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Reducing the PV panel temperature significantly increases the PV panel efficiency. The most important
parameters affecting the temperature of the PV panel are; environmental temperature, wind speed, sunbathing
time, and irradiation. Although there are many methods for PV panel cooling, one of the most common
methods is to cool the panel by placing PCM material on the PV panel's bottom surface. In this study,
PV/PCM integration under different boundary conditions was investigated with a 1-D mathematical model.
In the study, environmental conditions were determined using real meteorological data, and the results were
shared for four seasons. The mathematical model was performed for the conventional PV model, the PV/PCM
integrated model, and the integrated PV/PCM which the base is kept at a constant temperature. As a constant
temperature value, 10, 15, and 20 °C were chosen. The results were analyzed in terms of PV temperature,
PCM melting rate, electricity production, energy absorbed by PCM, and thermal and electrical efficiency. If
the annual performances are examined, the maximum electricity production is 263000 kW for the case where
the PV/PCM base is kept constant at 10 degrees, and this value is 1200 kW higher than the traditional PV

panel. The maximum absorbed energy by PCM was obtained as 26990 kW for the PV/PCM integration.

1. Introduction

PV (Photovoltaic cell) panels are economical systems that
generate electricity from solar energy [1]. Although PV panels
have many advantages, they are highly affected by temperature
and decrease in performance. Therefore, it is very important to
reduce the PV panel operating temperature [2]. Two different
methods are used to use the PV panel temperature. These
methods are called active and passive cooling. An example of
passive cooling is placing fins on the PV panel base or cooling
the panel by natural convection of air. An example of active
cooling is the cooling of the panel by passing water or air
through the channel added to the bottom of the channel by
forced convection [3-5].

One of the most effective passive methods of PV
panel cooling is the integration of PCM (Phase Change
Material). With this method, a container with a PCM is
placed at the bottom of the PV panel. So, a significant
amount of thermal energy is absorbed during solid liquid
phase transition at constant temperature by PCM [6, 7].
There are many experimental and numerical studies examining
PV-PCM performance in the literature. The studies can be
grouped into two categories. The first of these is the
examination of the PV/PCM panel performance in different
environmental conditions, and the second is the effect of the
changes in the components used in the system on the PV/PCM
panel performance[8].
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If the first group of studies is examined, Armstrong and
Hurley [9] investigated the variation of PV panel temperature
under forced and natural convection conditions for different wind
speed and wind direction values. Smith et al. [10] conducted a
study on the selection of the most accurate PCM material
depending on the environmental conditions in different parts of
the world. PV-PV/PCM panel performance was compared
depending on the amount of radiation changing during the day by
Stropnik et al [11]. Khanna et al. Investigated the effect of wind
direction, wind velocity ,and ambient temperature on PV/PCM
panels efficiency[12]. Savvakis and Tsoutsos investigated the
performance of PV/PCM panel under real environmental
conditions for one year under Mediterranean climatic conditions
[13].

The second group of studies includes the effect of the
innovations made in the components of the PV-PCM system on
the system efficiency. Emam and Ahmed [6] integrated different
types of PCM heat sinks such as single cavity, three-parallel
cavity, five-parallel cavity, and three-series cavity to PV panel. In
the study, PV panel performance was also investigated by adding
different types of PCM materials to each cavity. Abdulmunem et
al. [1] investigated the PCM melting characteristics and the
temperatures of the components that make up the system for
different tilt angles. Ahmad et al.[14] used 6 different
configurations for panel cooling and compared with each other.
These configurations are; PV, PV/water cooler, PV/PCM,
PV/PCM/water cooler, PV/PCM/composite,
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PV/PCM/composite/water cooler. Duan [15] designed the
PCM media as porous to reduce the natural convection effects
due to the melting of the PCM material. In addition to the
above-mentioned approaches in the literature, there are studies
that reduce the PV panel temperature by placing fins [16-18] in
the PCM media or using a PCM/nanoparticles combination [19,
20].

When the studies in the literature were examined, PV/PCM
system analysis has been made using numerical and
experimental methods, the melting process and panel
temperatures of PCM was examined or some improvements
were made to the system. However, there are limited studies
that mathematically examine PVV/PCM performance under real
operating conditions. As it is known, although mathematical
models were performed under certain assumptions, they
provide significant savings in terms of both computation time
and cost. Therefore, in this study, the melting process of PCM
and PV panel temperature were investigated under real ambient
conditions by creating a 1-D mathematical model. The
examinations were carried out for 5 different cases. First case;
conventional PV panel, 2nd case PV panel PCM integration,
3rd case PCM container's bottom surface 10 °C boundary
condition, 4th case PCM container's bottom surface 15 °C
boundary condition, 5th case PCM container's bottom surface
20°C boundary condition. Environmental conditions were
determined using the meteorological data of Antalya province
in Turkey. The results were analyzed in terms of PV panel
temperature, PV panel efficiency, thermal efficiency, electricity
production, thermal energy stored in PCM and PCM melting
amounts. By carrying out these examinations, the advantages
and disadvantages of the PV-PCM container, which has not
been examined before in the literature, being immersed in the

water channel at a constant bottom temperature, were determined.
2. System Description

Increasing the temperature of the PV cell significantly reduces
the panel efficiency. Due to its energy storage capacity in solid-
state and during phase change, PCM can take significant heat
from the PV cells and reduce the PV cell temperature when placed
under the PV panel. Therefore, in this study, a PCM container
with different boundary conditions was placed under the PV panel
to reduce the PV panel temperature. Within the scope of the study,
5 different cases were investigated. In case 1, the conventional PV
panel was examined. In case 2, a PCM container was placed under
the PV panel. The bottom of the container was considered to be
open to the atmosphere. In Case 3, Case 4, and Case 5; similarly
in Case 2, the PCM container was placed under the PV panel, but
the container base temperature was considered to be constant. The
constant temperature was taken as 10 °C for Case 3, 15 °C for
Case 4, and 20 °C for Case 5. Indeed, it is unlikely that the bottom
of the PCM container will be at a constant temperature. However,
in this study, the bottom of the PCM container was considered to
be in contact with a water source. Since the water source
temperature is unknown, the results were examined for three
different temperatures.

A polycrystalline PV panel (12.5x12.5 cm) was used in the
study and the panel consists of a glass cover, an EVA layer, an
aluminum layer, PCM, and PCM container layers. The thickness
and thermal properties of each layer were shown in Table 1. It was
assumed that the PV panel side surfaces were completely
insulated. In order to determine the PV panel length, the
environmental conditions in which the maximum melting (in Case
2 and summer conditions) was taken into account, and it was
determined as 0.0276 m.

Table 1. Thermal properties thicknesses of PV panel components

Thickness Conductivity Emissivity Temperature Reference References
(m) (W/mK) coefficient (1/K) efficiency, nrer

Glass Cover 0.003 0.8 0.9 - - [21]

PV Layer 0.0002 148 0.0045 0.2 [6]

EVA 1.27 x 108 0.37 - - - [21]

Aluminium 0.004 211 0.095 - - [21]
2.1.Mathematical Modeling heony = 2.8 + 3Viying )
hpag = Apv‘:’-‘g(Ts2 + Tszurr) (Ts + Tourr) 3)

In this study, 3 different mathematical models were created
for the 5 cases examined. For Case 1, only the PV panel was
chosen as the control volume and a solution was obtained using
thermal resistance networks (Fig. 1). In all other cases, firstly,
the PV panel was chosen as the control volume and modeled
with thermal resistance networks, then the PCM container was
chosen as the control volume and the analytical solution was
obtained (Fig 2.,3.). Since the thermal resistance network model
was used for the PV panel in all 5 cases, the common thermal
resistors in each case were examined below.

Considering the PV panel energy balance, some of the solar
radiation sourced energy coming to the PV panel surface is
converted into electrical energy, and some are lost to the
atmosphere from the lower and upper surface of the PV panel.
The heat lost from the panel surfaces are generated by
convection and radiation. Losses by convection depend on
ambient temperature (T,), and losses by radiation depend on
surrounding temperature (Ts,,). In order to facilitate the
calculations, the two temperatures are taken as equal in this
study [22].

Based on this assumption, the combined heat transfer
coefficient (h.omp)Was calculated as follows.
1
In EQ.1. h.onpand h,,qrepresent convection and radiation

heat transfer coefficient respectively and were calculated as
follows [23].

heomp = heony + Rraa

INEQ. 2, Viying is wind velocity. In Eq. 3, A,,is PV panel area
and taken as 1 m2, o is the Stefan Boltzmann constant, ¢ is the
emissivity and Ty (upper or lower surfaces) is the surface
temperature.

The combined thermal resistance formed by the heat loses
from the surfaces as follows.
1
Reomp = 3——— 4

The thermal resistances formed by the glass, EVA(ethylene-
vinyl acetate) ,and aluminum layer are as follows.

— Lglass
Rglass - KglassApv (5)
__Lgva
Reva = kevaApy ®)
__Lla
Ru = kaLApv O

In EQ. 5, Lgassis thicknesses of glass layer and kgqq IS
thermal conductivity of glass layer. In Eq. 6, Lgy4is thicknesses
of EVA layer and kgy 4 is thermal conductivity of EVA layer. In
Eq. 7, Ly;is thicknesses of aliminium layer and kg, is thermal
conductivity of aliminium layer.

Firstly, the mathematical model created for Case 1 was
examined below.

Case 1;
In Case 1, the conventional PV panel was examined. The
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physical, heat transfer, and thermal resistance network model
for Case 1 is shown in Figure 1. In the conventional PV panel,
while some of the solar radiation energy coming to the PV cell
is converted into electrical energy, some of it’s lost to the
environment on the upper and lower surface of the PV panel.
Therefore, if the PV panel is selected as the control volume, the
heat loss from the top and bottom surface of the PV panel is
equal to the total heat loss.

Radiation + Comvection = Qioss1

1 Insulation

Radiation * Convection= Qjgss,2

Quaste™Qoss,1 7 Quoss,2
[ |Guasscover| | EvALaver [ | Polycrystalline Silicon Solar Cell Layer [JJll Aluminium Layer
Fig. 1. Physical, heat transfer and the thermal resistance network model
for Case 1.
The heat loss from the PV panel upper surface was defined
asin Eq. 8.

Insulation Layer

Tpv—Tsurr ) (8)

0 _ (Tsup—rsw) (
10S1 ™\ Reombup ) \Revaup+Rglass*+Reombup
In EQ.8, T,pis upper surface temperature of PV panel
andRcompup Revaup: Rglass are upper surface combined
thermal resistance, upper EVA thermal resistance and glass
thermal resistance respectively. The heat loss from the lower
surface of the PV panel will be as in Eq. 9.

Qloss,z — (Ts,luwer’Tsurr) — ( Tpv—Tsurr ) (9)

Rcomb,lower REVAlowertRai+Rcomb,lower

In EQ.9, Ts oweris lower surface temperature of PV panel
andR comp tower REva,down: Rgiass are lower surface combined
thermal resistance, lower EVA thermal resistance and
aliminium thermal resistance respectively. Finally, it is defined
that the total heat l0ss (Qyqste) is equal to the sum of the heat
loss from the lower (onss,1) and upper (onss,z) surface of the
PV panel.

Qwaste = Qlass,l + Qlass,z (10)

For the solution of Case 1, only the thermal resistance
networks model was used. For the solution of Case 2, the

thermal resistance network and analytical model were used
together.

Case 2;

The physical, heat transfer, and thermal resistance model of
the PV-PCM integration examined in Case 2 is shown in Fig. 2.
The PV/PCM integration was divided into two parts. Firstly, the
PV panel was chosen as the control volume and solved with
thermal resistance networks, and secondly, the PCM container
was chosen as the control volume and the analytical solution
was obtained. . In Case 2, while some of the solar radiation
energy coming to the PV cell is converted into electrical energy,
some of it’s lost to the environment on the upper of the PV
panel, and some of it passes under the panel to the PCM
container. The thermal energy transferred to the PCM (Qpcu)
container is equal to the sum of the energy stored by the PCM
phase change and the heat loss from the bottom of the container
to the environment.

Radiation + Convection = Qi)

=

L ores

| Insulation
H ™

Qrem

solid-liquid inferface

Radiation + Convection = Qussz

Quaste™Qrass1+Qpenr
[ Gtass Cover [] EVA Layer [T] Palycrystalline Siticon Solar Cell Layer Il Ataminium Layer | nsulation Layer PO Layer
Fig. 2. Phy5|cal, heat transfer and the thermal resistance network model
for Case 2.

The energy balances used in PV panel analysis modeled with
thermal resistance networks are as follows.

Eqg. 11 shows the heat loss from the panel upper surface to the
atmosphere.

Tpv—Tsurr ) (11)

. Tsup=Tsurr
Qloss'l = ( Rc:mb,up ) - (REVA,up+Rglass+Rcomb,up
Eq 12. shows the heat transferred from the PV panel to the
surface of the PCM container. In Eq., Tspcyis PCM container
upper surface temperature.
Gren = o) 2
The heat loss in the PV panel is defined as follows.
Qwaste = Qlass,l + QPCM (13)
Following the PV panel analysis, the PCM container was
analytically modeled. In this study, since the PCM container was
placed horizontally, the convection effects due to the melting of
the PCM material were neglected. Therefore, the 1-D time-
dependent heat conduction equation will be as follows.

9°T _ 10T

E T a at (14)
The expression aseen in the Eq. 14 is thermal diffusivity and

is defined as —— . In phase change problems, when latent heat is

more dommant than sensible heat, in other words, when Ste<0.1,
The time dependent term seen in Eq. 14 can be neglected [24].
Therefore, for the liquid phase Eq. 14 take the following form.

h_p (15)

ax2
The boundary conditions shown below are used to solve Eqg.
15.

x =0, — k2 = Lean (152)
x=x,T, =Ty (15b)

As seen in Eq. 15a and 15b, the heat flux boundary condition
from the top surface of the PCM container and the constant

: T . o
melting temperature (™) boundary condition at the solid-liquid
interface are used for the solution. The solid phase heat
conduction equation is as follows.

P15 _ g (16)

9x2
The boundary conditions shown below were used to solve Eqg.
16.

x=x;,Ts =Ty (16a)
6TS hcom
X= Lcontv “ox = _k—sb(T - a) (16b)

As seen in Eq. 16 a and 16 b, the boundary condition of
constant melting temperature (T,,,) was used at the liquid-solid
interface, and the boundary condition of heat loss from the
temperature T, to the environment at the bottom of the container
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was used. Using the equation (Eq.15, Eq.16) and boundary
conditions seen above for the liquid and solid phases, the
solutions were obtained as follows.

TG0 = 29,

-x)+ T, (17)

hcomb (

T. (x) p Ta)(xi - x) + Tm (18)

With the help of Eq. 18, T, temperature was found as
follows. The bottom surface thermal resistance of the PCM
container was neglected in the calculations.

_ (Xi~Lcont)Ta
(o

Lcont
(hcombl—)

The boundary condition for examining the time dependent
change of the solid-liquid interface is as follows [24].

K, ars;ii D _ g 2Tit) arz(xl 9_ L 0;_12 (20)

The followmg initial condition was used to solve Eq.20.
x(0)=0 (21)
If Eq. 17 and 18 are written in Eq. 20, the time dependent

X L. .
! function is obtained as follows.

x() = (((((—hmmb (1, - 1))+ (QPCM/AW))> : p—>> 22)

In Case 3, 4, and 5, unlike Case 2, the container base
temperature was kept constant. Solution details are shown
below.

Case 3, Case 4, Caseb;

In Cases 3 (T, = 10°C), 4 (T, = 15°C) and 5 (T}, = 20°C)
unlike Case 2, the bottom of the PCM container was kept at a
constant temperature (Fig. 3). The PV panel solution is the same
as for Case 2 and for Case 3, 4, and 5. Therefore, Eq. 11, 12,
and 13 were also used in Case 3, 4, and 5. An analytical model
was created to calculate the temperature distribution and phase
transition region of the PCM in the container. The model used
for the liquid phase is the same as Case 2. Therefore, the liquid
phase solution is as seen in Eqg. 17. For the solid phase, a
constant temperature (7,,) boundary condition was applied to
the bottom surface of the PCM filled container. The heat
conductlon equation and boundary conditions are as follows.

Radiatior = Quoss

TN

e mnmpmar®

\ Qren

= o
T.pcm
Lant solid-liquid interface

TR, -

Quasie™oss ™ Qpen

[ Glass Co

Flg 3. Physmal heat transfer and the thermal resistance network
model for Case 3,4 and 5.

9%,

i 0 (23)
x=x,T, =Ty (23a)
X =Leonts Ts =T, (23b)

If Eq. 23 is solved using boundary conditions, the solution
for the solid phase is as follows.

T.() = ) sy, 24)

(xi=Lcont)

The temperature at the base of the container is T;=T,,.

Eq.25 shows the variation of the solid-liquid interface of the
PCM material time-dependent. Eq. 25 was obtained by
substituting Eq. 24 and 17 in Eq. 21 using the boundary condition
seen in Eq. 22.

— ik _ plks(Tm=Ty) ) ks(Tm=Ty)+Qpcm (*i~Loons) (25)

Qrcm

— -
Qpcm ks(Tim—Tp)—QpcMLcont

The system outputs reached through the solution process
detailed above are seen below. Eq.26 shows the efficiency of the
PV panel [6].

Npy = Nyef (1 - Bref(Tpv - Tref)) (26)
nyor and B¢ are the reference solar cell efficiency and the
solar cell temperature coefficient at a reference temperature (T s)
seen in Eq. 26. T,., value was taken as 25 °C and f,.rand
nyrvalues were given in Table 1. The net thermal power input
(Qneepy) to the PV panel from solar radiation is shown in Eq. 27
[21].
QnetPV - GnapApv (27)
seen in Eq. 27, G is irradiation, n,,is optical efficiency and
was taken as 0.85. In Eq.28, the expression of net electrical power
produced in the PV panel is seen [21].
WelPV = QnetPVnpvninv (28)
Ny Seen in Eq. 28 is the inverter efficiency and it was taken

as 0.9. Eq.28 shows the expression the waste heat from the panel
to the environment [21].

Qwaste = QnetPV(l - npv)
(29)
Eg. 30 and 31 show the energy absorbed by the PCM and
thermal efficiency respectively.

Qabs =m(Typ — To) + miL (30)
Qa S
Np = GA:,,t 31

The m,; seen in Eq. 30 represents the mass of the liquid phase
in the PCM container.
2.2. PCM Selection and Thermal Properties

One of the most important parameters in PCM selection is the
melting temperature. In the study was carried out by Me et al, they
found that the PV panel is cooled more when the melting
temperature of the PCM is higher than the ambient temperature
[8]. Therefore, RT28HC material with a melting temperature of
28 °C was chosen in this study (In this study, the maximum
ambient temperature is 27 °C). PCM material thermal properties
were given in Table 2.

Table 2. Thermal properties of the PCM [11].

Thermal Properties Value
Melting temperature (°C) 28
Latent heat of fusion (kJ/kg) 245
Thermal conductivity (W/m K) 0.2
Density (solid) (kg/m®) 880
Density (liquid) (kg/m®) 770
Specific heat capacity (kJ/kg K) 2

2.3.Solution Procedure

As seen in Fig. 4, two different models were created for Case
1 and for Case 2,3,4 and 5. The created model was analyzed using
the EES program. Input parameters shown in Fig. 4 were defined
in both model solutions. For Case 1, system outputs were obtained
using only PV panel equations (Eq.8,9,10). For Cases 2,3,4 and 5,
the Tspcmguessvalue was estimated primarily. Then, the
QpcyVvalue was calculated using the PV panel equations (Eq.
11,12,13). A T pcm carcutatea Was calculated by taking the Qpey
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value as an input to the equations created for the Analytical
solution (Eq. 17,18,19,22 for Case 2 and Eq. 17, 24,25 for Case
3:415)- Fina”y: Ts,PCM,Guess and Ts,PCM.Calculated were
compared and if the difference was less than 10-3, the system
outputs were found. If not, the new T pcp guess Was taken equal
t0 Ts pcm caicutatea @Nd the process was repeated.

INPUTLS

operties,
tinvironmental conditions

Chse 1 J

Case 2,345 l

INPUTS

PV panel Calculation Tspch.Guess

PV pancl Calculation

Qpcp is calculated

[PCM container is solved
anallvtically

| Tapem, Gues=Typen |

T pow is calculated

n, T, W

W My X,

TPC\I
OUTPUTS

Fig. 4. Calculation procedure of the created models
3. Results and Discussions

After the model definition and solution procedure, in this
section system outputs were examined under real environment
conditions. However, first of all, the results obtained from the
theoretical model were compared with the literature study in
Section 3.1.
3.1.Verification of the 1-D theoretical model

The theoretical model used in this study was confirmed by
the experimental and theoretical study made by Abdulmunem
et al. [1] in the literature. The time-dependent variation of the
PV panel temperature was used for verification. For
verification, the PV panel area was taken as 0.0182 m2 and the
irradiation was taken as 1000 W/m2. Fig. 5 shows the time-
dependent PV panel temperatures for conventional PV panels
and PV-PCM integration. When the current model was
compared with the literature study, it was seen that the
maximum temperature difference was 2.5°C for the
conventional PV panel, and 5 °C for the PV-PCM integration.
These temperature differences show that the current model was
usable.

90 T T T T T T 75

- - 70

- 66

60

55

50

- 45

Temperature (*C)

a0

— — Abdulmunem et al(PY with POM) 36
—— Prosent study (Y with PCM)
Abslulmuncin et al(PV without POMI| 0
Proseol study (PY wilheul FOMp

30 T T T N T T ' T
0 50 100 150 200 260 300

Time{min)

Fig. 5. Comparison of current model and literature study in terms of PV
panel temperature

3.2.Climate conditions

In this study, real environmental conditions were preferred for
investigations. Meteorological data were taken from Antalya, a
province in Turkey [25]. As can be seen in Fig 5, Antalya
province is located in the south of Turkey and is one of the
provinces with the highest amount of irradiation and sunbathing
time.

T oo

L esayenin | enzincan

N komwe

USAK_AFYONKARANISAR

e &
LY R i . AT R

g ';
e o
e .

Fig. 6. Antalya province location in Turkey and annual avarage solar
radiation distribution of TURKEY

Fig. 7 shows the irradiation, sunbathing time, ambient air
temperature, and wind speeds depending on the month. While the
most radiation was observed in March, the most sunbathing time
was observed in July. In addition, the highest air temperature was
observed in July, while the highest wind speed was observed in
January. As it can be seen from the graphs, since the parameters
show similarity seasonally, the evaluations in this study were
made based on seasonal average meteorological data.

1000 = T T T
|—a— Radiation
|-#— Sunbathing time

800

600

400

Radiation{W/im?)
.
-]
Sunbathing time (h)

200

— T T T T T —

zZ o x K > 2 > D F E > O

L < ] T} o

sE£$%£33%483 2 B
Month
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in the PCM.
30 3.6 a)
40 T T T T
3.4
25 4 35 4 i
g 3.2 é
° > 304 1
520 L3o5
g § % 1
] 3 o
O 15+ = - - -
= 2 £
r2° - 15 -
101 [~A— Ambient Air Temperature|~ 2.4 10 4 Case I:
—m— Wind Velocity —®— Case 1
A N ——cued)
S5 L s < = " 3 < 8 0 2 0 * —v—Case 4
Month Case 5|
0 T T T T
Fig.7. Meteorological data depending on the months. 0 10000 20000 30000
Seasonal average meteorological data are given in Table 3. wne (3)
Accordingly, the months of December, January, and February b)
represent the Winter season, March, April, and May represent 0.4 . . .
the Spring season, June, July, and August represent the Summer —e— Case 2
season, and September, October, and November represent the —a—Case 3
Autumn season. System outputs according to these four seasons 03] 7 Cased ]
were shared in Section 3.3, and advantages and disadvantages - Cose 3
were examined.
Table 3. Average seasonal meteorological data [25] _0.24 E
Spring Summer Autumn Winter R
Avarage Ambient <] 1
Temperature (°C) 16.6 27.4 20.4 10.07 0.1
Wind - Velodlty 577 563 28 3.43
(m/s) 0.0 ]
Radiation (W/m2)  506.75 636.5 735.9 506.58
Sunabathing  time
8.16 115 8.2 5.03 ! T ' J
(hours) 0 10000 20000 30000
3.3.Examining system outputs Time (s)
c)

In this section, seasonal PV panel temperature (T},,), PCM , , . , . 3000 - 16000
melting rate (Lx—it), electrical power generated (W,;), energy Dl e emee w4000
absorbed by PCM (Qgps), PV (npv) and thermal efficiencies 12000

. =164 . P k- 56000
(n¢y,) were examined. The results shown below were analyzed = —~—, — —~ | 10000
based on sunbathing time for T,,,and PCM melting rate, while § o 1550005 | o000 3
. . 210 o G H
total seasonal for Qgps, Wey, npy and ny,. £ -~ saooc> 69900
w _ 4000

Initially, the results for the Spring season were shared in 5 - | 4000
Fig. 8. Fig. 8a shows the PV panel temperatures during the T [ | 2000
sunbathing time. Accordingly, the temperature increased ol—d . i . £ Q| 000 Lo
linearly during the 6000 seconds and remained stable for all Case1  Case2  Cased  Cased  Caso§

cases. While there were small temperature differences between
cases for stable conditions, the lowest PV panel temperatures
were obtained for Case 1 and Case 3 approximately at 27°C at
the end of sunbathing time. Fig. 8b shows the PCM melting rate
during the sunbathing time. the PCM in the container did not
melt completely in all 5 cases. the highest melting was obtained
for Case 5 as 0.3 and the lowest melting was obtained for Case
3as 0.06, Fig.8c shows the seasonal average n,,,n;, Qgpsand
W,,. Maximum 1% differences were observed between Tpy'S
(19-20%), Because of low differences between the PV panel
temperatures (Fig. 7a) for each case. The maximum electricity
generation was obtained for Case 3 and Case 1 as approximately
56000 W. Qs and n,, values was shown parallel behavior and
reach the maximum value for Case 2 (ny, = 10%,Q4ps =
4800W) and Case 5 (1, = 11%,Qqps = 5500W).

The results for the spring showed that Ty, and n,,, did not
change significantly in different conditions.

However, n,, and Qs varied considerably and it was
found that a significant amount of heat energy could be stored

Fig. 8.a) T, b) ﬁ €) Wer, My M Qapsvalues for the Spring season

In Fig. 9, the system outputs for the summer season are shown.
As seen in Fig. 9a, the maximum PV panel temperature was
obtained for Case 2 at 47.5 °C and the minimum PV panel
temperature was obtained for Case 3 at 40 °C. During the
sunbathing time, the PV panel temperatures of Case 3 and 4
remained below Case 1 (conventional PV panel) and, in Case 1
and 2, after 15000 seconds, the PV panel temperature increased
above Case 1. At the end of the sunbathing time, all of the PCM
in the container was molten in Case 2 as seen in Fig. 9b. Also the
lowest melting was seen for Case 3 as approximately 0.4.
Although the n,,,, values for each case are close to each other, Due
to the low PV panel temperature, the highest n,,, was obtained as
19% for Case 3. Similarly, depending on the increase in n,,, the

W,, was obtained approximately 92200 W for the lowest Case 1
and 94500 W for the highest Case 3 as seen in Fig 9c. Due to the
high melting rate, the highest Qs and n,, were determined as
11000 W and 20% for Case 2, respectively.

The results showed that the maximum system outputs
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occurred for the Summer season. Therefore, it was shown that

PV/PCM integrations are beneficial in summer conditions.
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In the autumn season, similar to the summer season, the
highest PV temperatures were obtained in Case 1 until the
reached equilibrium (Fig 10a). After the temperatures reach
equilibrium, only Case 3 temperature was lower than Case 1.
At the end of the sunbathing time, the maximum PV panel
temperature was obtained at approximately 43 °C for Case 2
and, the minimum PV panel temperature was obtained at
approximately 38 °C for Case 3. Considering the melting rates,
the maximum melting rate was obtained as approximately 0.6
for Case 2 and Case 5. Also the minimum melting rate was
obtained for Case 3 as 0.3. As can be seen in Fig 10c, due to the
closeness of the PV panel temperatures, there were no large
differences between the n,,, for each case, and the highest n,,,,
value was obtained for Case 3 as 18.75%. Similarly, W,; values
were very close to each other for each case and range from
78700 W (Case 3) to 78000 W (Case 5). Finally, The highest
Qaps and ny, values were obtained for Case 2 as 11000 W and
16%, respectively. The lowest values were obtained for Case 3
as 7000 W and 8.5%, respectively.

Since autumn meteorological data were close to summer
meteorological data, the use of PV/PCM integration was
appropriate for autumn.
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Lcont

The results are quite different for the Winter season as can be
seen in Fig.11. In winter, melting was not occurred in the PCM
container due to low irradiation, ambient temperatures, and high
wind speed. Therefore, all PV-PCM integrations reached a higher
PV panel temperature than conventional PV panels. The
maximum PV panel temperature was obtained at 33 °C for Case
5 and the minimum PV panel temperature was obtained at 21.5 °C
for Case 1. The electrical efficiency and electricity production
were similarly maximum in the conventional PV panel as 35750
W and 20.5%. Therefore, It has been seen that the PV-PCM
integration was not suitable for the Winter season.

a)
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40— . . : . kW, while in Case 3,4, and 5 less energy was stored in PCM than
in Case 2 as 16766, 10020, and 4120 kW respectively.
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Fig. 11. a) T,,, b) W,;,n,, values for the Autumn season

As mentioned above, all of the PCM in the container melted
in Case 2 during the summer season. Therefore, the PCM
temperature during melting for Case 2 is seen in Fig. 12. The
results showed that the maximum temperature (x=0) increased
from 42 °C to 48 °C depending on time In addition, a linear
temperature drop was seen in the liquid phase which the melting
takes place, at x-direction, but there were no significant
temperature differences were seen in the solid phase. Therefore,
it has been determined that the heat conduction in the solid
phase was negligible.
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Fig.12. Time dependent temperature distribution of PCM

Until this part, the seasonal performance of the 1 m2 area
PV panel has been examined. However, in practice, more PV
panels are used for high electrical power generation. Therefore,
Fig. 12 shows the annual PV panel performance for a 1000 m2
panel area. The results showed that Case 3 and Case 4 produced
1200 kW and 230 kW more electricity than Case 1 respectively,
and Case 2 and Case 5 produced 220 kW and 970 kW less
electricity respectively than a Case 1. Considering the Qgps
values, the highest Q5 value was obtained in Case 2 as 26990

Qabs: Ty Mg, temperature distribution of PCM during melting

were calculated. A 1-D mathematical model was used for the
calculations and confirmed by the study in the literature.

The following results were obtained within the scope of the

study.

It has been observed that the PV panel temperature (Case 1)
was highly affected by seasonal environmental conditions.
The maximum PV panel temperature for the summer season
was obtained at 45 °C. For the winter season, this value
decreased to 22 °C. Although it is thought that placing the
PCM on the PV panel base reduces the temperature of the PV
cells, it was determined that the temperature of the PV cells
was negatively affected depending on the meteorological data
and the sunbathing duration for some cases.

When T,,,, W, and npy, Values were examined in the Spring
season, only Case 3 gave better results than Case 1. Therefore,
it was revealed that the bottom of the PCM container should

be kept at a low temperature for the autumn season.
All cases gave positive results from Case 1 for T, W, and

n

PV values in Summer. Therefore, it was determined that the
use of PCM was very necessary for high air temperature, high
radiation values, low wind speed, and high sun exposure
times.

Case 3 and Case 4 gave better results than Case 1 for T,,,, Wy,
and n,,, values in the Autumn season, but Case 2 and Case 5
gave very close results to Case 1. Therefore, it was found that
cooling the bottom of the PCM container during the Autumn
season improves the results.

It has been observed that P\V-PCM integrations for the winter
season gave worse results compared to Case 1.

When Qgps and ny, values were examined, they were quite
high especially for Summer and Autumn seasons. In this case,
it was seen that the stored energy could be benefited at the end
of the sunbathing period.
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With the help of the results obtained in this study and the
mathematical model, it is thought that researchers can easily
design PV-PCM depending on changing environmental
conditions.
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