCM material. The analytical approach is further applied to assess the performance of the 

PV-PCM system during two typical summer days in 2020 and 2021. Additionally, the impact of PCM 

thickness on the PV-PCM system is examined as a variable input. Tesults indicate that increasing PCM 

thickness from 1 cm to 5 cm reduces the peak temperature of the PV module by approximately 7 C . This 

temporal shift is significant, enabling the PV module to operate at cooler temperatures during peak solar 

intensity, resulting in higher power output. The analytical solution proves instrumental in determining the 

optimal PCM thickness for a PV-PCM system in any location within seconds. The findings reveal that a 5 

cm PCM thickness leads to a 13% decrease in maximum temperature and a 3.4% increase in minimum 

electrical efficiency. The integration of thermal energy storage enhances the overall efficiency and 

performance of the PV system. 

 

Keywords: Analytical solution, Melting, PCM, Solar energy, Solidification, Thermal energy storage. 

1. Introduction 
Solar energy has the greatest potential among all 

renewable technologies [1]. Photovoltaic (PV) 

modules have a widespread application because of 

their simplicity and low manufacturing cost 

compared to the other techniques of converting 

solar energy to electricity [2]. There are two main 

challenges in PV devices that the engineers are 

struggling with achieving higher efficiency and 

regulating their operating temperature [3]. 

Conventional first-generation solar cells have a 

relatively low efficiency ranging from 15% to 

25% [4]. Hence, the third-generation multi-

junction solar cells have been manufactured by 

scientists to achieve efficiency as high as around 

47.1% under the AM1.5 spectrum [5]. According 

to Alexis De Vos [6], the theoretical maximum 

efficiency of tandem solar cells is 68% without 

any sunlight-concentrating devices. Although 

compound structure solar cells offer higher 

efficiency, there are still some barriers in the way 

to industrializing them such as being toxic to the 

environment, being fragile, and having a relatively 

low lifespan duration. On the other hand, first-

generation solar cells' lifetime is over 25 years 

with a robust performance. Therefore, it is no 

surprise that in 2019 about 95% of PV panels 

available in the market belonged to first-

generation solar cells [7]. Besides all the 

advantages single crystalline silicon cells possess, 

their electrical efficiency drops by elevating the 

operating temperature. To keep the PV 

temperature at a certain level, many researchers 
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have worked on different cooling systems for PV 

modules/panels. 

Among various cooling methods, passive cooling 

techniques have lured the attention of the 

researchers because of benefits such as little 

maintenance cost [8] and zero-power 

consumption. This is in contrast to active cooling 

methods, where the cooling system consumes a 

fraction of PV power output. Passive cooling 

methods can be divided into six categories [9]:  

a) Natural ventilation 

b) Liquid immersion 

c) Heat pipe 

d) Thermoelectric generators 

e) Phase change material (PCM) 

f) Spectral beam splitter (SBS) 

Each of the six techniques above has its attributes, 

and is utilized based on the specific application, 

geographical, and climatic conditions. The easiest 

and simplest one is natural ventilation, where the 

PV module/panel is cooled by natural air 

movement. However, it has the least impact on 

electrical efficiency improvement [8]. Liquid 

immersion has a higher heat transfer coefficient 

compared to air; consequently, immersing PV 

modules/panels under the water or floating them 

in the water will greatly decrease their 

temperature. Another option that could have a 

profound impact on regulating PV devices’ 

temperature is the use of PCMs. PCMs have had 

extensive use in engineering fields such as air 

conditioning systems, water heating, cooling 

devices, and unnumbered industrial 

implementations [10]. The first use of PCMs in a 

PV module was done by Hausler et al. [11] in 

1998. Starting from 2004 to 2011, Huang’s 

research team pioneered the study of PV-PCM 

systems [12-14]. To tackle the problem of low 

thermal conductivity of PCMs, they have used 

aluminum extruded surfaces to enhance the heat 

transfer rate so that the PCM material was able to 

absorb more heat at a certain time. Aside from 

fins, there are other methods to enhance the 

effective thermal conductivity of PCMs including 

adding nanoparticles [15, 16], embedding a 

porous material with high thermal conductivity, 

and modification of geometrical and operational 

conditions. Concerning the geometrical aspect, 

Akshayveer et al. [17] have modified the 

conventional rectangular enclosure of a PCM, and 

achieved an 11.5% reduction in PV cell 

temperature. The incorporation of porous material 

with PCM could enhance the effective thermal 

conductivity of PCM up to more than 20 folds. 

Hence, many researchers have gone for metal 

foams, and studied the heat transfer performance 

of such devices. Recently, M. A. Essa et al. [18] 

studied the influence of porous metallic media 

(PMM) integrated with PCM on a PV module. 

Since water is circulated behind the PV module, 

their cooling system falls into active 

classification. Based on their experimental output, 

the PMM had superior performance compared to 

the system without PMM. Torsten Klemm et al. 

[19] numerically studied the heat transfer 

performance of PV-PCM system coupled with 

metallic fiber structure. They applied solar 

insolation as a function of time so that they were 

able to simulate the problem 24 hours a day. With 

a metallic fiber structure, the peak temperature of 

the PV module was decreased by about 20 K. M. 

A. Vaziri Rad [20] added an aluminum shavings 

porous media to a photovoltaic thermal (PVT) 

system. Their experimental setup was conducted 

in a cold and warm month starting from 9:30 to 

17:00. At all times the PVT-PCM-Porous, PVT-

PCM, PVT, and PV systems showed a better 

performance respectively. The reason behind the 

superior performance of the PVT-PCM-Porous 

system is the faster melting rate of the PCM in the 

vicinity of porous media. According to their 

report, by using porous media a 19%-25% 

reduction in the melting time of the PCM was 

observed. Although the combination of 

nanoparticles and PCMs has been extensively 

studied by the researchers, in terms of heat 

transfer, they are no match against fins or metallic 

porous media [21]. Therefore, in this study, 

extruded surfaces have been integrated with PCM 

to compensate poor heat transfer rate of a pure 

PCM. 

In 2015, J. Zhou et al. [22] numerically analyzed 

the heat transfer performance of a silicon solar 

cell module (without a cooling system) at 

different radiation levels and ambient 

temperatures. They have mentioned that at higher 

radiation levels due to higher operating 
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temperatures, the conversion efficiency drops 

significantly. The wind speed was also considered 

in their study and reported that a 10 K temperature 

drop could be observed at 1000 𝑊
𝑚2⁄  irradiation 

when wind speed is increased from 0 to 1 m
s

.  

Two years later, Tao Ma et al. [23], numerically 

studied the PV-PCM system performance for 

typical summer days in Shanghai. In their 

simulation, the ambient temperature, solar 

insolation, and wind speed were set as 30 C , 900 

2
W

m
, and 4 m

s
, respectively. Subsequently, 

their simulations were performed for 360 minutes. 

Based on their outcome with the use of RT35HC 

PCM, the PV module temperature was maintained 

under 45 C  for 318 minutes. Another numerical 

study for concentrator PV-PCM systems was done 

by M. Emam and M. Ahmed [24] in the year 

2018. In their cooling system, which the PCM 

heat sink consisted of parallel and series cavities, 

the results showed that increasing the number of 

parallel cavities led to further reduction of solar 

cell temperature, which was in contrast to 

increasing the series cavities. The reason is that by 

assembling the parallel cavities the heat is 

transferred from the solar cell to the back of the 

module, which has convective heat transfer 

boundary conditions via metal fins. However, in 

the series cavities, there are no metal fins that link 

the solar module to the back sheet, so increasing 

the number of series cavities will only result in 

higher resistance and lower heat transfer rate. 

While previously mentioned, papers considered a 

stable ambient condition; S. Khanna et al. [25] 

have studied the PV module performance under 

realistic climatic conditions. They were successful 

in simulating the PV module under climatic 

conditions of four different cities Madrid, 

Benidorm, Chennai, and Monaco. In their 

simulation, the ambient temperature and solar 

insolation vary with time, and a 24-hour full-day 

investigation has been done. One year after they 

optimized the PCM thickness and fin 

displacement under various working 

circumstances [26]. Parameters such as wind 

speed and wind azimuth effect have been 

considered on the PCM enclosure thickness. 

Unlike the other papers, the back sheet enclosure 

of the PCM material was set as an adiabatic 

condition. In real applications, a convective 

boundary condition is preferred since the PCM is 

being charged from the solar module side and 

discharged to the ambient from the other side. 

Hence, the PCM is under simultaneous charging 

and discharging (SCD) conditions, which may 

show a different behavior [27]. Regarding SCD 

conditions, J. M. Mahdi et al. [28] have paid 

attention to this matter so they added an exterior 

metal foam layer behind the PV-PCM system. 

With the exterior metal foam layer, the PCM 

melting time was extended by up to 32%-55%. 

Juan Duan [29] has also considered convective 

boundary conditions and simulated a concentrator 

PV-PCM system. A copper porous media has 

been used to enhance the effective thermal 

conductivity of the RT70HC PCM. The results 

convey that by decreasing the porosity the 

electrical efficiency could be increased. In another 

study, Juan Duan [30] experimentally and 

numerically studied the inclination angle effect on 

the PCM-porous cooling system of a PV module. 

He mentioned that by increasing the inclination 

angle the melting rate will increase. 

In a recent scientific investigation by Xu et al. 

[31], the impact of Phase Change Material (PCM) 

on photovoltaic (PV) panels was explored through 

meticulous experiments. The indoor tests were 

conducted under an irradiation level of 1000 lux 

and an ambient temperature of 7.3 C . The PCM 

container affixed to the rear surface of the PV 

panel possessed a thickness of 30 mm. The 

findings demonstrated a noteworthy reduction of 

approximately 35 C  in the average temperature 

of the PV panel for 300 minutes. Maghrabie and 

colleagues [32] investigated the use of RT42 

phase change material (PCM) to reduce the 

temperature of PV panels. Various PCM 

thicknesses, namely 1 cm, 2 cm, and 3 cm were 

affixed to the PV panel at different tilt angles, 

including 15 , 20 , 25 , and 30 . The most 

favorable outcome was observed at the 30  tilt 

angle. According to their findings, the electrical 

efficiency of the PV-PCM system increased by 

14.4% in comparison to the standalone PV panel.  
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The literature review confirms that there is still a 

gap in the fast thermal analysis of a PV-PCM 

system under realistic environmental conditions. 

Under real environmental conditions, the solar 

insolation, ambient temperature, wind speed, etc. 

vary over time, so finding a suitable PCM 

enclosure thickness would be a challenging task 

that requires a deep study in this area. The 

experimental techniques would be time-

consuming and pricey; the CFD technique also 

requires huge computational costs besides being a 

time-wasting method. The present paper aims to 

evaluate the minimum PCM thickness 

requirement by a novel analytical method that 

would be sufficient to absorb the excess heat of 

the PV module and also get solidified during 

nocturnal. This novel technique is based on 

writing the conservative energy equation for a 

PV-PCM system over time. To the best of the 

authors’ knowledge, for the first time, this 

technique is applied to PV and PV-PCM systems 

to study their thermal behavior in real outdoor 

conditions. Although the outdoor realistic 

simulation has been performed concerning the 

coordinates of Babol city (36.53° N, 52.67° E), it is 

expected that the design procedure of the current 

study could be applied to any other case studies 

with different geographical and climatic 

conditions. 

 

2. Problem description 

The geometry of the present paper case study 

along with boundary conditions is well depicted in 

figure 1. Figure 1 (a) exhibits the 3D view of PV 

laminates’ placement sequence on each other. The 

PV module size is considered to be 
2300 300 mm , so that the 2D model view 

represents just a portion of the whole domain. 

Five aluminum plate fins have been added inside 

the PCM enclosure to maximize the heat transfer 

rate. The topological measurements 

accompanying with thermos-physical properties 

of the PV-PCM system have been represented in 

table 1. Since the simulation has been performed 

in both outdoor and indoor conditions, for the 

outdoor case the module is tilted about 36.53° 

degrees from horizontal, while in indoor 

conditions, the module is assumed to be mounted 

horizontally. The main goal of the current paper is 

to find a suitable PCM type with a minimum 

thickness required to be able to maintain the 

module temperature during the diurnal. Moreover, 

the fins' effect has also been paid attention to, 

hence, three different arrangements have been 

analyzed in indoor conditions, and the best 

arrangement has been chosen for real 

environmental conditions. These arrangements are 

shown in figure 2. It is worth noting that the fins’ 

areas in all different arrangements are the same, 

so that for arrangement “C” since the length is 

twice of the other “A” and “B” arrangements the 

thickness is half (0.5 mm). It is also worth noting 

that the PV module is assumed to be a 

monocrystalline type with a reference efficiency 

of 20%. According to M. Mattei et al. [33], 

photovoltaic module efficiency is a linear function 

of its operating temperature, which could be 

defined as below: 

 1 ( ) 0.085ln solar
PV ref ref cell layer ref

ref

I
T T

I
  

  
= − − +    

  

 
(1) 

where solarI , ref , ref , refT , and refI  are the 

intensity of the solar insolation, the reference cell 

efficiency (%20 at 298.15 K), reference 

temperature coefficient (0.005 1/K), reference 

temperature (298.15 K), and reference solar 

intensity (1000 W/m2), respectively [26]. From 

equation 1, it can be concluded that the efficiency 

of a PV module will drop as it gets heated so the 

power output of the PV module will decrease. 

This is not the only disadvantage of temperature 

rise in PV modules; according to O.O. Ogbomo et 

al. [34], the module fatigue life will decay 

exponentially with temperature. Thus regulating 

PV module temperature is vital during its lifetime. 
 

 
(a) 

 

 
(b) 

 Figure1. (a) 3D representation of PV system, (b) 2D 

representation of PV-PCM system. 
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Table 1. The thermo-physical and optical properties of the PV system used in the current study [29]. 

Materials Thickness [mm] ]3Density [kg/m Thermal conductivity [W/m.K] Specific heat [J/kg.K] 

Glass 3.0 3000 2 500 

EVA 0.5 960 0.35 2070 

Cell 0.2 2330 148 677 

Tedlar 0.3 1200 0.2 1250 

Aluminum 
plates 

5 2675 211 903 

 Absorptivity Reflectivity Transmissivity Emissivity Refractive index 

Glass 0.04 0.04 0.92 0.9 1.526 

EVA 0.08 0.02 0.9  1.45 

Cell 0.9 0.08 0.02  3.69 

Tedlar 0.13 0.86 0.012 0.9 1.45 

 

 
(A) 

 
(B) 

 
(C) 

Figure 1. Three different fins arrangements in the PV-

PCM system (A): Fins attached to the upper surface of 

the PV module, (B): Fins attached to the lower surface of 

the PCM container, (C): Fins embedded in the middle of 

the PCM container by attaching lower and upper surfaces 
 

3. Model relations 

 

3.1. Analytical method 

The CFD simulation is an accurate method to 

estimate the operating temperature of the PV 

module alone or in the vicinity of a PCM material 

under realistic operating conditions, so that the 

peak temperature of the PV or PV-PCM system 

can be determined in 24 hours. Despite its precise 

forecast, it’s a pretty time-consuming method; 

hence, it has been tried to find an alternative 

solution that could quickly yield the operating 

temperature of a PV module or PV-PCM system. 

Lumped system assumption considers a spatially 

uniform temperature, which would simplify the 

governing equations of the problem. 

Consequently, the problem is studied analytically 

considering the input and output of the energies. 

The lumped assumption is valid only if the Biot 

number is less than 0.1. With this regard, if the 

whole PV module is going to be modeled as 

lumped capacitance, its Biot number should be 

determined first. Equation (2) defines the Biot 

number relation: 
 

c ch L
Bi

k
=  (2) 

 

The effective thermal conductivity of the whole 

PV module needs to be determined. Accordingly, 

since the PV module layers are connected in 

series, the effective thermal conductivity of the 

whole system could be determined by writing the 

total conduction resistance equation: 
 

total glass EVA cell EVA tedlarR R R R R R= + + + +  (3) 

  

,

glassPV EVA cell EVA tedlar

eff PV glass EVA cell EVA tedlar

tt t t t t

k k k k k k
= + + + +  (4) 

 

Since the thickness of the PV module layers and 

their thermal conductivity are known, the PV 

module's effective thermal conductivity could be 



A. Mahdavi et al. / Renewable Energy Research and Application, Vol. 6, No 1, 2025, 105- 124 
 

110 

 

obtained, which has a 0.76811 (
.

W

m K
) value. The 

characteristic length of the PV module is 

considered as its total thickness of it (4.5 mm). 

Now the Biot number could be calculated at all 

times by substituting the forced convection heat 

transfer coefficient at different times. Figure 3 

shows the Biot number over the whole 

computational duration which has less than 0.1 

value at most times, which justifies the lumped 

assumption. 

 
Figure 2. Biot number variation over time. 

In the case of analytical analysis of the PV 

module, the conservation of energy equation 

would be written as: 

in out g stE E E E− + =  (5) 

 where: 

(1 )in sE GA r= −  , 

4 4 4 4

, 1.5 ( ( ) ) ( ( ) ) ( ( ) )out c force s amb s sky s ambE h A T t T A T t T A T t T = − + − + − ,    

0.2(1 0.005( ( ) 298.15))(0.828 0.9 )g sE T t G A= − − −    , 

, , , , 

( )
( 2 )st glass P glass EVA P EVA cell P cell tedlar P tedlar

dT t
E m C m C m C m C

dt
= + + + , 

and 

3025 55340          

0                      

solar t

otherwise

I

G

 


= 



 

The analytical analysis has also been applied to 

the case of the PV-PCM system. This time, the 

governing equations will alter over time since the 

latent heat is added to the energy equation when 

PCM reaches the melting point. Therefore, 

depending on the geographical and ambient 

conditions the energy equation could be divided 

into a maximum of 5 piecewise equations varying 

over time. The governing energy equation of the 

PV-PCM system would be the same as equation 

(5); however, the term 
stE is a piecewise function 

of the system’s temperature, which could be 

followed as: 

,  ,  ,  ,  

,  ,  ,  ,  

( )
( 2 )                                  

( 2

glass P glass EVA P EVA cell P cell tedlar P tedlar PCM PCM fins al s

st glass P glass EVA P EVA cell P cell tedlar P tedlar PCM PCM

dT t
m C m C m C m C m C m C T T

dt

E m C m C m C m C m C

+ + + 

= + + +

+ +

+ +

,  ,  ,  ,  

( )
) +           

( )
( 2 )                                

fins al PCM s l

glass P glass EVA P EVA cell P cell tedlar P tedlar PCM PCM fins al l

dT t
m C m T T T

dt t

dT t
m C m C m C m C m C m C T T

dt


  



+ + + + +










 (6) 

In equation (6), the latent heat of PCM comes into 

action as soon as the system reaches the melting 

point. Hence, the stored energy would be a 

piecewise function of the system’s operating 

temperature. The challenge of solving equation 

(5) for the case of the PV-PCM system is that the 

stE  term, as shown in equation (6), is not a single 

equation. Consequently, the code is divided into 5 

sections, which are as follows: 

1) Before the melting duration of PCM material 

2) During the melting duration of PCM material 

(The latent heat is added to the equation) 

3) After the melting duration of PCM material 

when PCM is fully melted 

4) During the solidification of PCM material (The 

latent heat is added to the equation) 

5) After the solidification duration of PCM 

material when PCM is fully solidified 

Each section above has its unique equation with 

an initial temperature that is required to be 

determined by solving the energy equation of the 

previous section. For both PV and PV-PCM 

systems, the analytical solution is a non-linear 

ordinary differential equation (ODE), which has 

variable boundary conditions that are a non-linear 
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function of time. Due to the emissivity radiation 

heat transfer from the PV surface, the non-

linearity of energy equation (5) is fourth order of 

magnitude. MAPLE software is used to solve the 

governing non-linear energy equations for both 

PV and PV-PCM systems. 

 

3.2. Governing equations of CFD technique 

The CFD technique has been used in this study for 

two main reasons:  

1) To be compared with the analytical method 

2) To find the best fin arrangement 

Therefore, in this section, the governing equations 

applied to the PV-PCM system have been 

thoroughly discussed. Solar insolation is applied 

to the front (top) layer of the PV module, and 

penetrates to the other layers, gradually increasing 

its temperature and conducting the excess heat to 

the aluminum plate and the attached PCM after 

that. All three mechanisms of heat transfer such as 

radiation, convection, and conduction took place 

in the current study. To model the radiation 

through PV module layers discrete ordinate (DO) 

method is applied. In the DO radiation model, the 

intensity is considered as a function of r a 

position, and s  as a direction vector, and then it 

is applied in equation (7) [35].  

( )( ) ( ) ( ) ( )
44

2

0

, ( ) , ,  ,
4

s
s

T
I r s s a I r s an I r s s s d




 
 

    + + = + 
 

(7) 

In the above equation, s , 
s ,  , a , n ,  , and 

 are scattering direction vector, scattering 

coefficient, Stefan-Boltzmann constant, spectral 

absorption coefficient, refractive index, phase 

function, and solid angle, respectively. The 

refractive index values of different module layers 

are taken from the reference [35]. The scattering 

phase function is assumed to be isotropic. The 

spectral absorption coefficient ( a ) is required to 

be determined, which is a function of the material 

thickness (
thicknesst ), transmissivity ( ), and 

reflectivity ( r ) [36]: 

2 4
2

2

1 (1 ) (1 )
ln

2 4thickness

r r
a r

t  

   − −
= + +  

    

 (8) 

 

Since all the unknowns of equation (7) are 

determined, the intensity could be calculated and 

applied as a source term in the conduction heat 

transfer equation of the PV module layers: 

( )
.( )ii p i

i i elec h

C T
k T e S

t





=   − +

  
(9) 

where “ i ” denotes the different PV module 

layers, the parameter “ ” obtains the value of one 

for the cell layer and zero for the other layers, and 

hS  is the source term related to the absorption of 

the radiation energy by each PV module layer, 

which could be determined if both radiation and 

energy equations are solved simultaneously. 

0

R R

h vS q q dv

+

= − =  
 

(10) 

where 
R

vq  the spectral radiative flux crossing a 

surface with a normal unit vector n  is expressed 

as: 

4

R R

v v vq q n I n sd


=  =  
 

(11) 

The only unknown parameter of equation (9) is “

elece
”, which could be determined by equation 

(12): 

  

( )cell glass solar PVelec
elec

cell layer cell layer

IE
e

V t

  
= = (12) 

where 
elecE ,  cell layerV , 

cell , glass ,  cell layert , 
solarI , 

and 
PV  are the electrical power output of the PV 

module, the total volume of the cell layer, the 

absorptivity of the cell layer, the transmissivity of 

the glass layer, the thickness of the cell layer, the 

intensity of the solar insolation, the PV module 

efficiency, respectively.  

In the case of a PV-PCM system, it is necessary to 

consider the continuum, momentum, and energy 

equations of the PCM material. Equation (13) 

below stands for the continuum equation of the 

PCM: 

. 0V = (13) 
 

where “V” is the velocity vector in the Cartesian 

coordinate.  

Equations (14 and 15) are the momentum 

equations of the PCM material in the Cartesian 

coordinate: 
 

21
. ( cos ( ))ref u

u P
V u u g T T S

t x
  



 
+  = − +  + − +

   
(14) 
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21
. ( sin ( ))ref v

P
V g T T S

t y


    



 
+  = − +  − − +

   
(15) 

The two source terms in the momentum equations 

are modeled as: 
 

2

3
(1 )u

u
S C 

 
= −

+  
(16) 

2

3
(1 )S C




 
= −

+  
(17) 

where C  stands for mushy zone constant which is 

in the range of 105-106. In this study, the value of 

105 is used as it has been recommended by several 

studies [37–40]. Moreover, the symbol   is 

added to the denominator to avoid division by 

zero.  

Eventually, the energy equation of the PCM 

material is defined as: 

( )
.( ) .

p

h H k
Vh H

t t C

   
+ + =         

(18) 

The equations below represent the calculation of 

the sensible enthalpy of PCM and latent heat, 

respectively: 

ref

T

ref p

T

h h C dT= +  (19) 

H  =  (20) 
 

In the above equations, refh is the reference 

enthalpy of the PCM material at 273 K, pC  is the 

specific heat capacity of the PCM at constant 

pressure, and   is the PCM liquid fraction term, 

which varies in the range of zero to one, and is 

described as: 

0                              T T

( ) / ( )   T <T<T   

1                               T T

s

s l s s l

l

T T T T




= − −
   

(21) 

The advection movement of the PCM material 

because of the narrow temperature differences is 

considered and modeled as a Boussinesq 

approximation: 

(1 ( ))l mT T  = − −
 

(22) 

where 
l is the density of the PCM in the liquid 

form and 
mT  is defined as the average of solidus 

and liquidus temperatures of the PCM, 

( ) / 2m s lT T T= + .  

Since the PCM is trapped in an aluminum 

container with plate fins, the heat transfer 

equation inside the aluminum chamber and the 

fins is essential to be mentioned: 

( )
.( )AlAl p Al

Al Al

C T
k T

t


= 

  
(23) 

The thermo-physical properties of RT35-HC PCM 

used in this study are described in table 2 [41]. 

Table 2. The thermo-physical properties of the PCM used 

in this study [41]. 

Properties 

 

RT35-HC 

3 (kg/m ) 778.2 

(J/kgK)p C 2000 

k (W/mK) 0.2 

(kg/ms) 0.0044 

(J/kg) 220000 

Ts
(K)  307.65 

Tl
(K)  309.15 

(1/K) 0.000865 

 

3.3. Governing equations of CFD technique 

Initially ( 0t = ), the PV-PCM system is at an 

ambient temperature (
ambT ) lower than the PCM 

solidus temperature, so that the PCM is in the 

solid form. After that, the solar insolation is 

applied at the top layer of the PV module (glass) 

as a semitransparent medium along with external 

radiation sources (sky temperature for the outdoor 

condition and room temperature for the indoor 

case). While the side layers are assumed to be 

adiabatic and opaque the convection heat transfer 

is applied at the front and back layers. The heat 

transfer coefficient term for the outdoor condition 

is considered to be a linear function of wind speed 

and for the indoor case, the natural convection is 

regarded. Therefore, in the following paragraphs, 

the formulas of forced and natural heat transfer 

coefficients are studied. 

Equations (24 and 25) present the natural 

convection heat transfer coefficient of 

horizontally positioned hot plates [42]: 
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, c natural

k
h Nu

L
=

 

1
4 74

1
7 113

0.54                10 10

0.15                10 10

Nu Ra Ra

Nu Ra Ra

=  

=    

Hot surface be on top (24) 

, c natural

k
h Nu

L
=

 

1
5 1040.27                10 10Nu Ra Ra=    

Hot surface be on the bottom (25) 

where “ L ” is the characteristic length of the plate 

and is defined as the ratio of the surface area of 

the plate to its perimeter sA
L

Perimeter
  and “

Ra ” is the Rayleigh number of external free 

convection flows: 
 

3( )s ambg T T L
Ra





−
=

 
(26) 

In the “ Ra ” equation,  , 
sT ,  , and  stands 

for thermal expansion coefficient of air, plate 

surface temperature, air kinematic viscosity, and 

air thermal diffusivity. It is noteworthy to mention 

that all the aforementioned parameters are taken at 

air film temperature, which is the average 

temperature of the plate surface temperature and 

ambient temperature (
2

s amb
f

T T
T

+
 ). Since the 

PV module front and bottom surfaces,’ 

temperature needs to be known as “
sT ” 

temperature, so that the air properties can be 

determined and the natural heat transfer 

coefficient be calculated; an initial value is 

guessed for the area-weighted average 

temperature of the PV module front and bottom 

layers, and subsequently, the heat transfer 

coefficient is applied as the boundary condition. 

Finally, the front and bottom surface temperatures 

obtained from the CFD simulation are compared 

with the approximate values and if the absolute 

error is less than %3 the calculated natural heat 

transfer coefficient would be fine. 

Under outdoor circumstances, the forced heat 

transfer coefficient, ambient temperature, and 

solar insolation are all time-dependent variables. 

Hence, the NASA weather station [43] is used to 

get the hourly data of the variables on summer 

days (01/07/2021-02/07/2021), and then the 

variables are defined as a function of time. The 

forced heat transfer coefficient could be calculated 

as a linear function of wind speed as expressed 

below [44]: 

, force 5.7 3.8c wh V= +
 

(27) 

Equation (27) is valid for wind speeds less than 5 

m/s.  

The sky temperature could be determined as a 

function of ambient temperature as demonstrated 

by [45]: 

1.50.0522sky ambT T=
 

(28) 

A 24-hour simulation is performed based on the 

data available in table 3. Since the time step size 

for the CFD simulation is 0.1 seconds, the hourly 

data are converted to seconds, and then the 

variables’ correlation against time is extracted and 

applied as variable boundary conditions. 

Equations (29-32) express the solar insolation, 

ambient temperature, sky temperature, and heat 

transfer coefficient as a function of time. It is 

worth mentioning that the heat transfer coefficient 

applied to the bottom side of the PV-PCM system 

is half of the front side which will be calculated 

from equation (27) as reported in [22]. 

 
4 3 2

0.272144657 ( / 3600) 8.799134715 ( / 3600) 74.74533917 ( / 3600) 58.38249256 ( / 3600) 1.45981424solar t t t tI  −=  +  −  +  (29) 

6 5 4 3 2

,  
1.11825 26 ( ) 2.8092 21 ( ) 2.57601 16 ( ) 1.03905 11 ( ) 1.77582 07 ( ) 0.001210806 9.184282488

c force
E t E t E t E t E t th − −  + −  − −  + −  − −  +  +=  (30) 

5 4 3 2

1.33538 22 ( )  3.0515 17 ( ) 2.35706 12 ( ) 6.46593 08 ( ) 0.000234058 ( ) 298.3721879
amb

E t E t E t E t tT − −  + −  − −  + −  −  +=  (31) 

5 4 3 2

1.8246 22 ( ) 4.16964 17 ( ) 3.22148 12 ( ) 8.84556 08 ( ) 0.000323948 ( ) 269.0417665
sky

E t E t E t E t tT = − −  + −  − −  + −  −  +  (32) 
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Table 3. Hourly weather data of Babol City on summer days. 

Hour )2Solar Insolation (W/m Wind speed (m/s) Time start (s) (K) ambT (K) skyT K)2Heat transfer coefficient (W/m 

4 0 0.93 0 298.26 268.88 9.23 

5 12.8 1.36 3600 297.99 268.51 10.86 

6 113.5 1.99 7200 299.73 270.87 13.26 

7 284.1 1.78 10800 301.12 272.75 12.46 

8 474.4 1.09 14400 302.69 274.89 9.84 

9 651.33 1.18 18000 304.34 277.14 10.18 

10 791.58 2.14 21600 305.41 278.60 13.83 

11 882.3 2.87 25200 306.14 279.60 16.60 

12 930.17 3.24 28800 306.79 280.49 18.01 

13 901.08 3.4 32400 307.4 281.33 18.62 

14 814.65 3.48 36000 307.2 281.06 18.92 

15 678.95 3.68 39600 306.73 280.41 19.68 

16 507.25 3.96 43200 305.85 279.21 20.74 

17 316.67 3.91 46800 304.34 277.14 20.55 

18 138.3 3.39 50400 302.46 274.58 18.58 

19 19.88 2.59 54000 300.52 271.94 15.54 

20 0 1.49 57600 299.36 270.37 11.36 

21 0 0.94 61200 299.02 269.91 9.27 

22 0 0.8 64800 299.1 270.01 8.74 

23 0 0.83 68400 298.9 269.74 8.85 

0 0 1.14 72000 299.02 269.91 10.03 

1 0 1.34 75600 298.96 269.82 10.79 

2 0 1.44 79200 298.78 269.58 11.17 

3 0 1.39 82800 298.61 269.35 10.98 

4 0 0.85 86400 298.19 268.78 8.93 

 

4. Results and discussion 

Results from the study are presented and 

discussed based on two criteria: numerical 

simulation and analytical modeling. In the 

numerical simulation method, the geometry of the 

PV-PCM case study is designed and meshed. 

After that, boundary conditions are applied, and 

the governing equations are solved based on the 

finite element method. This method is accurate 

enough, yet possesses high computational cost. As 
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a consequence, an analytical approach is 

introduced to investigate the thermal performance 

of a PV or a PV-PCM system 24 hours round in 

just a few seconds. Therefore, with this approach, 

finding suitable PCM type and thickness would be 

rather easy for different environmental conditions. 

 

4.1. Model validation 

Both analytical and CFD methods have been 

compared with the experimental work of R. 

Ahmadi et al. [46] for stand-alone PV and PV-

PCM systems. In the case of the CFD technique, 

the transient 2D numerical simulation of the PV 

module alone and PV-PCM system have been 

done by using the ANSYS Fluent software 

package. A SIMPLE scheme has been selected for 

pressure-velocity coupling. For spatial 

discretization of pressure, momentum, and energy, 

PRESTO, and QUICK options were selected 

respectively. The area-weighted average 

temperature of the glass layer has been computed 

over each time step and validated against 

experimental data. In the work of [46], a solar cell 

with a dimension of 
25.5 5.5 cm  is used for 

their experimental experiments. All their 

experiments were done under indoor conditions 

with a solar simulator. Hence, the natural 

convection heat transfer coefficient has been 

applied to the boundary condition. Figure 4 and 

figure 5 show the comparison of the present study 

with the experimental work of [46] under 800 

W/m2 irradiation for PV alone and PV-PCM 

systems respectively. From figure 4 and figure 5, 

can be understood that both the analytical method 

and CFD technique are in very good agreement 

with the experimental results. However, the CFD 

technique has about a 2% lower deviation 

compared to the analytical approach. From figure 

5, it can be derived that when the PV temperature 

reaches 40 C ; the increasing rate of it will be 

mitigated. The reason is that the PCM used in the 

work of [46] had a melting temperature range of 

40-49 C . Other solar intensities have also been 

considered to compare the experimental results of 

[46] with the analytical approach. Figure 6 shows 

the stand-alone PV module temperature 

comparison of experimental and analytical 

techniques. 

 

Figure 3. Comparison of analytical method with CFD 

simulation and experimental work of PV system of Ref. [46]. 

 
Figure 4. Comparison of analytical method with CFD 

simulation and experimental work of PV-PCM system Ref. 

[46]. 

 
(a) 
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(b) 

 
(c) 

Figure. 5. Stand-alone PV module temperature 

comparison at intensity levels of (a) 1100 W/m2 (b) 1400 

W/m2 (c) 1700 W/m2. 

To certify the analytical results of the current 

study with another experimental work whose PV 

dimensions are closer to our study, Huang et al. 

[12] research paper has been considered for 

comparison. In their specific study, it has been 

mentioned that the PV dimensions are 
2130 300 mm  40 mm PCM thickness. The 

paraffin wax PCM with 32 C  melting points was 

chosen for their specific experimental test and its 

other thermo-physical characteristics could be 

found in their paper. The insolation and ambient 

temperature were set as 750 W/m2 and 21 C , 

respectively. Therefore, the PCM was fully 

solidified when the PV-PCM system was exposed 

to solar radiation. The PV module average 

temperature experimental results are compared 

with our analytical approach and summarized in 

figure 7. It can be seen that the analytical 

approach can follow the trend with a relatively 

good accuracy with maximum 12% error. 

 

Figure. 6. Comparison of analytical method with 

experimental work of PV-PCM system Ref. [12]. 

Regarding a daily 24 hours of operation of a 

stand-alone PV system, the differential equation 

(5) is solved by MAPLE software for a typical 

summer day in Babol City, and the answer is 

astonishingly matched with the CFD simulation. 

Figure 8 shows the comparison of the two 

different methods for the same problem. Since the 

results obtained from the MAPLE programming 

are in very good agreement with the CFD 

simulation and computational cost is negligible, 

this method could be used to investigate a PV 

module/panel performance under realistic 

environmental conditions of any desirable 

location. 

 

 

Figure. 7. Comparison of numerical CFD simulation with 

analytical method (lumped assumption). 

 

4.2. Grid independence check of CFD 

technique 

Since the area-weighted average temperature of 

the glass layer was the parameter chosen for 

validation, this parameter has also been used for 
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convergence criteria of different grid sizes. Table 

4 holds the data related to the grid independence 

test. Since the data is not changing significantly 

from 82200 elements and above, the 82200 

elements are assumed to be sufficient for the rest 

of the calculations. With a 58-core processor 

(Intel(R) Xeon(R) 2.60 GHz) and 96.0 GB RAM, 

which was used for simulation and post-

processing, it took more than 3 months to do a 24-

hour simulation of a PV-PCM system under 

realistic environmental conditions with 0.1 (s) 

time-step size. 

Table 4. Grid size independence verification is based on 

the area-weighted average temperature of the glass layer 

of the PV module at different times. 
 

Number 

of grids 
0 (s) 300 (s) 600 (s) 900 (s) 1200 (s) 

36400 298.15 305.294 309.286 310.529 311.007 

54400 298.15 305.28 309.27 310.43 310.94 

82200 298.15 305.28 309.27 310.41 310.92 

96600 298.15 305.28 309.26 310.40 310.92 

 

4.3. Effect of fins 

The different fins’ configurations shown in figure 

2 are analyzed under constant irradiance (1000 

W/m2) and natural convection (indoor 

experiment). The goal is to find the best fin 

configuration under indoor conditions and then 

apply it to real outdoor environmental conditions 

by CFD technique. The reason that the outdoor 

condition is not applied to the problem is the 

simulation process, which would take a very long 

time for CFD analysis. From Figure 9, the 

comparisons between three different cases of “A”, 

“B”, and “C” could be done. It can be concluded 

that case “C” was able to keep the PV temperature 

at a lower rate compared to the other cases. Since 

cases “A” and “B” are hotter than case “C” by 

22.4% and 33.5% after 5 hours of operation, this 

case has been chosen for further analysis. This 

conclusion can also be derived from Figure 10, 

where different cases’ liquid fractions are 

compared. At the same boundary conditions, the 

faster the PCM is melted means more heat is 

absorbed from the PV module; hence, lower the 

PV temperature would be. Now that the best fin 

configuration has been revealed and chosen, the 

CFD technique and analytical approach could be 

compared under real outdoor conditions. This 

topic is discussed in the next paragraph. It is 

crucial to mention that the analytical method is 

not capable of comparing different fins 

arrangements, since the problem is solved by the 

Lump assumption which ignores the spatial 

temperature gradient. 

 

 
 

Figure 8. PV module temperature comparison of three 

different fin arrangements. 

 
 

Figure 9. Liquid fraction comparison of three different fin 

arrangements. 

 

The analytical and CFD results are compared with 

each other for a 10 mm PCM thickness with 5 

plate fins inside the PCM domain under real 

environmental conditions of Babol City on July 1, 

2021. From figure 11, it can be concluded that the 

analytical method could estimate the system’s 

temperature with a reasonable accuracy. 

Subsequently, the analytical method is not only 
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accurate enough but also computationally it has 

no match since it takes less than a few seconds to 

be computed.  

By carefully comparing the CFD simulation and 

analytical graphs, it could be concluded that the 

analytical method could not precisely evaluate the 

thermal performance of the system in the melting 

duration of the PCM. The cause of such 

discrepancy is due to the mixing heat transfer 

phenomena in the melting duration where both 

conduction and convection took place. The 

analytical method is incapable of computing the 

natural convection heat transfer inside the PCM. 

Figure 12 obtained from the CFD results shows 

the liquid fraction contours of the PV-PCM 

system between times 0-44100 seconds. From 

figure 12, the natural convection due to the 

buoyancy effect could be observed. In addition, 

the mixing heat transfer mechanism, which occurs 

between time 15300 (s) and 54000 (s) is revealed. 

A magnified portion of the PV-PCM system 

where streamlines are drawn shows the natural 

convection, which is rotating in a clockwise 

direction. The upper wall where the PV is 

attached is heated and the PCM is melted 

subsequently. A thin melted layer of PCM is 

shaped in the vicinity of the PV module and due 

to natural convection, it will slowly move upward. 

Figure 13 shows the solidification process of the 

PCM attached to the PV module. Similar to 

melting time, in solidification both conduction 

and convection are responsible for heat transfer. 

However, before melting time and after 

solidification the conduction is the dominant heat 

transfer so that the analytical method is perfectly 

matched with the CFD result. 

 

Figure 10. Results comparison of analytical analysis and 

CFD simulation of PV-PCM system with 10 mm PCM 

thickness and fins. 

 

 

Liquid 

fraction 

 

Figure 11. Melting procedure of PCM in the PV-PCM system. 
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Liquid fraction 

 
 

Figure 12. Solidification procedure of PCM in the PV-PCM system. 

 

Since the temperature of the analytical solution 

and CFD results are slightly different from each 

other, in the melting and solidification duration of 

PCM material, the liquid fraction term has been 

compared between the phase-changing times of 

PCM. The results of both the CFD simulation and 

the analytical procedure are depicted in figure 14. 

It can be concluded that the two graphs follow a 

similar trend with a slight shift. This negligible 

difference is due to the spatial temperature 

gradient which is ignored in the analytical 

approach. In the analytical approach (lumped 

assumption), the whole system has a single 

temperature at any moment, while, in CFD 

simulation, it’s possible to distinguish the 

temperature gradient from the hot surface 

(insolation side) to the cold surface (convection 

surface). 

 
Figure 13. Comparison of analytical solution and CFD 

simulation in terms of liquid fraction. 

4.4. Finding a suitable PCM thickness 

The PV module attached to a PCM enclosure with 

10 mm thickness is analyzed on a summer day in 

Babol City in Iran. To find out the passive cooling 

effect on the PV module performance during day 

and night the CFD simulation is applied for both 

PV stand-alone and PV-PCM systems. 

Subsequently, the module temperature with and 

without PCM cooling is compared. From figure 

15, it can be concluded that with the PCM, the PV 

module temperature is kept at a lower level during 

peak sunshine hours. However, it will be 

increased dramatically after the PCM is fully 

melted. Since by increasing the PCM thickness, it 

would be possible to extend the melting duration 

and suppress the peak of the chart, different PCM 

thicknesses are compared with each other, and the 

results are presented in figure 16. From figure 16, 

it can be derived that with an increment in PCM 

thickness, the hill chart of PV temperature is 

firstly mitigated, and secondly shifted to the late 

sunshine hours. The peak temperature of the PV 

module is decreased by about 13.14% (6.69 C ) 

by increasing the PCM thickness from 1 cm to 5 

cm. Moreover, at all PCM thicknesses, the PCM 

would be solidified and ready for the next thermal 

cycle. It is requisite to mention that in figure 15 

and figure 16, the “X” axis is the time duration 

which starts from 4:00 AM on 01/07/2021 and 

finishes at 4:00 AM on 02/07/2021.  

In the analytical analysis, the whole PV and PCM 

systems are considered as a united system; 
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afterwards, the conservation of energy equation is 

written for it. In the aforesaid scenario, the cell 

temperature is defined as PV-PCM temperature, 

whereas, in the CFD simulation it was possible to 

report the cell layer temperature at a defined time 

step interval. Figure 17 compares the electrical 

efficiency value of the PV module for two 

different systems of PV and PV-PCM. From 

figure 17 it can be inferred that the efficiency drop 

of the PV module in the vicinity of a PCM would 

be shifted to a later time, hence, the PV module 

will operate with higher efficiency at peak 

sunshine hours. 

Although the use of PCMs for cooling PV 

modules/panels possesses a lot of advantages, 

they are still not justifiable economically. 

Therefore, researchers need to find new methods 

to decrease the amount of PCM usage or decrease 

the total cost of PCM materials. Nevertheless, 

PCMs could be a viable cooling method in space 

applications where the rate of cooling is low due 

to being limited to radiation only. 

 
 

Figure 14. The PV module temperature comparison with 

and without PCM. 

 
Figure 15. PV module temperature against different PCM 

thicknesses. 

 
Figure 16. Electrical efficiency versus time duration 

starting from 4:00 AM. 

Another study has been done regarding the 

thermal performance of the PV-PCM system on a 

summer day in 2020. The main difference 

between this study with the previous one is the 

ambient temperature and wind speed values. In 

2020, the wind speed was roughly twice that of 

2021 with lower ambient temperature. The solar 

insolation intensity of both summer days of 2020 

and 2021 was about the same. Figure 18 is 

prepared to make the comparison of these 

boundary conditions easier. For this scenario, both 

CFD simulation and analytical approach have 

been done. Since both results’ discrepancy was 

negligible, once again the analytical method has 

been verified. Figure 19 shows the comparison of 

the thermal performance of two different methods. 

From figure 19, it can be derived that the hill chart 

of the PV temperature plot has been flattened, and 

the PCM used behind the PV system was not fully 

melted. Because of the higher wind speed, the 

heat transfer coefficients that have been applied as 

boundary conditions were higher. This resulted in 

flattening the hill chart of the PV temperature 

plot. This outcome is important since, with a 10 

mm PCM thickness applied behind the PV 

module, the system is perfectly cooled for the case 

of a 2020 summer day. However, for the case of 

the 2021 summer day, the hill chart could be 

observed. Therefore, it is necessary to apply the 

analytical code for all months to analyze the PV-

PCM performance under different environmental 

conditions and then find the optimum PCM 

thickness requirement which would be suitable for 

a relatively long period of a year.  
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(a) 

 
(b) 

Figure 17. Boundary conditions of two different summer 

days (2020 and 2021). 

 

 

Figure 18. Results comparison of analytical analysis and 

CFD simulation of PV-PCM system with 10 mm PCM 

thickness and fins. 

Figure 20 is depicted to compares the PV module 

temperature and efficiency of the two different 

summer years. Since the maximum temperature of 

the PV module on a typical summer day in 2021 

reaches 51 C , which is 16 C higher than 

another typical summer day in 2020; it has led to 

an 8% decrease in the minimum efficiency. If the 

average values of PV module efficiency of the 

different case studies are calculated over time 

when solar flux is not zero for the years 2020 and 

2021, 19.52% and 18.98% will be yielded. The 

enormous difference between the results of two 

consecutive years will make this result clarify that 

even though the energy input (solar intensity) is 

almost the same for the two cases, two other 

parameters such as wind speed and ambient 

temperature are game-changers. Therefore, it is 

strongly recommended to install PV 

modules/panels in an open windy area where there 

are no obstacles so that a higher heat transfer 

coefficient will be applied. 

 

Figure 19. PV temperature and efficiency in the vicinity 

of a 10 mm PCM in different summer years. 

 

5. Conclusion 

Concerning the widespread application of PCM 

with PV devices as a clean, renewable source of 

energy, many researchers have focused on the 

PCM cooling effect on a PV module. They have 

tried to calculate the amount of PCM requirement 

by usual CFD techniques which requires a lot of 

time. In this study, it has been tried to solve the 

problem by an analytical solution with lump 

assumption simplification, which alters the partial 

differential energy equation to a non-linear 

ordinary differential equation. It has been shown 

that with the CFD technique, it took more than 3 

months to fully simulate the heat transfer process 

in the PV-PCM system for a 24-hour analysis; 

whereas, with an analytical approach the 
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computational time is less than a second. The 

results showed that the analytical solution 

successfully followed the CFD data with 

reasonable accuracy in a very short time. This 

achievement could be very useful for future 

software engineers to estimate the PV/PV-PCM 

system temperature and design process as well as 

optimization procedures where time is an 

important factor. Another noteworthy point of this 

study is the addition of fin materials to the PCM 

container to enhance the heat transfer rate for both 

melting and solidification processes. The 

analytical solution was successful in simulating 

the effect of fin materials within the PCM. This is 

a very good achievement since the analytical 

approach could be applied to other engineering 

topics with faster techniques of designing.  

Regarding the accuracy of the analytical solution, 

the maximum deviations that have been seen 

between experimental and analytical results for 

the case of PV and PV-PCM systems were 3.79% 

and 5.73%, respectively. The analytical method 

could accurately follow the trend of PV or PV-

PCM temperature in 24 hours of operation within 

a few seconds of calculation time. It could be 

applied at different locations with various 

environmental conditions which vary as a function 

of time. For Babol City on July 1, 2021, the 

analytical results showed that with 5 cm PCM 

thickness it was possible to decrease the 

maximum temperature by about 13% and increase 

the minimum electrical efficiency by 3.4%. 

6. Nomenclature 
 

Bi Biot number 

C Mushy zone constant (kg m-3 s-1) 

Cp Specific heat (J kg-1 K-1) 

g Acceleration of gravity (m s-2) 

h Sensible specific enthalpy (J kg-1) 

H Total specific enthalpy (J kg-1) 

I Radiation intensity (W m-2) 

P Pressure (Pa) 

T Temperature (K) 

Tl Liquidus temperature (K) 

Ts Solidus temperature (K) 

t Time (s) 

V Fluid velocity vector (m s-1) 

x, y Cartesian coordinates (m) 

 

 

 

7. Greek symbols 
 

  Thermal diffusivity (m2 s-1)  

a  Spectral absorption coefficient (m-1) 

  Stefan-Boltzmann constant (
85.67 10−  

W m-2 K-4) 

n  Refractive index 


  

Thermal expansion coefficient (K-1) 


  

Volume fraction 

   
Liquid fraction 

   Dynamic viscosity (kg m-1 s-1) 

  Kinematic viscosity (m2 s-1) 

  Density (kg m-3) 

  Emissivity 

  Small parameter for avoiding division by 

zero 

   Latent heat of fusion (J kg-1) 

r  Reflectivity 

  Transmissivity 


 

Phase function 

  Solid angle 

  Electrical efficiency 

 

8. Subscripts 
 

amb Ambient 

c, conv Convection 

g Generate 

ref Reference 

st Store 

 

9. Abbreviations 
 

CFD Computational Fluid Dynamics 

EVA Ethylene-vinyl acetate 

DO Discrete ordinate 

PCM Phase Change Material 

PV Photovoltaic 

PVT Photovoltaic thermal 

PMM Porous Metallic Media 

SBS Spectral beam splitter 

SCD Simultaneous charging and discharging 
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