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Abstract

An experimental study was carried out to examine the efficiency of solar energy in photovoltaic thermal collectors (PV/T) with energy
storage. A photovoltaic thermal collector was used to generate both electrical energy and hot water. The effects of inclination angle of
PV/T collectors on power, temperature, energy and exergy values were investigated. Also, effects of cellular shading are tested and
discussed. PV/T was compared with the conventional PV/T collector by adding phase change material (PCM) for one of the collectors.
In addition, the effect of different shading conditions (small, medium and large circle) on the power and hot water output of the PV/T
collector at optimum slope angle were investigated. It is found that 7 °C temperature differences are occurred in the hot water outlet
between the PV/T collector and the PV/T-PCM collector. The highest energy efficiencies of PV/T-PCM collectors are obtained as
73.26%, 84.70% and 68.96% for slope angle 25°, 30° and 35°, respectively. The highest exergy efficiencies of shaded collectors are
obtained as 11.92% for PV/T and 23.38% for PV/T-PCM.

Keywords: Photovoltaic/Thermal, Phase Change Material, Angle, Energy, Exergy, Shading

Sebekeden Bagimsiz Ev Tipi Uygulamalari icin PCM Destekli PV/T
Kollektorlerinin Deneysel Analizi

Oz

Enerji depolamali fotovoltaik termal kollektorlerde (PV/T) giines enerjisinin verimini incelemek i¢in deneysel bir ¢alisma yapilmistir.
Hem elektrik enerjisi hem de sicak su iiretmek icin bir fotovoltaik termal kollektor imal edilmistir. PV/T kollektdrlerinin egim agisinin;
gii¢, sicaklik, enerji ve ekserji degerlerine etkileri ile hiicresel golgelendirmenin etkileri arastirilmistir. PV/T kollektorlerden birinin
icine faz degisim malzemesi (PCM) eklenerek PV/T kollektoriiyle karsilastirilarak farkli gélgeleme kosullarinin (kiigiik, orta ve biiyiik
daire) PV/T kollektoriiniin optimum egim agisindaki giicii ve sicak su ¢ikisi tizerindeki etkisi arastirilmistir. PV/T kollektorii ile PV/T-
PCM kollektorii arasindaki sicak su ¢ikisinda 7 °C sicaklik farki olustugu bulunmustur. PV/T-PCM kollektoriiniin en yiiksek enerji
verimleri sirasiyla 25° 30° ve 35° egim agis1 igin %73,26, %84,70 ve %68,96 olarak elde edilmistir. Golgeli kollektorlerin en yiiksek
ekserji verimleri ise PV/T kollektor i¢in % 11,92 ve PV/T-PCM kollektorii i¢in ise %23,38 olarak bulunmustur.

Anahtar Kelimeler: Fotovoltaik/Termal, Faz Degistiren Malzeme, A¢1, Enerji, Ekserji, Golgelenme
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Avrupa Bilim ve Teknoloji Dergisi

1. Introduction

The photovoltaic panels are energy conversion systems that
produce electricity by absorbing solar irradiation as well known.
The waste heat is produced from the back side of the PV. So as to
reduce the electrical losses in the PV systems, the cooling of the
PV systems has been studied. The PV/T systems have been
developed and fluids are passed through the bottom of the panel
in order to distribute the heat from the PV panel. Generally, air or
water is preferred as a fluid. In this way, excessive heat flow on
the PV panel is stored and made available as thermal energy.

In many works, the thermal and electrical performance of
air/water based PV/T panel combined with PCMs or without
PCMs has been assumed. In this context, Hussain et al. (Hussain
et al., 2015) experimentally studied of PV/T collector with and
without hexagonal honeycomb. They obtained that the thermal
efficiency of systems at the mass flow rate of 0.11 kg/s. Also, the
electrical efficiency of the PV panel is developed by 0.1% during
the range of the mass flow rate. Browne et al. (Browne et al.,
2016) investigated the PV/T-PCM system that in outdoor
conditions, generates electricity, stores heat and preheating water.
The system performance was compared to different cases. They
were indicated that the temperature achieved by the water was
about 5.5 °C higher when compared to a PV/T system without
PCM. Fayaz et al. (Fayaz et al, 2019a) examined the
performances of PV/T-PCM collectors both numerically and
experimentally. They found that the electrical efficiency of the
PV/T collector was 12.4% for the numerical and 12.28% for the
experimental. The electrical efficiency of PV/T-PCM collector
was 12.59% for numerical and 12.75% for experimental. Fayaz et
al. (Fayaz et al., 2019Db) tested the electrical performance of PV/T
collector systems by using PCM numerically and experimentally.
In the results obtained, the electrical efficiency values of the
systems are 13.56% for PV panel, 13.74% for PV/T collector and
13,87% for PV/T-PCM. Hossain et al. (Hossain et al., 2019)
carried out thermodynamic and economic analysis of the system
using lauric acid as PCM in the PV/T collector. The highest
energy and exergy efficiency values for the PV system are 9.88%
and 7.09%, for PV/T-PCM systems these values are 11.08% and
12.19%, respectively. Qiu et al. (Qiu et al., 2016)examined a PV/T
system with PCM as the working fluid. The results shown that the
microencapsulated PCM slurry based PV/T system was superior
to typical air based and water based PV/T systems. Su et al. (Su
et al., 2017) presented the electrical performances of PV/T
integrated with PCMs as upper and lower channel. The results
showed that upper PCM mode in the PV/T collector can
remarkably improve the performances of PV/T collector. Solanki
et al (Solanki et al., 2009) made a comparison between theoretical
and experimental results for efficiencies of PV/T collectors. They
conducted his experiments in different air mass flow rate. As a
result, the thermal efficiency increased with flowrate.

Agrawal and Tiwari (Agrawal and Tiwari, 2011) numerically
worked on the energy and exergy analysis of micro-channel (MC)
and single-channel (SC) photovoltaic thermal (PV/T) module.
They observed that annual thermal and exergy gains have been
increased with MCPVT module. Tiwari and Sodha (Tiwari and
Sodha, 2006) investigated a thermal model for a
photovoltaic/thermal water collector and informed a daily thermal
efficiency of about 58%. Fudholi et al. (Fudholi et al., 2018) have
theoretically and experimentally studied the thermodynamic
analyses of PV/T collector with V-groove. They also stated that
mass flow rate had a significant effect on energy efficiency, while
it had a minimal effect on exergy efficiency. Zhao et al. (Zhao et
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al., 2019) tested their performance by adding PCM to PV panels.
It contributed positively to the decrease of PV panel surface
temperature and increase of output power of PCMs. Hasan et
al.(Hasan et al., 2017)conducted an experimental study and used
the MATLAB Simulink Toolbox for the annual energy efficiency
of a hot-climate PV-PCM system. The use of PV-PCM was
improved and the annual electrical energy efficiency of PV was
increased by 5.9 percent in hot climate situations. An
experimental study using PCMs was proposed by Radziemska
and Kucharek (Klugmann-Radziemska and Wcisto-Kucharek,
2017), and the best results were obtained from the PV/PCM
configuration of a steel tank PCM1 (42-44 paraffin) filled PV
module. Khanna et al. (Khanna et al., 2018) analyzed the impact
of the operating conditions on the optimum depth of the PCM
container. The results showed that PCM thickness can be used as
a control parameter for energy storage.

Rajput et al. (Rajput et al., 2016) experimentally investigated
the formation of hot spots in opaque and semitransparent PV
panels. In both PV panels, they indicated that the hot spot
temperature decreased as hot spots increased. The efficiencies of
PV panels in one and two hot spot formations were 10.41% and
10.41% for opaque panels and 10.62% and 10.54% for
semitransparent panels. Dhimish et al. (Dhimish et al., 2018b)
investigated the PV output power and found that the partial
shading on the panel causes loss of power and increases the
surface temperature of the panel. In both of the proposed
techniques, the output power of the PV panel increased while the
surface temperature decreased. Before and after the activation of
the proposed hot spot mitigation process, Dhimish et al. (Dhimish
et al., 2018a) analyzed the output power efficiency of PV panels.
Bayrak et al. (Bayrak et al., 2017b) investigated the effect of
partial (cellular, horizontal and vertical) shading types on energy
and exergy efficiencies for PV panels. According to the data
obtained, the highest negative effect on the system performance
occurred in horizontal shading. The effects of shading the
different sizes on PV panels were studied by Dolara et al. (Dolara
et al., 2013). They suggested that as each shading rate was raised,
the maximum power point decreased. In terms of their
performances under partial shading of PV panels, Silvestre et al.
(Silvestre, S., Chouder, 2008) compared the simulation and
experimental results. They found that, due to the complete shadow
of a single solar cell, the power loss of the PV module was around
30 percent.The efficiency of the photovoltaic thermal device
cooled with PCM and nanofluid was investigated experimentally
by Sarafraz et al.(Sarafraz et al., 2019). They also found that a
photovoltaic (PV) panel can be generated between 1:30 pm and
3:30 pm at 0.2wt percent, ~ 45 percent of electricity and 44
percent of thermal power.

Esfe et al. (Hemmat Esfe et al., 2020) made a literature review
of fluid and nanofluid applications of photovoltaic thermal
systems. It was stated that the electrical efficiency of PV-PCM
and PV/T nanofluid systems was increased by 15-23% and 20%-
37%, respectively. Elsheniti et al. (Elsheniti et al., 2020) analyzed
the temperature distribution of PV-PCM systems with CFD and a
new approach "1D Enhanced Conduction Model (ECM)". In
addition, electrical efficiencies of PV systems with and without
PCM at different slope angles of each season in Alexandria, Egypt
were obtained. Kazemian et al. (Kazemian et al., 2019) performed
a numerical analysis of an integrated photovoltaic thermal system
with phase change material. It was observed that the melting
temperature of PCM increased from 40 °C to 65 °C, the surface
temperature of the PV panel increased and the output power
decreased. In addition, they stated that the increase in thermal
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conductivity of PCM increased both the electrical and thermal
energy efficiency of the PV/T-PCM system. Al-Waeli et al. (Al-
Waeli et al., 2020) aimed to improve the power generation
performance of PV/T based on three cooling models using
nanofluid, SiC-water and nano-PCM. They stated that with the
correct estimates they obtained, errors in other studies can be
reduced. Gan and Xiang (Gan and Xiang, 2020) experimentally
investigated the effect of PCM storage thickness and fin effect on
temperature and output power in PV/T systems. PV/T system 20,
30 and 50 mm thickness PCM storage was integrated and the best
results were obtained from the 30 mm thick PV/T-PCM system. It
has also been observed that when the fins is integrated into the 30
mm thickness PV/T-PCM system, it has a better cooling than the
without fins system. Kayabasi and Kaya (Kayabasi and Kaya,
2019) have succeeded in reducing the system surface temperature
by using thermoelectric modules and phase change materials from
the waste heat of photovoltaic panels. Gani et al. (Gani et al.,
2020) investigated the tracking of photovoltaic panels' maximum
power points under varying load and solar radiation with neural
fuzzy controllers. The proposed follow-up structure stated that in
both cases, the photovoltaic system is better adapted to the
changes in the maximum power operating point than the
incremental conductivity method.

The main purpose of this experimental study is to use the waste
heat generated on the PV surface as thermal energy and to benefit
more from the PV efficiency. Furthermore, in addition to
generating electricity from photovoltaic systems that are
advancing rapidly among renewable energy systems, cooling of
these systems with cheap methods gives hope to use in industrial
scale projects. For this reason, CaCl,.6H,O, which is cost
effective, has high thermal conductivity and is easy to obtain, has
been chosen in the system. In addition, the electrical and
thermodynamic analysis of the PV/T collectors under different
partial shading has been examined and provided a detailed
analysis.

2. Material and Method
2.1. Experimental Setup

The experiments were carried out in Firat University, Turkey.
Experiments were carried out on days when the weather was not
cloudy for July, 2017. PV/T collector was designed by installing
copper piping on the back of the panels in order to use the waste
heat in the PV panels as thermal energy. The PV/T-PCM collector
is designed by filling the empty parts of the PV/T collector with
Calcium Chloride Hexahydrate (PCM). Since the circulation
pump is not used in newly designed systems, the power obtained
from the system is equal to the net power (P=Pp). PV and PV/T
collectors were tested and compared at different inclination angles
(9=25°, 30° and 35°). The electrical and thermal performances of
PV/T collectors were investigated by applying artificial cellular
shading of different sizes (small, medium and large) on PV/T
collectors with and without PCM at optimum slope angle. From
the experiments, power, radiation, hot water, energy and exergy
analysis are obtained. All tests were taken between 9 a.m. and 6
p.m. The images and schematic diagram of the experimental
setups are shown in Fig. 1 (a-b). Fig. 2 exhibits the artificial
cellular shading in the PV/T collectors. 3 different shading is used.
In the first shading, a circular non-transparent material with a
radius of 40 mm, a circular object with a 78 mm radius so that the
second shading is tangent to the cell edges, and a 97.5 mm radius
artificial shading was used in the third shading over the cell edges.
According to the area ratio, the first shading was found to be Ar,
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=0.20, the second shading Ar, = 0.80 and the third shading Ar; =
1.20.
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Figure 1. (a) The side view (b) schematic of PV/T systems

All temperature values in experimental measurements were
measured with T-type thermocouple (OMEGA). The sensitivity of
thermocouples is £+ 0.5% between -200 °C and +300 °C. KIPP &
ZONEN-CMP3 model was used to measure solar radiation, and
CEM-DT-619 model anemometer was used to measure wind
speed. The sensitivities of these devices are s £ 0.05 between -40
°C and +40 °C, + 0.1 between +40 °C and + 80 °C, £ 0.2 m /s,
respectively. The multimeter is used to measure current and
voltage values and the accuracy of this device is 0.1 for current
and voltage values. The KEITHLEY brand 2701 model 40
channel datalogger was used to transfer all values to the computer.
The CaCl,.6H>O from Sigma-Aldrich (98% purity) was used as
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PCM for the PV panel to storage heating for water. The
specifications of this PCM are measured and given in Table 1. In
the experiments, two polycrystalline PV panels were used and
each panel has 150W power. The properties of the PV panels are
also shown in Table 2. The DSC analysis of PCM (CaCl,.6H,0)
is given Fig. 3.
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Figure 2. Cellular shading in PV/T collectors with and without
PCM (a) Ar;=0.20, (b) Ar.=0.80 and (c) Ar;=1.20
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Figure 3. DSC analysis of PCM used in experiments
Table 1. Physical properties of PCM (Rezvanpour et al., 2020)

Catalog  Measured
Property

values values
Melting point (°C) 29 28.25
Latent heat capacity (kJ/kg) 195 210.12
Heat cond. coeff. (solid) (W/mK) 1.088 1.09
Heat cond. coeff. (liquid) (W/mK) 0.536 0.54

Table 2. Technical properties of the PV panel

Parameters Values
Dimensions of the PV module 1480x680x35 mm
Dimensions of a solar cell 156x156
Thickness of the glass cover 3.2 mm
Thickness of the EVA 0.5 mm
Thickness of the solar cells 0.3 mm
Thickness of the Tedlar 0.35 mm
Maximum Power (STC) (Pn) 150 W
Open-Circuit Voltage (Voc) 2236V
Optimum Operating Voltage (V) 18.79V
Short-Circuit Current (/) 8.52A
Operating Current (/) 7.98 A
Operating Temperature (°C) -40 to 85
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2.1.1. Energy and Exergy Analysis of PV/T

The energy efficiency of the PVs is defined as the ratio of the
input energy of the system to the output. Electrical efficiency of
PV/T was calculated with equation is reported by Tiwari et al.
(Bayrak et al., 2020; Tiwari et al., 2009).

(Y

— “max ¥ max

elec. - 1
Metec.pv ILA (1)

The energy of PV/T systems are related to two main
components, electricity and heat. Although electricity is produced
due to photovoltaic effect, the cells are heated by solar radiation.
The thermal energy on the top surface of the photovoltaic panel is
not useful energy. The energy output from the photovoltaic system
can be defined as follows (Bayrak et al., 2017a, 2017b; Hepbasli,
2008; Petela, 2008)

En,=En,+En =V_I_+Q 2)

Exergy output from the photovoltaic system is expressed as
follows

Ex, = Ex, + Ex, + Ex, =Ex_ + 1’ A3)
here | iss
I' = Ex, + EX, “4)

This equation contains both internal contains losses. The exergy
and heat loss are:

Ex, =En,—I' 5

Ex, =V, 1o = (VoI =Val ) (6)

oc

In Eq. (5), the first expression (VO ) is the electrical energy

C I SC
and the second expression (Voc . —V,I, ) represents the exergy

deterioration resulting from irreversibility. These two differences
express the electrical exergy as follows

Ex, =V, I, (7

The thermal exergy ( Ex[ ) of the system consists of the loss of heat

from the upper surface of the cells and is expressed in
thermodynamics as follows (Bayrak et al., 2019).

Ex, = [1—T—an @®)

TC
where
Q=h,A(T.-T,) )
h, =5.7+3.8v (10)

The electrical and thermal exergy of a PV/T systems is:
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Ex, =lem+(1—::-%}hcaA(Tc—Ta) (11)

a

Input exergy of a PV system is (Hepbasli, 2008; Selimefendigil et
al., 2018)

. T
Ex =|1-=2[I.A 12
Xi ( Tsjs (12)

where T, is value as 5777 K.

Exergy efficiency of the system;
_ EX,
EX

can be calculated.

un (13)

2.1.2. Uncertainty analysis

In order to show the precision of the data in experimental tests, a
study of the uncertainty of the instruments used should be carried
out. In experiments, measured values (R) and effective parameters
of n independent parameters (Xi, X2, «.ovevenn ... Xy) are defined.
Error ratio for each variable and calculated are found as W, W»,
......... Wi.(Bakir, 2017; Esen, 2008; Holman, J.P., 1994).

R, ) (R, ) RV
Wo=|| —W, | +| —W, | +...4| —W,
o, oX, OX,

3. Results and Discussion

(16)

In this experimental study inclination angle on a novel
designed PV/T collector with and without phase change material
(PCM). In addition, the output power, hot water output and
efficiency values in different shading conditions were analyzed in
PV/T collectors at optimum slope angle.

Optimum inclination angles and load resistance of the PV
panels were determined before starting the experiments. Table 3
shows the current-voltage values of PV panels under the same
environmental conditions. The reached highest power is: the panel
at 30 degrees with 82.79 W at 1034 W/m? solar radiation at 12:00.

Table 3. Current-voltage values of PV panels at different tilt
angles

Inclination angles Radiation

Time 25° 30° 35° (W/m?)
I Vi Im Vin  Inm Vin

09:00 5.55 12.06 5.58 1234 5.56 12.01 762.1516
09:30 5.63 12.39 5.66 12.55 5.63 12.59 844.2997
10:00 5.75 12.84 5.77 13.01 5.76 12.92 911.5988
10:30 589 129 593 1346 59 13.04 983.279
11:00 6.02 13.05 6.04 13.53 6.02 13.24 1016.2644
11:30 6.04 13.07 6.05 13.6 6.03 13.26 1027.9872
12:00 6.05 13.08 6.07 13.64 6.04 13.29 1034.8557
12:30 6.01 12.86 6.03 13.61 6.02 13.07 1029.8015
13:00 595 12.7 597 13.43 597 1296 1017.6934
13:30 5.78 12.61 5.8 13.17 5.8 12.87 999.4123
14:00 5.68 12.46 5.74 12.95 5.69 12.57 941.3265
14:30 5.6 1242 5.66 12.65 5.67 12.52 880.1496
15:00 5.51 12.39 5.59 12.54 5.57 12.33 787.8873
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The maximum power point changes with the power of the PVs
and the internal resistance of the system. Fig.4 illustrates the
variation of resistance with power at different solar radiation
values. The PV/T system was measured as 81.25 W under 985
W/m? radiation and 65.61 W in 680 W/m? radiation when the
system had a 30° slope angle. In both solar radiation value, the
load resistance of the system is measured as 2.5 ohms. In Fig. 4
shows the power values of a panel.

90
80 4
70 4
60
50 o
40 -

Power (W)

30 A
20 !
10 - H —+— 680 W/m2

—=—! 985 W/m?

0 — T
18 25 3.4 4 5 6.1 7.1 8.2 9.1

Resistance (Q)

Figure 4. Determination of maximum power point at different
resistance values

The experiments were taken once for every half an hour
between 09:00 and 18:00 and the results were compared with each
other. Power exchange of the PV/T with and without PCM
depending on the radiation of the collector with a slope angle of
25°1is shown in Fig 5 (a). Using of a PCM enhances the electrical
power. The highest value of power was obtained at 11:30 in the
collector with PCM. It is seen that these maximum values are
obtained as 79.77 W and 77.17 W the PCM systems, respectively.
As seen from the figure that for all cases higher power is formed
for collector with the PCM. The obtained power goes 2 Watt
around 18:00. Even at 18:00 higher power is formed for collector
with the PCM. The power exchange for PV/T collector PCM
depending on the solar radiation of the collector with a slope angle
of 30° is indicated Fig. 5 (b). In this case the highest value of
power is obtained around 12:00 and with 83.65 W. In PV/T
without PCM the power rating is lower and the value is measured
as about 82.01 W while the radiation value was measured as 1080
W/m?. It means that addition of the PCM is helped to cool PV
panel. Thus, its power is increased with the using of the PCM. The
power change of 35° inclined PV/T collectors is given in Figure 5
(c). The highest value reached at 12:00 and a measured at about
80.09 W. In PV/T without PCM the power rating is lower and the
value is measured as about 78.37 W.

631



Avrupa Bilim ve Teknoloji Dergisi

100 1200

90 . @ E=With PCM == Without PCM Radiation
20 - 1000
= 70 - _r m - 800
= 60 - |
E 50 - - 600
2 1
E 40 - 1
30 - y [ 400
20 - L 200
10 - II |
0 ==l 0
E 288 3R 8RSV S RTERER 8
g g [ - T O T T S R T S S S S = B~ B L - -1
S 8 A AAROERIIAIRAEEGAA
Local Time
100 = . — 1200
o0 E==With PCM m Without PCM Radiation 1
an - 1000
7 My * 800
Z o0 " ]
& 50 - 600
2 ]
Z 40 ]
= 3 - a0
20 L 200
10 1
o l . =0
38388%8833838888888
8 L= T B I B B = = Lt - BT - T o o
= R R B A T - - T
Local Time
100 - - — 1200
o0 == With PCM m Without PCM Radiation ]
o)
an | 1000
P
0 m P . .1 - 800
R
--r U_‘ <
E 50 4 - B0
Z a0 -
= 40l - Ao
20 4 . 200
10 4
0 | R
S 2282888288288 88888838 8¢s8
3 8 S S H oA A A M oM ow o W A o B R R E
AR A AR OTRIAIGSLAAAEGRE
Local Time

Figure 5. Power change of PV/T collectors with and without
PCM depending on solar radiation during the daily (a) p=25°,

(b) 9=30°, (c) p=35°

Figure 6 shows the variation according to time in energy and
exergy efficiencies of PV/T with 25°, 30° and 35° inclination
angles. In Figure 6 (a), the highest efficiencies of the PV/T PCM
collectors were recorded as 73.26% and 24.53% at 18:00, 25.40%
and 12.05% at 16:00. Even though the power values decrease in
the evening hours, the reason for the high efficiency values can be
explained as the positive effect of beneficial heat on the system.
Figures 6 (a-c) shows the increase in the efficiency of the
collectors at the 25° inclination angle at 13:30 when the solar
radiation is highest. This is caused by an increase in solar radiation
and an increasing of the temperature of the PV surface. The
minimum wind speed in Figure 6 (a) adversely affected the
efficiency values. In order to have high efficiency values, panel
surface temperature should be low and wind speed should be high.
Increasing or increasing the output power by cooling the
photovoltaic panels is related to these terms. In Figure 6 (b), the
highest efficiencies are 84.7% and 27.16% for PVT-PCM
collector, 32.51% and 13.10% for PV/T collector, respectively. In
Figure 6 (c), the highest energy and exergy efficiency values are
68.96% and 21.58% for PVT-PCM collector, 23.57% and 11.89%
for PV/T collector, respectively.
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Figure 6. Energy and exergy efficiencies for PV/T collectors with
and without PCM at (a) p=25°, (b) p=30°, (c) p=35°

Table 4 shows the hot water values of PV/T collectors with 25°,
30°nd 35° angle of inclination. The temperature of the mains
water is about 26 °C within 3 days of the experiments. The highest
leaving water temperature obtained for generally taken from 25°
inclined construction. The difference between the hot water
outlets of the PV/T collectors at different angles of inclination
varied between about 0.55 °C and 1 °C. In the PV/T-PCM, the hot
water output of the 25° inclined collector was higher than the
others. The difference between the hot water outlets of the PV/T-
PCM collectors is about 0.5 °C. Since the melting temperature of
the phase-changing material is about 30 °C, the hot water outlets
of the PV/T-PCM collectors are measured between 30 °C and 33
°C. The difference between the hot water outlets is about 7 °C. In
general, PV/T collectors increased the mains water by 7 °C and 15
°C. The results for uncertainty are listed in Table 5. According to
the results of this analysis, the uncertainty results of all parameters
are less than 2%. This value can be accepted.
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Table 4.Hot water outlets at PV/T systems (a) ¢ = 25°, (b) ¢ = 30°,
© =35

Main Temperatures (°C)
Time water PV/T PV/T-PCM
°C) 25° 30° 35° 25° 30° 35°
09:00 26.99 3330 36.60 36.88 31.17 30.86 29.32
09:30 2641 37.44 3599 36.81 32.00 31.40 29.59
10:00 26.59 37.65 37.41 36.92 32.07 32.05 29.70
10:30 26.64 38.25 3730 36.75 32.69 31.64 29.99
11:00 26.66 38.65 36.74 36.68 32.59 31.88 30.50
11:30 26.68 38.99 3792 3748 32.57 32.08 30.98
12:00 26.15 39.12 38.79 38.21 32.89 3240 31.21
12:30 2698 3936 39.09 38.70 33.36 32.75 31.83
13:00 26.49 40.27 39.78 38.66 33.65 32.76 32.13
13:30  26.06 40.39 3992 3940 33.94 3333 3224
14:00 26.70 41.37 40.55 39.60 34.00 33.09 32.71
14:30  26.19 40.29 4049 4099 33.83 33.39 33.16
15:00 26.62 42.48 39.73 41.15 33.98 33.58 33.64
15:30  26.39 41.63 40.11 41.34 33.70 33.55 33.4l1
16:00 26.80 4092 4034 41.13 33.65 33.48 33.40
16:30  26.55 40.72 40.12 40.48 33.99 33.20 3343
17:00 26.85 40.64 40.16 41.35 33.92 33.25 33.02
17:30  26.81 40.16 39.24 40.24 33.07 32.89 33.36
18:00 2647 38.17 39.12 40.54 32.81 32.13 33.22
Table 5. Results for Uncertainty analysis.
Description Unit Total uncertainty (%)
Temperatures °C +0.702
Velocity m/s +0.034
Solar Irradiance W/m? +0.026
Current A +0.83
Power W +1.50
50 4
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Figure 7. Environmental temperature and wind velocity values for
different test days

In Table 6, hot water values of PV/T collectors in different
shading conditions are given according to time. Figure 7 shows
the ambient temperature and wind speed values on these test days.
Ambient temperature did not change on consecutive test days.
Although the wind speed varies between 1-2 m/s, it could not
reach the speed that will play an active role in the cooling of PV
panels. The closest temperature and wind speed values of the three
days were recorded as 12:00. The maximum temperature
difference between the hot water output values of the shaded PV/T
collectors at this measuring point is 2.72 °C for the PV/T collector
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and 1.16 °C for the PV/T-PCM collector. Furthermore, the solar
radiation values of these days at 12:00 are 1053, 1060 and 1059
W/m?, respectively. At the end of these tests, it was seen that
different parameters can be tested on different days.

Table 6. Hot water outlets of PV/T collectors in different shading
conditions (inlet water °C = 25 °C)

Temperatures (°C)

1st day 2nd day 3rd day

. Ari=0.20 Ar2=0.80 Ar:=1.20
me pvir VT py PV by PVIT
PCM PCM PCM
09:00 37.28 30.05 38.04 30.50 38.69 3095
10:00 37.24 30.29 38.27 30.90 38.33  31.50
11:00 38.85 31.46 39.36 31.68 39.31 32.15
12:00 38.88 32.03 40.46 32.59 41.60 33.19
13:00 40.81 33.04 40.88 33.27 41.82 33.66
14:00 40.61 33.67 41.50 34.33 41.83 34.36
15:00 40.85 34.62 43.34 34.26 43.29 34.63
16:00 41.04 3432 43.07 34.20 41.79 34.65
17:00 41.82 33.79 42.03 34.41 4091 34.80
18:00 42.11 33.63 42.42 34.59 40.07 34.62

In Fig. 8, the PV/T collector is shaded to be small, medium and
large on a cell in the second row from the right. The purpose of
this shading is to investigate the electrical losses that may occur
in any shading scenarios that may occur in PV/T collectors. In
general, shading occurs in either cellular or horizontal array in
PV/T systems. Sometimes diagonal (triangular) shading types are
seen. Shading of different sizes on any cell selected on the PV/T
collector adversely affects the output power of the PV/T collector.
A small shading at the very center of the solar cell selected in
Figure 8 (a) results in very small losses in the output power of the
PV/T collector. In Fig. 8 (b and ¢), it is seen that the output power
decreases considerably in a shade of the same selected solar cell
diameter and size exceeding its diameter. This is due to the
activation of the bypass diode connected to the PV panels in the
event of shading and the failure of current to complete the
electrical circuit over all solar cells. Table 7 shows the exergy
values of partially shaded PV/T collectors.

4. Conclusions and Recommendations

In this study, Calcium Chloride Hexahydrate (PCM) was
selected as energy storage element and used in water based PV/T
collector. The thermal, electrical and thermodynamic values of
PV/T and PV/T-PCM collectors were compared. In addition,
different shading scenarios that may occur in the system have
been studied experimentally. It is found as:

e  The panel with 30° slope produces more power during the day
than the panels with other angles. Also, it has been observed
the hot water temperature with the inclination a tilt of 25
degrees is higher than that of the panels with the inclination
of 30, 35 degrees.

e  The highest panel surface temperatures during the day were
measured in 25° inclined collectors. In addition, the average
surface temperature was measured as the highest in these
collectors.
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e Different angular panels give different power according to e In the PV/T-PCM collectors, a PCM with a high melting
the geographical position in which they are located. temperature should be selected when the leaving water
According to Elazig's geographical position, it is decided temperature is desired.
that the highest power was reached at the 30 degree of the e  Cellular shading had a negative effect on producing the
panel. electricity and had a positive effect on hot water output.
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Figure 8. Output power variations of PV/T collectors at different shading rates (a) Ar;=0.20 (b) Ar> =0.80 (c) Ar;=1.20

Table 7. Electrical exergy, thermal exergy and exergy efficiency values of PV/T collectors for PCM in different shading scenarios

PV/T

hocal Ex, (W) Ex, (W) il

Small Medium Large Small Medium Large Small  Medium Large
09:00 54.49 20.43 20.58 19.71 22.38 19.30 10.04 6.08 5.49
10:00 70.17 20.59 20.91 32.00 38.12 16.54 11.92 6.65 4.15
11:00 76.73 20.31 20.88 24.33 26.89 29.03 9.94 4.61 4.94
12:00 75.13 19.22 19.30 24.49 21.68 18.68 9.46 3.85 3.58
13:00 74.21 18.20 18.93 23.05 20.80 27.61 9.28 3.70 4.51
14:00 72.70 19.14 18.56 20.37 29.99 17.99 9.50 5.61 3.90
15:00 68.20 17.95 18.40 29.20 30.15 25.20 11.75 6.12 5.56
16:00 44.96 16.88 18.82 12.92 19.15 9.53 8.72 5.84 4.87
17:00 14.09 15.50 15.14 8.89 4.14 431 6.56 4.80 5.56
18:00 3.56 4.34 4.19 1.19 1.09 3.32 2.75 3.15 4.20

PV/T-PCM

09:00 58.04 21.66 21.97 17.31 12.23 12.79 10.20 4.81 4.78
10:00 73.11 21.92 22.24 52.67 55.01 23.78 14.67 8.71 5.11
11:00 78.98 20.51 20.81 82.12 86.82 63.11 15.85 10.48 8.31
12:00 77.81 19.84 20.17 75.46 73.28 58.67 14.56 8.77 7.44
13:00 76.91 20.04 19.94 89.71 96.26 99.28 15.90 11.02 11.54
14:00 75.93 19.23 19.82 94.65 120.99 68.29 17.41 16.01 9.40
15:00 71.51 19.29 19.69 122.24 120.01 93.79 23.38 17.72 14.46
16:00 52.03 19.07 19.30 71.44 93.22 40.12 18.59 18.21 10.20
17:00 15.28 15.81 15.65 55.94 29.03 30.77 20.32 10.97 13.26
18:00 591 6.87 6.81 27.52 20.06 25.92 19.34 15.61 18.30
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Nomenclature
A Area (m?)
DSC Differential scanning calorimetry
En Energy (W)
Ex Exergy (W)
hca Heat transfer coefficient (W/m?K)
| Current (A)
I, Solar radiation (W/m?)
PCM Phase change material
PV Photovoltaic
PV/T Photovoltaic/Thermal
V Voltage (V)
Q Heat emitted to the surrounding (W)
Vv Wind velocity (m/s)
W Uncertainty in the measurement (%)
Greek letters
n energy efficiency (-)
n, exergy efficiency (-)
Subscripts
a ambient
c cell
d destroyed
e, elec electrical
i input
L load
max maximum
oc open circuit
0 Output
s sun
sc short circuit
t thermal
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