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Abstract
This paper is focused on the development of a second stage of a previous work where the PV panel
efficiency is improved by using a hybrid system made up of a PCM attached to the rear side of the
panel. This evolved stage incorporates a heat sink unit to improve the distribution of the heat removed
from the panel; this improvement reduces the elapsed time to reach the steady state in the PCM, thus
in the PV panel. A shorter time generates not only a lower operational temperature, but also a higher
efficiency since the photovoltaic panel evolves in a dynamic situation due to continuous changes in
solar radiation. Temperature reduction depends on solar radiation level, from barely 2.5°C, at early
morning or late afternoon, where solar radiation is low, up to a maximum of 14.5°C at midday for a
solar radiation level of 900 W/m?. The PV panel efficiency has been improved up to 9% for the peak
solar radiation at midday. Tests have proved the most effective period in PV efficiency improvement is
in the range of + 4 hours around midday based on an average solar day of 12 h. Efficiency
improvement in this period is over 6.9% in the whole range. Outside this range, the efficiency
improvement drops to a less of 3%. The global efficiency obtained using the hybrid heat sink-PCM
system varies from 8.54% at early morning or late afternoon to 14.64% around midday. A correlation
process has been developed to predict the temperature evolution of the PV panel under specific solar
radiation conditions. The correlation predicts hourly values of PV panel efficiency improvement as
well as global efficiency within almost 100% accuracy.

Keywords: PV panel heat removal. Hybrid heat sink-PCM device. Efficiency improvement.

INTRODUCTION
Heat removal from PV panels has been used as a method to reduce the temperature of the panel,
thus improving its performance and increasing the efficiency. A general review of different methods
used to this purpose is available on the literature [1]. Nevertheless, this review is mainly focused on
methods based on watering front and rear side of the panel, which are not the unique solutions. A
more general review is developed in a past work where authors review methods based on nanofluids,
PCM system or thermoelectric devices [2-6]. Alternative methods are coupling to the rear side of the
PV panel a heat exchanger through which a cooling fluid circulates [7], using specific fluids to
improve thermal conductivity and heat capacity
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[8], water [9] or geothermal cooling systems [10],
heat sinks coupled to thermoelectric converters
[11], attached PCM device with or without
movable structure [12-14], beam splitters [15],
hydrogels [16], heat pipes and others [17]. Air has
been widely used as cooling fluid, either from
HVAC systems [18] or merely from ambient
combined with a PCM device [19]. The use of air
as a heat exchanger is cheap and simple because of
the abundance and easy access; however, due to
the relative low heat capacity and thermal
conductivity it is not the most appropriate system,
producing a moderate to low temperature reduction
[20, 21].
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In case a PCM system is used, the extracted energy from the rear side of a PV panel should be
rapidly dissipated into the phase change material to avoid the creation of a thermal barrier at the PV-
PCM interphase; since thermal conductivity of some PCM is poor, it is necessary to increase thermal
conduction. To do so different techniques have been applied, among them we can mention the use of
particle in suspension like graphite foam [22]. Another feasible solution is to insert a heat sink device
into the PCM bulk that increases thermal conductivity [23]. The best advantage of this system is a
more homogeneous distribution of the heat transfer provided the heat sink is properly designed.

Many configurations can be adopted in using a heat sink unit together with a PCM device [24-27];
heat sink unit can be attached to the PCM, inserted in the bulk, or filled with air [28]. The use of a
hybrid heat sink-PCM system can help not only the heat removal from the PV panel but also the heat
storage for thermal applications [29, 30]; therefore, it is wise to configure a heat removal system that
enhances the PV panel efficiency as well as allows heat retention for thermal applications. To
improve the achievement of this goal, a correct design is critical since the PCM should store thermal
energy removed from the panel throughout the entire volume. If heat is not homogeneously
distributed in the entire PCM volume, hot spots can appear melting the PCM in that area while
adjacent zones remain in solid state. In this situation melted PCM sections play the role of heat
nucleation center, absorbing energy and increasing temperature; if the melted zone is in contact with
the rear side of the PV panel, both, local spot of the PV panel and melted zone of the PCM continues
increasing temperature until reaching the steady state at much higher temperature than expected. To
do so, an appropriate PCM must be selected as well as a correct design of the heat sink unit should be
made.

THEORETICAL BASIS
Many PCM are used today for different applications [31-33]; however, not all of them are suitable
for PV cooling. The use of the appropriate PCM makes the PV panel performance increasing [34—36].

It is well known that voltage and current of PV cells, thus of PV panels, evolves with temperature;
while current tends to increase as temperature raises, voltage diminishes (Figure 1).

Temperature (°C)

Figure 1. Evolution of characteristic parameters of a PV panel with temperature.

The parameters represented in Figure 1 can be related to each other through the expression:

(JORY/
— FE —Sc’oc 1
n GS )
Where Isc is the short circuit current, Voc is the open circuit voltage, FF is the fill factor that
represents how close to the ideality is the PV cell or panel, and G is the global solar radiation striking
onto the PV panel surface S.

Applying dependence of Voc and Isc on temperature, T, equation 1 is transformed into:

nsz(A+BT+CTﬂ @)

© STM Journals 2021. All Rights Reserved 36



Journal of Thermal Engineering and Applications
Volume 8, Issue 2
ISSN: 2349-8994

Coefficients A, B and C are given by:
A=l Voe —Tr (:Boc e +ascVoc )+ UscPocTr
B = Boclsc +ascVoe —2Trsc Poc ®)
C=asfoc

Super-index o accounts for the state at the reference temperature, Tr. asc and RBoc are the current
and voltage temperature coefficients for the PV panel.

Since the temperature coefficients and reference temperature are constant, coefficients A, B and C
are constant too, and can be determined for a specific panel.

Equation 2 provides a useful tool to determine the efficiency of the PV panel as a function of the
operating temperature provided coefficients A, B and C are known.

Thermal performance of the PV module
Thermal performance of PV panels are influenced by ambient temperature and solar radiation. PV
panel temperature depends on ambient temperature according to the relation:

Ty =T, +& PQ 4

Where Pq is the heat power dissipated to the environment and ¢ is the layer thermal coefficient
given by:

¢=GC/S (5)

The coefficient C;_represents the temperature variation coefficient due to incident solar radiation,
and it is expressed in °C/(W-m).

Heat power dissipation, Pq, depends on environmental conditions, especially wind speed in the
nearby of the PV panel and relative humidity [37] while temperature variation coefficient, Cy,
depends on structural characteristics of the PV panel and manufacturing process [38].

Since the dependence of PV panel temperature on ambient temperature can be considered linear,
equation 4 can be transformed into [39]:
NOCT -20
—<v (6)
800

Where G is the effective global solar radiation onto the front surface of the PV panel and NOCT is
the Nominal Operating Cell Temperature.

TFV = Ta + Gef

PV panel heating reduces efficiency as shown in Figure 1; to obtain the best performance heat
should be removed the quickest possible to maintain PV panel temperature near the optimum value
[40], blue spot in Figure 1; if heat is not rapidly removed the panel suffers from degradation, what
limits its lifespan [41].

Since the front side of the panel receives solar radiation heat must be removed from the rear side,
either by conduction, convection o radiation. These two last mechanisms, in currant operating
conditions, can be considered negligible, therefore, only conduction is considered. Thermal transfer
from PV panel to the heat sink-PCM system can be expressed as:

Q=(x/e)S (T, -T,) @)
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x and e are the thermal transfer coefficient of the interphase layer between PV panel and
environment, and the layer thickness.

In case we deal with a PCM unit attached to the rear side of the panel:

(K/e) S (TFV _TPCM ) = mPCMCFS,CM (TPC _TPOCM )+ Mpey LPCM + Mpey thm (TPfCM _TPC ) (8)

Super-indexes s and L account for solid and liquid phase, o for initial state. Sub-index PC indicates
phase change process; m is the mass of the PCM, c the specific heat, L the latent heat, and T the
temperature.

Second term of equation 8 represent the absorbed heat by the PCM unit; it is assumed that the heat
capacity of the heat sink unit is negligible compared to the one of the PCM.

Equation 8 considers there is a heating process in the PCM at the solid phase, first term of the right
hand of equation 8, and at the liquid phase, third term, and a phase change, second term.

Taking into account that heat removal is defined by [42]:

Q=G,S(1-7) )

and combining equations 2, 8 and 9, we obtain the expression that shows the conditions for which
the PCM remains in the phase change zone:

(x/€)S (Tey —Toem ) =Gy S (1-77) =G4 S| 1- GFFS (A+ BT +CT2) -

of
o} L f
=MpeyC (Tpc —Tocu )+ Mocy Lpew + MpeyC ., (TPCM —Tec ) = (10)

S

— 0 -
= Mpcy CPCM (TPC _TPCM )+ Mecm LPCM + QL

The term Q_ in equation 10 represents the extra heat that exceeds the PCM capacity of absorbing
thermal energy from the panel maintaining at the phase change state.

Arranging equation 10 and defining extra heat per mass unit and specific heat of the PCM:

. . G,S—FF(A+BT +CT?
LT Q;s = [ . m( +s i )J _(TPC ~Teem )_I;ﬂ (11)
PCM ™ pem PCM ¥ pey PCM

To fulfil the condition of maintaining the PCM below the liquid saturation point

g, <0 (12)
therefore, operating in equation 11:
A TeouCon, oo (ATPCM + L';CM - Gefss JS (BT+CT?) (13)
FF C.,  MeeyC
Or:
(J+G4DH ) <(DAT,,, +BT +CT?) (14)
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With:

Mpepy C°
D= PCM pCM;E:LPCM;H: S :J =A-DE (15)
FF ¢’ Moy C;

C
PCM PCM PCM

Where coefficients A, B, C, D, E and H are constant for a specific PV panel and PCM device.

Equation 14 shows the condition to maintain the PCM operating within the phase change state.
Since the PV panel temperature increases with solar radiation the two terms on both sides of the
inequality increase; therefore, to verify the PCM device operates at the right conditions, the following
equation must be fulfilled:

Moy 2K(A+Gef%—BT—CT2) (16)

With

K= FSF a7
LPCM +C... ATPCM

which is also constant for the specific defined system.

Equation 16 imposes the minimum mass of the PCM device to fulfil the condition of operating at
the phase change state.

EXPERIMENTAL TESTS
Characterization tests of the PV panel

Solar radiation has been simulated using a solar lamp whose radiation spectrum matches the solar
one, within 94% in the visible range and 91% in the infrared. To reproduce real conditions a
simulation process for the solar radiation, using the PVGYS software, has been developed [43].
Figure 2 shows the graph representation of the simulated solar radiation.

Global () —— Direct () — Diffuse () —Clearsky (n) |

1000
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Time (UTC+1)

Figure 2. Simulated solar radiation.
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To analyze the evolution of the PV panel temperature with solar time we have extracted from
Figure 2 the solar radiation values corresponding to specific hourly intervals. Table 1 shows the
simulated solar radiation distribution for a typical solar day starting at 6 am and ending at 6 pm. A
twelve hours solar day length has been considered since it represents the yearly average value.

Table 1. Solar radiation distribution for daily hourly intervals.

Starting Ending Starting Ending Solar radiation
hour hour hour hour (W/m?)
06:00 07:00 12:00 13:00 351.9+34.9
07:00 08:00 13:00 14:00 592.2 £ 56.0
08:00 09:00 14:00 15:00 712.6 £65.7
09:00 10:00 15:00 16:00 793.3 +68.4
10:00 11:00 16:00 17:00 866.5 + 65.0
11:00 12:00 17:00 18:00 908.3 +63.2

12:00 940.8 + 66.1

Experimental tests have been run on a PV panel whose main characteristics are described in
Table 2.

Table 2. Characteristics of the tested PV panel.

Parameter Value
Power (Pgy) 10 Wp
Open circuit voltage (Voc) 212V
Maximum voltage (Vpwm) 176V
Short circuit current (Isc) 0.61 A
Maximum current (Ipy,) 0.57 A
Power coefficient (yp) -(0.50+0.05) %/°C
Voltage coefficient (Boc) -(9045) mv/°C
Current coefficient (ogc) -(0.065+0.015) %/°C
NOCT (47+2) °C

Since the required amount of PCM, according to equation 16, depends on both, solar radiation level
and PV panel temperature, we have developed a characterization test of the PV panel to establish the
temperature evolution with solar radiation level. The results of this process are represented in
Figure 3.

0 = 347.4 W/m’
65 = 702.8 W/m’
s 781.1 W/
. s 5877 W/m? J\‘
60 | awm — ‘
55 | —amewm
%) 0 — —
=~ 5 7’4 [ m———
)
g 45 /
[}
g— 40
S ]
= 35 —
30 | / //
25
20 |
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Time (minutes)
Figure 3. Temperature evolution of the PV panel with solar radiation level.
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It can be observed that steady state temperature of the PV panel increases with solar radiation. To
establish the relation between the two parameters we have developed a correlation process, obtaining
the following expression:

T., =0.0365G, +31.289 (R® =0.970) (18)

Correlation indicates the dependence of temperature of the PV panel on solar radiation is linear
within high accuracy.

Combining equations 16 and 18 and grouping terms:

Mpey > a+bG, +cG2 (19)

With:
a=K(A-31.289B -979.002C)

b= K(%—0.037BB +1.173C) (20)
¢ =K (0.0014C)

Equation 19 provides a useful tool to determine the minimum required amount of PCM to maintain
it within the phase change zone as a function of the solar radiation.

Once this equation is obtained, we are in position to calculate the required amount of PCM for our
testing model. Using values for the parameters involved in equation 19, a mass of 2840 g is obtained.

To select the appropriate PCM, two factors are important, first the temperature of phase change of
the PCM that should match the operational temperature of the PV panel, and second the available
space considering the frame of the PV panel. Using the dimensions of the tested panel, 417x264x30
mm (LXWxH), the density of the PCM should be:

p=— M ____ 2.840 —860 kg / m’ 21)
(DW)(H) _ (0.417)(0.264)(0.030)

That matches perfectly with the paraffin wax. Since this PCM operates in the range of 40° C to 70°
C depending on the organic composition, it is a very suitable PCM for PV panel cooling. In our case,
we choose an intermediate organic composition with a phase change temperature within the range of
47°C to 54.4°C.

Efficiency of the PV panel for the different solar radiation level is obtained from equation 1; the
results of the characterization tests are given in Table 3.

Table 3. Efficiency of the PV panel for different solar radiation level.

Solar radiation (W/m?) Efficiency (%)
347.4 7.02
587.7 5.56
702.8 5.90
781.1 5.75
867.9 5.75
9145 5.69
958.6 5.91
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We observe the efficiency remains almost constant except for the lowest value of the solar
radiation. Since this solar radiation corresponds to early morning or late afternoon, see Table 1, where
collected energy is very low, we can discard this value and average the PV panel efficiency, resulting
a value of 5.76%.

The low value of the efficiency is due to the effects of temperature; in effect, the optimum point of
the PV panel is 25°C [43]; therefore, the greater the deviation, the lower the efficiency. Because the
operating temperature of the PV panel during characterization tests is in the range of 51.7°C to 65.1°C,
averaging the PV panel temperature within the mentioned range, we obtain a working temperature of
60.9°C, meaning a deviation of 35.9°C from optimum value.

To validate the results from the characterization process we have applied the following expression
that reflects the efficiency loss for specific operating conditions:

T Gmax
An=yp (Top —Thocr J — (22)
G

ef

Applying values from our test:

An= (0.5)(60.9—47)%:8.67% (22)

Adding this value to the average efficiency obtained in the test, it results:
n=n, +An=576+8.67 =14.44% (23)

Which is in good agreement with the reference value, 15%, provided by the manufacturer.

Heat sink-PCM device tests

A second group of experimental tests are developed to determine the influence of the hybrid heat
sink-PCM device on the PV panel performance. To do so, a finned flat comb-shaped heat sink was
designed to fit the rear side of the PV panel with fins height matching the thickness of the PV panel
frame. A methacrylate layer was glued to the edge of the PV panel frame and the inner empty space
was willed up with liquid paraffin wax. T-type thermocouples, with an accuracy of £0.5°C, are used to
measure the PV panel temperature, the bulk of the paraffin wax and the heat sink. Thermocouples are
connected to a data acquisition system that records temperature continuously. Output voltage and
current from the PV panel are measured using a DC power analyzer that records values every second
with accuracy of 1 mV and 1 mA.

Tests are run under same solar radiation level than in the previous test obtaining the time evolution
of the system temperature for the different solar radiation level. Figure 4 shows the results of the
experimental test.

It can be observed that PV panel temperature has been reduced from an average value of 60.9°C to
49.3°C, a reduction of 11.6°C. Translating this value to efficiency improvement (equation 21), we
have:

An=(0.5) (11.6)% =7.23% (24)

Adding this efficiency improvement to the value obtained for PV panel only, the current efficiency
is: #=5.76+7.23=12.99%. This result improves the efficiency increase obtained in a previous work
[44] where efficiency using only a PCM device was 8.61%. Table 4 resumes the comparative analysis
of the PV panel efficiency for the different configurations.
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Figure 4. Evolution of the PV panel with the attached heat sink-PCM device.

Table 4. Comparative results of average PV panel
efficiency for different configurations.

Configuration Efficiency (%)
PV panel 5.76
PV+PCM 8.61
PCM-heat sink-PCM 12.99

It can be noticed that the use of a heat sink-PCM device improves the efficiency by 7.23%, while
the use of a simple PCM device only improves the efficiency by 2.85%; this means the insertion of a
heat sink increases the PV panel efficiency 2.5 times respect to the use of the PCM device alone. The
efficiency increase obtained with the new system also improves the referenced increases of the PV
panel efficiency using only a PCM device, which is the range of 2.8% to 4.3% [45, 46], coupled PCM
and thermoelectric (TEG) devices that increases the efficiency by 1.38% [47], or even the efficiency
improvement of advanced systems like PCM with TES unit, which increase the efficiency up to 6.5%
[48].

To a more detail analysis of the developed study of the PV panel efficiency improvement, a
comparison is made for every solar radiation level; the results of this comparison are presented in Figure
5. The analysis of the results from Figure 5 shows the influence of using a heat sink-PCM device for
low solar radiation level (347.4 W/m?) is of minor significance, since the reduction of temperature is
only 2.5°C, which barely influences the efficiency of the PV panel. Applying equation 21 we obtain
an efficiency improvement of 1.6%. In the case of medium to high solar radiation level (702.8 W/m?),
the influence of the PCM reveals more important, especially when combined with the heat sink
device; in this case the reduction of temperature is of 11°C, what results in an efficiency improvement
of 6.9%, near the above mentioned value of 7.23%. In the third case, for a solar radiation value of
914.5 W/m?, the influence of the heat sink-PCM device is the greatest, with a temperature reduction
of 14.5°C that means an efficiency increase of 9.0% [49].

To allow a daily hourly prediction of the efficiency improvement of a PV panel equipped with a
heat sink-PCM device, we have correlated temperature reduction and efficiency improvement to solar
radiation, obtaining the following mathematical functions:

a) Temperature reduction

AT =12.329InG, —69.669 (R* =0.9995) (25)

© STM Journals 2021. All Rights Reserved 43



Heat Sink-PCM Device for PV Efficiency Improvement Déu and Mosquera

b) Efficiency improvement

An=17.6199InG, —42.995 (R* =0.9998) (26)
70 T
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65 7 |—Hs-pcm
60 4 |——FV-PCM
1 |——Hs
5 X T|—PcMm
€ 50|  FV-Hs-PCM
2 45
£ 40 ————
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20 —_— 1 .
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Figure 5. (a) Temperature evolution of different PV panel configurations (solar radiation level:347.4
W/m?) FV: Photovoltaic panel; HS: Heat Sink; PCM: Phase Change Material.
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Figure 5. (b) Temperature evolution of different PV panel configurations (solar radiation level:702.8
W/m?) FV: Photovoltaic panel; HS: Heat Sink; PCM: Phase Change Material.

Equations 25 and 26 show the efficiency and temperature reduction improvement depends linearly
on temperature reduction; in effect, correlating both parameters it results:

An=0.6179AT +0.0659 (R? =0.9999) @7)

Equation 26 provides a useful tool to predict the increase of the PV panel efficiency as a function of
the solar radiation. If we combine equation 26 with values from Table 1, we can obtain the daily
hourly efficiency improvement of the PV panel.
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Figure 5. (c) Temperature evolution of different PV panel configurations (solar radiation level:914.5
W/m?) FV: Photovoltaic panel; HS: Heat Sink; PCM: Phase Change Material.

CONCLUSIONS

A heat sink-PCM hybrid system has been built using paraffin wax as heat storage to collect heat
removed from the PV panel. The hybrid system reduces the PV panel temperature and increases its
efficiency.

Efficiency improvement depends on temperature reduction. The proposed system reduces the
temperature of the PV panel proportionally to the solar radiation level. The effects of temperature
reduction are significant in the range of 4 hours around midday in an average solar day of 12 hours;
therefore, it represents 2/3 of the solar day length where the PV panel efficiency is significantly
improved.

The efficiency of the heat sink-PCM hybrid system has been increased by a maximum of 9% for
high solar radiation level, with an average improvement of 7.23%. As a result of this improvement,
the PV panel efficiency has raised to 13% for an average operating temperature of 42° C. The
efficiency improvement is high, above 6.9% in the aforementioned time range, dropping to a less of
3% outside this range.

The average efficiency using the heat-sink-PCM device is close to the reference value of 15%
provided for the manufacturer, but for a higher working temperature; converting the efficiency
obtained in the proposed prototype to the standard temperature of 25° C the efficiency is of 16.4%,
even higher than the reference value; therefore, the insertion of a heat sink-PCM device represents an
effective improvement in the PV performance.

A mathematical function has been developed to relate the efficiency improvement to the solar
radiation level, providing a useful tools to predict daily hourly efficiency of a PV panel equipped with
a heat sink-PCM device. The prediction is of high accuracy, near 100%, what ensures the reliability of
the predicted values.
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