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Abstract: The effectiveness of a hybrid cooling system consisting of flat heat pipes (HP) and a heat sink of
phase change material (PCM) for the temperature regulation of the photocell (PV) is studied. The
system is mathematically modeled and numerically solved by using MatLab software. The impact
of the type of PCM (RT25, RT35, and RT42) in summer on the performance of the hybrid photocell
cooling system is analyzed. Results prove that the HP-PCM cooling system performs better than the
natural photocell cooling. PCM with a low melting point is more efficient for electric performance
than a high melting point. For a given PCM thickness of 4 cm, the maximum temperature of the
photocell is reduced by 8.7 °C when PCM RT25 is used as a heat sink compared to 7.5 °C and 7.3
°C for RT35 and RT42, respectively. RT25-based PV/HP-PCM system outperformed a
conventionally cooled photocell in terms of electrical efficiency by 5.3%. In comparison, RT35 and
RT42 yield incremental gains of 5% and 4.5 %, respectively. As the PCM melting point is lowered,
the hourly thermal efficiency increases with a peak of 48.9% for RT25, 33.7% for RT35, and 32.2%
for RT42, respectively.
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Nomenclature

A Area (m? PV Photocell
. . PV/HP- Integrated PV/flat heat pipe-phase change
C  Specific heat capacity (J/kg-K) PCM  material
D  Width (m) PVT  Photovoltaic thermal
E Energy (J) TPT  Tedlar/PET/Tedlar
G Solar radiation (W/m?) Greek symbols
g Gravity acceleration (m/s?) A Difference (change)
h  film coefficient (W/m?-K) B Temperature coefficient (k™)
h, convective heat transfer coefficient (W/m?-K) 6 Inclination angle(®)
hyqas-g)  radiative heat transfer coefficient (W/m?-K) &  Groove depth (m)
hy  Vaporization heat (J/kg) & Emissivity
k  Thermal conductivity (W/m?-K) p  Density (kg-m®)
L  Length (m) a  Absorptivity (%), thermal diffusivity (m%s)
LH  Latent heat (J/kg) o Stefan-Boltzmann constant (W/m?-K*)
M Mass (kg) n | Efficiency (%)
Nu  Nusselt number Y | Liquid fraction (%)
P Power (W) 7 Transmittance
n  Normal direction u«  Dynamic viscosity (N-s/m?)
Pr  Prendle number v Kinematic viscosity (m%s)
R Thermal resistance (K/W) Subscripts
R, Rayleigh number a Ambient, Air
T  Temperature (°C) ¢ Characteristic
Teun  Solar radiation temperature (K) con  Condenser section
t  Time(s) cond Vapor condensation
u  Velocity (m/s) ev  Evaporator section
w  groove width (m) g Glass
wg  groove fin thickness (m) ins  Insulation
X  Thickness (m) I Liquid
AT, ;Ii'grl]}zerature difference between the heat pipe wall and m,  Melting start point
w, Heat pipe wall m,  Melting endpoint
w;  Heat pipe wick rad Radiation
Abbreviations ref  Reference
EVA  Ethyl vinyl acetate s Sky, Solid
HP  Flat heat pipe th  Thermal
HP-PCM Integrated flat heat pipe-phase change material v Vapour
PCM  Phase change material ve liquid evaporation

1. INTRODUCTION

The tremendous increase in energy usage, the associated harmful gas emissions, and the dwindling
supply of fossil fuels have placed significant pressure on the world to investigate better alternatives.
Among the many renewable energy options that have lately emerged as a possible replacement for fossil
fuels, solar power stands out as one of the cleanest, most reliable, and least harmful to the environment.
Solar panels have been used in various contexts, from producing hydrogen [1] to charging batteries in
communication systems to providing electricity for the vast majority of launched satellites since the
dawn of these space disciplines [2]. While photocell systems have been commercialized and are widely
used, most solar cells convert electricity at roughly 15% — 20% efficiency under optimal working
conditions [3]. However, most of the remaining solar radiation is absorbed as heat. Power output is
reduced by 0.65% for every one °C when the photocells operate under a high temperature [4].
Photocell's excess heat must be removed using appropriate techniques to avoid these unfavorable effects
[5]. Researchers are also looking into novel methods to improve the conversion efficiency of photocells.
These methods must adhere to strict guidelines, which include being simple to install, inexpensive, and
achieving consistent cell temperature distribution.

The researchers have developed numerous strategies for dissipating heat, which can be divided into
passive and active cooling modes. Unlike the passive cooling mechanism, pumps or fans are used in
active cooling systems to power the flow of cooling fluid. Water, air, and oil flow are simple and natural
ways to accomplish active cooling; however, the non-uniform cooling effect results from increased cell
temperature in the direction of fluid flow [6]. The non-uniform temperature pattern would cause
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structural failure and low conversion efficiency because of the long-term presence of thermal stress.
Uniform cooling using heat sinks and spreaders, phase change materials, and heat pipes are cooling
techniques used to avoid these adverse effects [7]. Generally, active cooling, on the whole, is more
expensive and more complicated than passive cooling, but it is more efficient [8].

PCMs can transfer much heat during phase transitions, making them ideal for use in applications
requiring large amounts of heat to be transferred. In addition to their use in air conditioning cycles [9—
11], PCMs also used in recycling waste heat and thermal storage [12,13]. Recently, PCMs have
witnessed much investigation in the field of solar power generation due to their high phase change
enthalpy, ease of use, low cost, chemical stability, and usable phase transition temperature [14]. The
coupling of photocells with phase change material (PV/PCM) cooling has increased in popularity [15].
Since PCM is assimilated at the photocell back, the surplus heat created by the photocell can be absorbed
by the PCM, maintaining the photocell temperature at a satisfactory level and approximately uniform
for a long time during the thermal regulation. Moreover, it does not require heat transfer fluids or moving
parts, as other active cooling systems do. When the photocell panel's operating temperature exceeds the
PCM's melting point during sunny hours, the PCM heat sink absorbs heat from the photocell. PCMs are
chosen based on their thermosphysical properties, including a high latent heat capacity and thermal
conductivity with a melting point within the range of the photocell operating temperature. To control
the temperature of the photocell, [16] employed two different PCM materials. The maximum operating
temperature of the photocell, which was cooled using PCM, was reduced by 6.4 °C and 7.5 °C,
respectively, when RT27 and RT31 were utilized as opposed to the photocell alone. In addition, RT31's
electric efficiency grew by 4.19%, whereas RT27's electric efficiency increased by only 2.86%. They
ultimately determined that 0.34 kg/m? of PCM was required to reduce the photocell temperature by one
°C; however, the quantity of PCM required varied according to the PCM's characteristics. The impact
of PCM melting point and thickness was studied by [17]. They created a simulation analysis to examine
PCM's effect on the photocell system's performance. In the summer simulation, PCMs of melting points
from 26 to 30 °C and thicknesses from 3 to 5 cm were investigated, whereas PCMs of melting points
from 16 to 18 °C were employed for the winter simulation. Compared to using just one type of PCM,
the photocell's thermal regulation lifespan is extended when multiple layers are employed in an
appropriate arrangement and design [18].

While the PV/PCM method for photocell thermal regulation wastes thermal energy stored in PCMs, the
PVT method allows the thermal energy generated by solar cells to be retrieved and used in other heating
systems. Diverse configurations and designs for PVT/PCM systems have been proposed. The most
significant advantage of PVT systems is that they provide electric and thermal energy for a minimal
additional cost and a fraction of the space is required in this respect. The PV/PCM module's electric
output power was improved by utilizing a thermoelectric generator [19]; thereby, electricity could be
generated at night, too. They reported a 20 °C reduction in the temperature of cells. Using natural water,
the study [20] demonstrated a hybrid PVT system that extracts heat from a PCM attached directly behind
a PV panel. Constant water flow from top to bottom has proven to be the most effective design.
Compared to the traditional photocell, the achievable configuration reduced operating temperatures by
5.4 °C while increasing electric output by 11.9%, electric efficiency by 12.4%, and overall efficiency
by 26%. Carmona and co-workers also worked in this general field (PVT), but they used a modified
hybrid PVT system coupled with PCM as the thermal storage to draw attention to the flaws in some
previously reported modules [21].

The primary disadvantage of PCMs is their poor thermal conductivity, which slows the heat transfer rate
and restricts their use. However, heat pipe (HP) is superior in its capacity to transfer heat at fast rates in
a constrained space over extended distances with a low-temperature gradient. The heat pipe consists of
three main parts: The evaporator section (attached to the heat source), the adiabatic section, and the
condenser section (attached to the heat sink). In the evaporator, the HP working fluid evaporates as it
comes into direct contact with the heat source. Following its path through the adiabatic region, the vapor
enters the condenser, which cools and gives its latent heat to the heat sink. HP provides high thermal
performance, manageable control and construction, a compact structure, and the capability to adapt to
various layout circumstances. Some studies used heat pipes as a cooling technique to regulate the cell

69



temperature [22,23]. They also used active cooing to extract the heat from the condenser section, which
reduces the overall system efficiency due to the power used in active cooling. However, using heat pipes
as a cooling method for photocells is inefficient as the extracted heat is not utilized, which means low
overall system efficiency. Recently some researchers have involved HP in PVT systems to attain
significant enhancement in thermal gain and electric output [24-28]. The poor thermal conductivity of
PCM might be overcome by using HPs as an intermediate element between the heat source and the PCM
storage system, where HPs could be utilized. In this configuration where PCM is used as an indirect
heat sink, the PCM-assisted heat pipe module has additional advantages, including temperature
regulation, separating the heat source and sink, enhancing PCM's performance by controlling the PCM
amount, and increasing the heat transfer rate from the photocell via using super conductor device (heat
pipes) and dissipates this heat through a larger area (control the condenser section). Several studies have
promoted heat pipes combined with PCM as a cooling method for electronics [29-31] and a battery
cooling system for electric vehicles [32-34]. Sweidan et al. [35] suggested a transient numerical model
for optimizing the operation of a PVT system coupled with a heat pipe/water/PCM. They used PCM as
a cylindrical tube placed inside a water tank to absorb heat from the condenser section. In this system,
a portion of heat from the heat pipe is absorbed by the water tank, and the rest of the heat is stored in
the cylindrical tubes of PCM. Finally, they show that the best volume of the storage tank for a 4 kW
power output is 0.037 m® and needs a PCM amount of 22.42 kg.

According to previous works of literature, to compensate for the PCM's low thermal conductivity and
difficulty controlling the amount of PCM in the case of the direct PCM-heat sink (PV-PCM) cooling
system, heat pipes can be installed to transfer heat from the heat source far away to the heat sink,
allowing for the cooling of various thermal systems (such as batteries and electronics). However, there
has been very little research into the possibilities of hybrid PCM-assisted heat pipe systems as an indirect
heat sink for photocell cooling. As a result, the current work analyses the theoretical performance of a
hybrid cooling system composed of HP-PCM for the thermal management of photocells (PV/HP-PCM).
Also, three PCMs' melting temperature impact on the photocell performance is analyzed and reported.
The photocell module heats the heat pipe evaporator while the PCM cools the condenser. The photocell
analyses are explored by using three PCMs, namely RT25, RT35, and RT42, for summer under Egypt's
climate conditions. The experimental and theoretical results from the past are used to validate the model
outcomes of the transient mathematical model. The suggested hybrid cooling system's effects on the
photocell temperature, photocell energy efficiency, photocell electric power output, PCM thermal
behavior, and PCM thermal efficiency are detailed. This work is significant because it passively extracts
heat from the photovoltaic system via a superconductor device (flat heat pipe), requiring no power or
maintenance. More importantly, as opposed to making direct contact with the PCM, the proposed
cooling method boosts photocell output by increasing the heat extracted from the photocell via
controlling the heat transfer area (condenser area) and a more straightforward system setup by
controlling the quantity of PCM. This paper presents these points to the authors' best survey that were
not considered before. Firstly, the impact of using the hybrid cooling system of flat heat pipe/phase
change material (indirect PCM cooling) for thermal management of photocell under hot climate
conditions. Secondly, the impact of the melting point change of PCM on the photocell thermal and
electric performance.

The proposed cooling system (PVV/HP-PCM) is described from two aspects. Firstly, the physical model
shows a schematic diagram of the proposed cooling system. Each part of the cooling system is described
in terms of its function and configuration. Secondly, the mathematical model, which contains the
governing equation, is developed to predict the performance of the proposed cooling system. In this
section, energy balance equations are applied for the current model's main parts: Photocell model, heat
pipe model, and PCM model. Finally, the mathematical model solving shows the performance of the
proposed system under studied parameters.
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2. PHYSICAL MODEL

The PV/HP-PCM model consists of three main components as shown in Fig. 1(a,b): Photocell panel
(glass, upper encapsulated ethyl vinyl acetate (EVA), silicon cell (polycrystalline silicon), lower EVA,
and back Tedlar/PET/Tedlar (TPT) layer). HP (which has three sections namely evaporator, adiabatic,
and condenser section), and PCM container. The heat pipe's evaporator part is attached to the back of
the photocell and is used to transfer heat generated by the photocell to the heat sink. By evaporating the
working fluid within the heat pipe's container core, heat is transferred from the evaporator to the
condenser section, as shown in Fig. 1(b,c). The thermal energy is transferred to the PCM-Heat sink via
condensation in a condenser section, which is placed under the PCM heat sink, as shown in Fig. 1(d).
The system's entire width is 0.2 m, while the length of the evaporator is 0.2 m (matching the length of
the solar cell) and the length of the condenser section is 0.25 m (matching the length of the PCM-Heat
sink container). This study uses three different PCMs namely RT25, RT35, and RT42. The quantity of
PCM is often represented by its thickness in PCM. Each layer of PCM is 0.05 mm thick, and the overall
PCM thickness is calculated using the optimal amount of each PCM type. The heat pipe evaporator
section makes the angle of 6 form the horizontal plane. The properties of PV/HP/PCM system: PCM
(melting range, thermal conductivity, latent heat, density, and specific heat), heat pipe and inside
working fluid (dimensions and thermophysical properties of heat pipe materials and working fluid), are
listed in Table 1, while the thermophysical and optical properties of photocell layers (absorptivity,
transmissivity, and emissivity) are listed in Table 2.

Glass —» <
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TPT composite—"\_

- ) /

PCM container
(Heat sink)

’
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Figure 1. Schematically presentation of the proposed design of a PV/HP-PCM system: Three main components:
(a) Photocell layers, (b,c)flat heat pipe with its three sections, and (d) PCM-heat sink.

Table 1. Physical and thermal properties of PCMs, heat pipe, and working fluid inside heat pipe [36—38].
Thermophysical properties RT42 RT35 RT25 Heatpipe Working fluid of HP

Cp (J/kg.K) 2000 2000 2000 900 -

K (W/m.K) 0.2 0.2 0.2 230 0.168
Psoria(kg/m3) 0.2 148 677 2700 2.37 (vapor)
Priquia (kg/m?) 0.3 0.15 1250 - 744
Melting point (°C) 37/43  29/35 25/26 - -

Heat of fusion (kJ/kg) 165 160 180 - 518
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Table 2. The dimensions of the photocell layer, thermal, and optical properties [39].

Photocell layers
Glass EVA Silicon TPT

Thermophysical properties

Cp (J/kg.K) 500 2090 677 1250
K (W/m.K) 2 0.311 148 0.15
p (kg/m?) 2450 960 2330 1200
Transmissivity 0.91 0.9 - -
Absorptivity 0.04 0.08 0.9 -
emissivity 0.85 - - 0.9
Thickness (mm) 3.2 0.5 0.2 0.3

3. MATHEMATICAL MODEL

The proposed module's performance and temperature regulation are studied by using the transient energy
balance equation. This model aims to assess the parameters affecting the solar panel’s performance,
such as PCM type (melting range) on the thermal performance (operating temperature) and electric
performance (electric efficiency and electric power) of the photocell. Furthermore, PCM type impacts
PCM's thermal performance (average PCM temperature, melting fraction, average PCM efficiency, and
thermal energy storage in PCM). The governing equations of the proposed cooling system are divided
into three sections: The photocell model, the heat pipe model, and the thermal model of PCM.

3.1. Photocell Model

As shown in Fig. 1(b), the polycrystalline silicon is encased in an ethyl vinyl acetate (EVA) layer on the
upper layer of the PV panel, followed by an EVA layer on the lower layer with glass and TPT as the
first and lower layer, respectively. Following energy balance equations for each component of the
photocell are written as follows:

3.1.1. Glass cover

The change in the temperature of each layer with time is shown as follows:

T, - TEVAl

oT,
g _ g
myCy FT GAgag — haAg(Tg - Ta) - hrad(s—g)Ag(Tg - TS) TR
g—EVA

1)
where m,C,4, A, are the mass, heat capacity, and area of the glass layer. The left term in Eq. (1)
represents the transient change in glass layer temperature, while the first right-hand term represents the
amount of solar radiation absorbed by the glass. The heat transfer convective (h,), which is a function
of wind velocity (u,), and radiative (h,qq(s—g)) coefficients for the first photocell layer (i.e. glass layer)
represent the amount of heat lost to the ambient by convection and conduction and are calculated as
follows [40]:

he = 5.82 + 4.07u, @)

hrad(s—g) = EgO'(T; + Tsz)(Tg + Ts) (3)

T, is the sky temperature, with T, = 0.037536T, % + 0.32T,, with T in K while T, and T, are ambient
and glass temperature, respectively. The last term in Eq. (1) represents heat transfer by conduction from
the glass layer to the upper EVA layer.
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3.1.2. Upper EVA layer

The transient change in the temperature of the EVA layer with time is shown as,

OTEvA1

Ty=T Tevar—T
_ g 1EVA1 EVA1  pv
MeyaCpya o = GApyaQpyaty + -

4)

Rg_Eva Rsc-Eva

The first right-hand term represents the amount of solar radiation that passes through the glass and is
absorbed by the EVA layer, while the last two terms are heat transferred by conduction.

3.1.3. Photocell silicon layer (SC)

The silicon layer time-dependent temperature variation is computed by:

aT,
v _
MgcCsc e - GAsc s TgTrva

Tevai—Tpv  Tsc—TEva2
5 — Pgc + - )

Rsc-Eva Rsc-Eva

The first right-hand term is the amount of solar radiation that passes through the first two layers (i.e.
glass and EVA) and is absorbed by the silicon layer, while the second term is the instantaneous electric
power of the photocell and is governed by [41]:

Pse = AscG asc TgTrvalsc: (6)

The photocell efficiency, which is a function of photocell operating temperature and reference
efficiency, is formulated using [37,42]:

Nsc = Nrer (1 - BSC(TSC - Tref)) )

The reference efficiency of photocell ,.f is assumed to be 15% at a reference temperature T,..; of 298
K and B equal 0.0045 k™ [39].

3.1.4. Lower EVA layer

The energy equation for the last two layers contains conduction heat transfer as no solar radiation passes
through the silicon layer.

aTEVAZ _ TSC - TEVAZ _ TEVAZ - TTPT

MgyaC 8
EVATEVA ot Rsc—gva Rrpr—Eva ®)
3.1.5. TPT layer
The transient change in the temperature of the last layer of the photocell with time is shown as,
mTpTCTpT 67(;7‘tPT — TEVAZ - TTPT _ TTPT - Tev (9)

RTPT—EVA Rev—TPT

The resistance (R) between any two photocell layers (glass and EVA layer (R;_gy4)), EVA and silicon
layer (Rpy—gva), and EVA and TPT layer ( Rrpr—gya), and TPT and heat pipe evaporator (Ry,—rpr) IS
conduction resistance calculated by Eq.(10).
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1
R= z[(&) v (&)wwer] (10)

upper
Where X, k, and A are the thickness, thermal conductivity, and area of each layer.
3.2. Heat Pipe Model

The heat pipe thermal model is a sum of series resistances Reon-ev from the evaporator to the condenser
section [43].

RCOTL—EV = REV—UQ + Rev—wi + Rev—wa + RCOTL—COTld + RCOTL—Wi + RCOTL—W(Z' (11)

The following equations show in detail the definition of each term in the equation above. The resistance
of liquid evaporation inside the evaporation section is given by,

1

(12)

Reye = ———
ev-ve LGVDGVh'GV,

where L,,, and D,,, are the evaporator length and width, respectively. The film coefficient (h,,,) is given
as follows [44]:
ki

hev = (13)

)
Xev—-wi

where k; is the thermal conductivity of the heat pipe liquid, and x,,,_,,; is the thickness of the evaporator
wick. The conduction resistance inside the wicked metal of the evaporation and condenser sections are
given below, respectively:

Xev—wi

Revat =5 beaber’ o
Xcon-wi
R, . .= On"WL
conmwt kwiLconDcon (15)

The grooved wick thermal conductivity is calculated as follows [43]:

B wk;[(0.185ky,qwy + 8k;) + (8kikyawy)|
[(w + wy)[(0.185kywy + 5k,)]|

(16)

wi

where w, J, and ws are the groove width, depth of the groove, and groove fin thickness, respectively.
kyq is the heat pipe wall thermal conductivity, respectively. The wall thermal resistances for the
evaporator, and condenser section, are defined as follows:

Xev-wa

Rev-wa = Tt 4
xcon—wa
Reon-wa =7———7—
conmwa kWG.LCOTlDCOTl (18)
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where L., and D.,,, are the condenser section length and width, respectively. x,,_q aNd X on—wq are
the heat pipe wall thickness at the evaporator and condenser section, respectively. The resistance of
vapor condensation inside the condenser section due to heat absorbed from the condenser to the PCM-
heat sink is given as follows [45]:

1
Roon— = 19
con-cond LconDconhcond ( )

The film condensation (h.,,4) is given below by following [46]:

) 0.25
g sin(0)p;(p; — pu)ki hsg (20)

h =1.13 ,
cond .uLATchcon

where p; and p,, are the liquid and vapor densities of heat pipe liquid, respectively while y; and h¢, are
the dynamic viscosity and heat of fusion of the liquid inside the heat pipe, respectively. 8 is the system’s
inclined angle and AT, is the temperature difference between the heat pipe wall and the inside liquid.

3.2.1. Evaporator section

The heat pipe evaporator section absorbs excess heat from the back surface of the PV panel, part of this
heat is lost to the ambient by convection, and the rest is transported to the condenser. The mathematical
equation (energy balance) of the evaporator:

0Teva Trpr—Tev Tev—Tcon Tey—Ta
mevCHP at - - y (21)

Rey-TPT Rcon—ev Rey—qa

where R,,,_, represents the convective resistance from the evaporator and the ambient.

1

Rev-a = e 2
Nug,_
hey—q = Lev . kq (23)
ev

where h,,,_, is the convective heat transfer coefficient between the back side of the heat pipe evaporator
section and the ambient. For the laminar flow, the Nusselt number is calculated as follows [47]:

0.387Ra,/* ?

2
[1 + (0.492/ Pr,)°/1618/27 (24)

Ntgy_q = |0.825 +

— gcos(@)B (Tev - Ta)Lgc"

a

(25)

va

where v and R, are kinematic viscosity and Rayleigh number of air, B = 2/(T,,, + Ty,), a, is the air
thermal diffusivity, a, = pk—g. Pr, is Prandtl number of air following [47]:

Pr, =t (26)

where u,, C,, and k, are the dynamic viscosity, specific heat, and thermal conductivity of air,
respectively.
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3.2.2. Condenser section

The thermal model of the condenser section takes into account two thermal resistances: The conduction
with PCM (Ron—pem) @nd a sum of series resistances with the evaporator section (R.on—v), as listed
below:

C aTcon — Tev_Tcon _ Tcon_Tpcm
Meonlup at -

@7)

Rcon—ev Rcun—pcm

the conduction resistance R, —pcm between the condenser and the first layer of PCM, which is defined
as,

Rcon—pcm = %<(£)wn + (ﬁ)pcm) (28)

3.3. Energy Balance of PCM

Since PCM is described by low thermal conductivity, PCM amount (thickness) significantly impacts the
PCM model's solution. The PCM total thickness is considered multi-small thickness (layers), and the
symbol x represents each layer's thickness measured from the condenser section. The PCM's energy
balance of each layer is described as follows [36]:

Tpem _ ;. 0T

xpcmppcm Cpcm at a (29)

For the first layer:

0T _ Teon—Tpemi _ Tpemi—Tpemz

ax Reon-pem1 Rpem l (30)
For the intermediate layers:
oT AT,
— = kpem szz:. (31)
For the last layer (n):
a_T — Tpcm,n—l_Tpcm,n _ Tpcm,n_Ta
ox Rpem Rpem—a | (32)
where Ry, —q is the resistance between the last layer and the surrounding is given by,
- (x x L
Rypem-a = (Zk)pcm + (k)ins + he' 33)

3.4. Thermo-physical Properties of PCM

Because the proposed hybrid cooling model's performance depends on PCM's properties, it is critical to
employ suitable PCM, particularly thermo-physical properties [48].
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3.4.1. Density

The density of PCM depends on the phase change process as follows [49]:

.Dpcm,s Tpcm < Tml
Ppem = lpppcm,l + (1 - 1p)ppcm,s Tml < Tpcm < Tm (34)
ppcm,l Tpcm > Tmz

The PCM melting rate () is calculated using Eq. (35) as follows [50]:

T, cm — Tml
Y= _pem " mi (35)
Tmz - Tml

Tm1+Tm2

where T,,, = , Tmaand Ty, are melting range of PCM (start and end melting temperatures.

3.4.2. Thermal conductivity

During the phase transition process, the PCM thermal conductivity is changed in the following way [49]:

kpcm,s Tpcm < Tml
kpcm = lpkpcm,l + (1 - ll))kpcm,s Tml < Tpcm < Tm (36)
kpcm,l Tpcm > Tmz

3.5. Thermal Energy Storage in PCM

Hourly PCM energy storage (Ew) is the amount of heat absorbed sensibly and latently during the
photocell thermal regulation and is defined as [36]:

[ MpemCpems (Tpcm,t - Tpcm,to)l Toem < T
_ | Q= mpencpns (Tyeme = Tyemzo) + Ao H, Tt < Tpem = Trns -
) A=W MpemCpems (Toome — Tpeme,) + AWMy H
U +9mpemCpomi (Tpeme = Tpemm): Tpem > Tmz

In this study, PCM's thermal efficiency is calculated according to Eg. (38) and defined as the amount of
energy storage in PCM to the amount of solar energy incident on the PV cell.

(38)

3.6. Initial and Boundary Conditions

Ambient temperatures are considered for the initial temperatures of the PV /HP/PCM. The PCM is
considered to have a higher starting temperature than the nighttime temperature in this study. As
revealed in Fig. 1(d), the PCM container is insulated as follows:

aT __
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where n is the normal direction. The evaporator's lower surface is a convective boundary, given as
follows [51]:

a
—k % = ha(Tev —Tg). (40)

The upper layer of the photocell glass is exposed to convection and radiation as follows [52]:

—k S = ho(Ty = Ta) + hraacs—g) (Ty = Ty). (1)

The photocell's upper and lower boundary conditions are identical to the PV/HP/PCM system.

4. MODEL VALIDATION

To validate the numerical results of the photocell and PV/PCM system, the validation of homemade
program code, which is solved and analyzed using MatLab 2021b software, is realized in two steps:
First, validation with the theoretical results of the photocell model [39], which is cooled from the top
and bottom surfaces by convection and radiation. Second, validation with the results of [53], which
conducted experimental work for cooling the photocell using PCM as a heat sink.

Initially, the present model cell temperature is compared with the results of [39]. Fig. 2 compares the
temperature difference between the photocell and ambient temperature of current work and that of [39]
at different solar radiation from 200 W/m? to 1000 W/m?,
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Figure 2. The current model results for different solar radiation compared with Zhou et al. [39].

According to the graph, findings from the present photocell model are in good agreement with the
numerical results. Secondly, the predicted results from the current work were validated with the
experimental data of [53] by studying the average temperature of the PVV/PCM system during the day,
as illustrated in Fig. 3.
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Figure 3. Predicted average photocell temperature of the present work with the measured values of Nada et al.
[53].

In this validation, PCM and paraffin wax RT55, were used as a heat sink for heat generated by photocell.
The experiments were conducted outdoors, and PCM was contained in galvanized sheet container. The
validation's maximum error is about 5.5 % (i.e. 2.2 °C difference between the results).

5. RESULTS AND DISCUSSION

The results are presented for climate conditions on the 5th of August for summer conditions for Assuit
city, Egypt. In this study, the length of the evaporator, adiabatic, and condenser sections of the heat pipe
are 0.25 m, 0.05 m, and 0.2 m, respectively, and a total width of 0.2 m. The PCM thickness is used to
represent the quantity of the PCM. Three PCM are selected based on their melting range i.e. RT42 with
a high melting range (37-42 °C), RT25 with a low melting range (25-26 °C), and RT35 with a melting
range of ((29-35 °C). The cooling system's performance with PCM is compared with photocell under
free air cooling without using HP and PCM (conventional photocell). Fig. 4 illustrates the studied
climate conditions vary with time: The solar radiation, wind speed, and ambient temperature.

6 50 prrre e ey 1200
55 45; 41100
o r

5 : 4 1000
40 [ ] &>
a5k 900 £
= ik 235 s WO
=35F E30F 700 £
= = " 3 =
5, E ” : 8 3] L
¥ 3F g25F =---d600 E
-1 £ [\ 3 c
o 25 Y N -5500 S
£ = [ ] 8
= 2F 2 = = Ta, Summer J400 T
'g 15 = G, Summer ] =
15 « = = = ua, Summer 1300 ‘_;
10 E 7]

1 1200

0.5 SE 100

0 0 ... adaa ol e s bl el sl el l ool -.: 0
7 8 9 10 11 12 13 14 15 16 17 18
Time, t (h)

Figure 4. Variation of the studied ambient condition with time.
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5.1. PCM Performance
5.1.1. PCM temperature
Fig. 5 shows the average PCM temperature variation with time of RT42, RT35, and RT42 at 4 cm

thickness. In the first period, PCM absorbs the heat dissipated from the photocell via the condenser
section sensibly. After that, PCM starts to melt as the heat transfer rate to PCM increases.
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Figure 5. Average temperature variation of PCM layers with time.

During this period, the change in the temperature of PCM is small. The temperature of the PCM then
increases sensibly after complete melting. For example, RT35 absorbs sensible heat, as apparent in Fig.
5 case RT35 (from 24 °C to 27.7 °C ). After that, PCM goes phase change transition (the temperature of
RT35 lies in its melting range from 29 °C at 10:00 AM to 34.6 °C at 13:00). After a significant amount
of RT35 is melted, RT35 absorbs most of the heat sensibly (RT35 average temperature higher than the
upper melting point). It is also noted that RT42 melts partially, where the average temperature, after the
sensible heating period, is in the range of its melting range (from 37.2 °C at 11:00 AM to 41 °C at 18:00).
Fig. 5 illustrates that the average temperature of PCMs is a function of their melting range (the
temperature of RT42 is higher than RT35 and RT25). This means the operating temperature of the
photocell is close to the average temperature of the PCM. Form these results, the PCM melting point
significantly affects the operating temperature of the photocell, as will be shown later.

5.1.2. PCM liquid fraction

The change of PCM liquid fraction percentages for different PCM types is shown in Fig. 6. It is clear
that PCM liquid fraction increases with decreasing PCM melting point for the same amount of PCM.
The increase in liquid fraction maximizes cell temperature reduction. The results of Fig. 6 depict that
the liquid fraction of RT25 is higher than RT23 and RT42, which means more heat is absorbed by the
hybrid cooling system using RT25. In this study, the same amount of PCM (4 cm thickness above the
condenser section) is used for RT42, RT35, and RT25. This amount is selected based on RT25 (the
PCM type that achieved the lowest photocell operating temperature).
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Figure 6. Variation of PCM liquid fraction with time.

As shown in Fig. 6, about 93.7% of RT25 is melted by the end of the day, and this melted amount of
RT25 is higher than the value of other PCMs. The increase in the melting rate for RT25 is because RT25
has a low melting range (25-26 °C) compared with other PCM types. Increasing the PCM melting
temperature (more time is needed to melt PCM completely) decreases the amount of PCM required
(RT35 and RT24 have final liquid fractions of 87.6 % and 65.3%, respectively). As a result, the photocell
system needs a large amount of PCM with a low melting point (RT25), and the system needs more time
during the day to solidify PCM. On the other hand, the cooling system needs less PCM with a high
melting point, which means a lighter and more economic system; besides, less time is required for night
PCM cooling. However, PCM with a high melting point has a high photocell operating temperature
compared with a low melting point.

It is remarked that for RT42, at the end of the day, the melting rate decreases again. Because in the
afternoon, solar intensity decreases, resulting in less heat generated by the photocell, thereby heat
generated from the photocell is lower than the amount of heat stored in PCM. That results in heat flow
from the PCM to the photocell and increases the system cell temperature greater than the conventional
photocell cooling. This backflow heat reduces the percentage of liquid fraction, as depicted in Fig. 6
case RT42.

5.1.3. PCM efficiency

The thermal efficiencies of RT25, RT35, and RT42 are depicted in Fig. 7. The PCM thermal efficiency
is defined by Eq. 38. According to this definition, PCM efficiency grows with time as solar radiation
increases. After that, the efficiency decreases as the heat generated by the photocell decrease (solar
radiation decreases). As stated before, the negative value of thermal efficiency is due to the heat
transferred from the PCM to the photocell, as shown in Fig. 7 case RT42. It is also noted that the
maximum thermal efficiency of the different PCMs is not achieved at noontime; however, maximum
energy is generated from the photocell because a large amount of PCM is melted. The PCM type has a
considerable impact on PCM thermal efficiency.
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Figure 7. Variation of PCM thermal efficiency with time.

Fig. 7 reveals that RT25 has higher thermal efficiency than RT35 and RT42, which means much heat is
absorbed by RT25. The maximum hourly thermal efficiency for RT25 is 48.9% at 10:00 AM, while this
value for RT35 is 33.7% one hour later (11:00 AM). RT42 achieves low PCM thermal efficiency as it
has the most inferior photocell temperature reduction. Also, the maximum thermal efficiency is achieved
at noontime because it takes a long time to melt (due to the high melting range), with a value of 32.2%.

5.1.4. PCM energy storage

Thermal energy inside PCM for the proposed cooling system (PV/HP-PCM) per square meter of
photocell area is illustrated in Fig. 8. PCMs are defined as latent storage materials for their proper
properties. The PCM is sensibly heated until it melts, where sensible heat storage rises with time. After
that, latent heat dominates energy storage. As observed during the first two hours, heat is sensibly
absorbed by PCM (small quantity of heat storage); then, the PCM energy storage witnessed a dramatic
increase in its value due to the increase in the amount of PCM melted and the intensity of sun rays until
noon time. The PCM's temperature rises as more of PCM is converted to the liquid phase, reducing the
rate at which heat can be transferred to PCM and, thus, the amount of thermal energy it can store. As
shown in Fig. 8 for case RT42, energy storage ended with a negative value because heat flow from the
PCM-heat sink in the direction of the photocell via heat pipe, which is not recommended for photocell
cooling. The energy storage capacity for RT25 is higher than that of RT42 and RT35 because of the
material's proper properties.
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Figure 8. Hourly PCM thermal energy storage.
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As clearly shown in Fig. 8, the maximum hourly energy stored for all PCM types is achieved at noontime
because the photocell generates much heat (the value of solar intensity is high compared with other
times). RT25 achieves maximum energy storage of 1149 kJ/m? compared with 1110 kJ/m? and 1099
kJ/m? for RT35 and RT42, respectively. These findings demonstrate that, depending on the PCM's
characteristics and incident solar radiation, the energy stored varies for various PCMs. That reveals that
for photocell cooling, PCM selection is essential for maximizing the efficiency and performance of the
cooling system.

5.2. Thermal and Electric Performance of the PV/HP-PCM System

5.2.1. Photocell Temperature

Fig. 9 shows the proposed cooling system's effect on photocell temperature using three PCMs, namely
RT25, RT35, and RT42. The HP-PCM cooling system reduces the operating temperature of photocells
significantly compared to natural cell cooling. Moreover, the PCM type (melting point) substantially
impacts the cell's thermal regulation, which decreases the cell temperature by reducing the PCM melting
point. The PCM amount has a considerable impact on photocell operating temperature. Since PCMs are
defined as latent heat storage materials, the maximum heat is absorbed during the phase change (from
liquid to solid during the charging process). In other words, sensible heat is marginal. As a result, the
amount of heat transfer from photocell when PCM is in liquid or solid phase is small, leading to high
photocell operating temperature, even higher than free photocell cooling. With the increasing PCM
amount, the PCM melting takes longer and increases the absorbed heat from the PV panel, decreasing
cell temperature. As a result, to ensure thermal regulation for the photocell, the melting period should
last until the end of the thermal regulation period. Further increasing the PCM amount, the cooling
system impact does not affect temperature reduction compared with the amount required to avoid
complete melting before the end of the day, as discussed before in Fig. 6. Hence, it can be stated that
the optimal amount of PCM is necessary to last during the thermal regulation period.

Fig. 9 reveals that the maximum photocell temperature is reduced by 8.7 °C for a thickness of 4 cm
using RT25. At the same time, RT35 and RT42 decreased the operating temperature of the photocell by
7.5 and 7.3 °C compared with the unmodified photocell at the same PCM thickness, respectively. These
results make it worth mentioning that the cooling system effectively reduces the operating temperature
of the photocell compared with conventional cell cooling.

65 T T

60 F

N n
= n
TTTTTTTTY

-
n
TTTTTY

'S
<

= Photocell
= RT42 (40 mm)
—— RT35 (40 mm)
= RT25 (40 mm)

w
]

w
= D

Cell temperature, T (°C)

N
n

PR BPEPErE EPErEr i EPErErS BPErEra SrErare e

7 8 9 10 11 12 13 14 15 16 17 18
Time, t (h)
Figure 9. Photocell temperature by using RT42, RT35, RT42, and conventional photocell.

N
<

83



As shown in Fig. 9, it is also important to note that a decrease in the PCM's melting point decreases the
photocell's temperature. The current result of the photocell operating temperature is compared with the
result of [53]. This comparison shows that the current proposed cooling system reduces the maximum
photocell operating temperature using PCM RT25 by 8.7 °C, compared with 8.1 °C for [53] using PCM
type RT55. Another comparison of photocell operating temperature with the experimental data of [54]
is reported. In their study, PCM RT42 was used in the experiment under summer conditions. They
reported that the highest average temperature drop was achieved in July when the PV front surface was
reduced by 6.2 °C, 2.2 °C lower than the current study. Finally, Yousef et al. [55] reported that a
reduction of 9 °C in operating temperature was achieved when using PCM type TR42 directly attached
behind the photocell for summer conditions, 0.3 °C higher than the current results. This previous
comparison shows the present cooling system's effectiveness besides the configuration's advantages
(indirect PCM cooling ).

5.2.2. Photocell electric efficiency

Fig. 10 indicates the variation in photocell electric efficiency for the proposed cooling system versus the
traditional photocell for summer. As listed in Eq. (7), the electric efficiency of the photocell is
temperature-dependent. As a result, the trend of electric efficiency is inverse to solar radiation. The
graph illustrates clearly that the electric efficiency drops from the morning until 14:00. After that, solar
intensity and ambient temperature decline, causing a decrease in photocell temperature and increasing
electric efficiency.
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Figure 10. The variation of photocell electric efficiency with time.

The photocell panel employing PCM-RT42, RT35, and RT25 has an electric efficiency improvement of
4.5%, 5.0%, and 5.3% over the standard photocell. This enhancement order is similar to the order of
operating temperature of the photocell, as shown in Fig. 9. The current data of average electric efficiency
of the photocell are comparable to those of [56] regarding the thermal regulation of the PV with PCM.
It is found that the enhancement of the average electrical efficiency of the current work is about 3.6%
compared with 5% obtained by [56]. However, in the present work, it is assumed that the photocell has
a reference efficiency of 15%, while [56] assumed a reference efficiency of 20%, which means higher
operating cell efficiency due to the enhancement in photocell conversion efficiency.

5.2.3. Electric power output
The variation in photocell output power is illustrated in Fig. 11 for unmodified photocell and the
proposed cooling system under summer climate. An increase in the temperature of photocell has been

proven to reduce the electrical outputs of panels. Photocell power strongly depends on the value of solar
radiation, as listed in Eq. (6). As illustrated in Fig. 11, the electricity generation increases with rising
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solar intensity till 13:00h. After that, the hybrid system's and conventional photocell's electric power
declines.
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Figure 11. Variation of PV electrical power with time.

The results show that noon is the time when the most electricity is generated. In other words, the
photovoltaic system's output power is mostly determined by the intensity of the sun's rays. The electrical
power also depends on the photocell operating temperature, as shown in Fig. 11. The output power is
higher for PCM with a low melting point than other types. Furthermore, the hybrid cooling system with
PCM for all types has a higher electric output than that without HP-PCM cooling (due to the low
operating temperature of the hybrid cooling system). RT25 achieves a 5.3% enhancement in electric
power compared with 5% and 4.5% in the case of using RT35 and RT42, respectively.

6. CONCLUSION

This work presents an efficient passive cooling system for the thermal management of the photocell by
incorporating heat pipes as a heat transfer medium between the photocell and phase change material as
a heat sink. PCM type impact on the photocell system's electric and thermal performance is studied for
three PCMs (RT42, RT35, and RT25). The main conclusion drawn from the research findings is as
follows:

1) The photocell performance strongly depends on PCM type (melting point). Decrease in
the PCM melting point enhances the hybrid cooling system's thermal and electric
performance.

2) Using PCM-RT25 as a heat sink reduces the maximum temperature of the photocell by
8.7 °C for a PCM thickness of 4 cm. The PCM types RT35 and RT42 with a high melting
point reduce the photocell operating temperature by 7.5 °C and 7.3 °C, respectively.

3) The PV/HP-PCM system using RT25 improved the electrical efficiency by 5.3%,
compared with the conventionally cooled photocell. While the improvement using RT35
and RT42 is 5% and 4.5%, respectively.

4) The hourly thermal efficiency arises with decreasing the PCM melting point with a
maximum thermal efficiency of 48.9 %, 33.7%, and 32.2 % for RT25, RT35, and RT42,
respectively.
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5) This cooling system's efficiency allows for research into its operation in the context of
concentration photocells using the optimal PCM combination during the hot and cold
seasons.
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