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Abstract: The issue of efficiency decrease according to temperature increase is a pending problem in
the PV market. Several active and passive technologies have been suggested but few quantitative
studies on the estimation of the cooling effect have been carried out. In this study, a CFD
(computational fluid dynamics) simulation model was developed to analyze a passive cooling
technology using fins attached to the back of the PV module. Furthermore, a method to improve
airflow at the back of the PV module by forming slits in the frame was analyzed. The simulation
model reproduced the indoor test that uses a solar simulator and the cooling performance was
analyzed according to the shape of the fins and the presence of slits. In the simulation results,
the surface temperature and expected electrical efficiency without cooling were 62.78 °C and 13.24%
respectively under nominal operating cell temperature conditions. Moreover, the temperature
reduced by approximately 15.13 °C because the fins attached at the bottom of the PV module
increased the heat transfer area with airflow. Thus, the electrical efficiency according to the PV
module temperature was predicted as 14.39%. Furthermore, when slits were installed between
the fins, they increased the airflow velocity and accelerated the formation of turbulence, thereby
improving the cooling performance of the fins. The simulation results showed that the temperature
could be further reduced by approximately 8.62 °C at a lower air velocity. As the fins and slits can
also reduce the non-uniformity of the temperature, they are expected to supplement the efficiency
and durability reduction of the PV modules caused by the hot spot phenomenon. In addition,
it was shown that slits in the frame could further improve the cooling performance of the fins at a
low-velocity airflow.

Keywords: computational fluid dynamics (CFD); solar energy; photovoltaic (PV); passive cooling;
cooling fin; slit

1. Introduction

Policy efforts and support to reduce carbon dioxide emissions worldwide have been recently
made due to the problems of increasing energy demands and primary energy depletion [1]. South
Korea has encouraged the development and distribution of renewable energy sources to achieve the
obligatory renewable energy supply rate of 30% compared to the expected energy consumption by
buildings until 2020 (Table 1). In particular, the implementation of zero energy building (ZEB) for the
energy independence of buildings is attracting attention to reduce energy demands in the building
sector. The ZEB implementation requires an increase in the energy efficiency and energy production of
the building itself [2]. Particularly, the energy production of buildings using renewable energy facilities
is an important element. Among the representative renewable energy facilities applied to buildings,
PV systems are the sources of abundant energy. They are sources of renewable energy with ever
increasing installation cases because they are highly applicable to buildings (Figure 1). However, it is
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difficult to secure the economic efficiency of PV systems due to limited installation areas in buildings,
and installation and maintenance costs. Therefore, studies on the performance improvement of PV
systems have been actively conducted to advance their grid parity and increase their penetration rate.

Table 1. Obligation of renewable energy supply rate in the building section (South Korea) [3].

Year 20112012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
Introduction 10 11 12 15 18 21 24 27 30
rate (%)
Annual Total
110 450
99.1 404.5
100 400
20 350
80
70 300
3 60 5 250
(CR © 200
40 150
30
100
: I I I
10 50 l
, = H H I o = m H -
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Figure 1. Global annual and total solar PV installed capacity (2007-2017) [4].

Elements that affect the performance of PV systems include the efficiency of the cell, shadow on
the panel, and solar radiation. Studies have been conducted to improve the performance of PV systems
considering these elements. Although flexible thin film Si-based solar cells have been beneficial
for application and high power conversion efficiencies, the balance between the cell efficiency and
robustness of flexible photovoltaic cells remains a pending issue. Bahabry et al. [5] demonstrated that
corrugated architecture silicon cells achieved a bending radius of 140 um of the back contacts with a
power conversion efficiency of 17.2% on a wafer scale (127 x 127 mm?). Furthermore, the shading
effect due to trees, clouds, and buildings affects the performance of the photovoltaic solar panel.
Sathyanarayana et al. [6] investigated the correlation between the short circuit current and performance
of the photovoltaic panel under uniform shading conditions. The results indicated that the short circuit
current and power output decreased with shading. The performance of the photovoltaic panel can be
improved by applying the maximum power point tracking (MPPT) control. However, the classical
perturb and observe (P and O) tracker is not adequate under the ramp change of the irradiation level.
Abdel-Salam et al. [7] proposed a modified P and O-based MPP tracking method that showed a higher
performance of the tracking speed, efficiency, and tracking accuracy compared to the classical P and
O method.

On the other hand, Figure 2 shows that the power of the PV module decreases as the cell
temperature increases. In other words, the cell efficiency can be increased by cooling the PV module.
Therefore, many cooling methods have been proposed to improve the performance of the PV module.
The cooling methods of the PV module may be divided into passive and active methods.
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Figure 2. The effect of cell temperature on PV module performance [8].

Active cooling methods are useful under high-temperature conditions that require effective
cooling performance of PV modules. Teo et al. [9] carried out the computational fluid dynamics (CFD)
simulation and experiments to find out the cooling performance of the parallel array of air ducts
attached to the back of the PV module. As a result, the solar cell achieved a higher efficiency of 12%-14%
with cooling compared to the efficiency of 8%-9% without cooling. Moharram et al. [10] conducted an
experiment to demonstrate the cooling effect by spraying water on PV modules. It was found that the
proposed system reduced the cell temperature, and the panel surface could be cleaned in hot and dusty
regions. D’Angola et al. [11] analyzed the performance of a PV system with active cooling in which
fluid is pumped on the back of the module. In order to find the best compromise between the PV power
gain and the pump consumption in terms of flow rate, simulation of a thermal-electric-hydraulic model
considering the power losses of the circulation pump was carried out. It was found that the net power
gain of the cooling considering the pump consumption was possible through the complete model.

Passive cooling methods have an advantage that no additional power is required. A scale analysis
and numerical study on PV modules that involved an open-air channel were conducted by Mittelman
et al. [12]. In addition, Ebrahimi [13] developed a new cooling technology that used natural vapor as
a coolant to extract heat from PV modules. It was suggested that PV modules could be installed in
places with natural vaporization such as rivers and canals.

The other cooling method includes a technology that uses a cooling fin attached to the back of a
PV module to enhance the convective heat transfer coefficient. Koundinya [14] proposed a finned heat
pipe integrated with a solar module. It was found from the CFD results that the maximum decrease in
the solar module was 20 °C. Elsafi [15] developed a mathematical model to predict the performance
of a photovoltaic/thermal (PV/T) system according to different fin configurations. The simulation
results indicated that the use of a cooling fin was beneficial to improve the performance of the PV/T
system. Nehari [16] conducted a two-dimensional (2D) numerical simulation to analyze the length of
the internal fins inside the PV-PCM system. It was clear that the fins reduced significantly the increase
in the PV temperature. In addition, the PV module was more cooled as the length of the fins was 25,
30, 25 mm. Hasan [17] presented a theoretical and experimental study of the cooling technology using
fins attached to the back side of the PV panel. The results indicated that the fins dropped dramatically
the temperature of the PV panel by about 5.7%. The technology using cooling fins is neither high-tech
nor creative. In addition, the cooling effect could be obtained easily using this technology and can be
applied to PV modules that are already installed. However, the simulation analysis of cooling fins
considering the airflow around the PV module and solar irradiation simultaneously has been rarely
carried out. Therefore, in this study, in order to analyze the fin effect on heat transfer, a simulation
model was developed under the condition of airflow around a PV module using CFD.



Energies 2019, 12, 758 40f12

2. Research Methodology

The performance of a PV module is measured under standard conditions such as standard test
conditions (STC) and nominal operating cell temperature (NOCT). The estimation of PV performance
is performed under the STC (ambient temperature of 25 °C and irradiance of 1000 W/m?). Using
the electrical efficiency (1,) of STC. The electrical efficiency (7,;) can be calculated using Equation
(1) when the temperature of the PV module is T [18]. The temperature coefficient (8) is determined
by the material of the PV module. It can be observed that an increase in the temperature of the PV
module decreases the electrical efficiency. This indicates that the performance of the PV module can be
improved using cooling technology.

et = 1lo(1 = BT —25°C]). )

Meanwhile, the IEC 61215/61646 norms, which considers more realistic conditions than STC,
defined NOCT as the temperature of a PV module at standard reference environment (SRE: ambient
temperature (1;,,;;) of 20 °C, an irradiance of 800 W/ m?, and wind speed of 1 m/s). Moreover, under
the conditions of G irradiance and T,,,;;, the temperature of the PV module (T};) can be calculated
using Equation (2) by applying NOCT [19].

G
T = Tompi + (NOCT — 20) x 300 2)

The International Electrotechnical Commission (IEC) provides a standard procedure for measuring

NOCT under the following conditions.

(1) The test modules are open circuited.

(2) Reject all data when the irradiance is below 300 W/ mZ2.

(3) Wind speeds during the measurement are limited to between 0.25 m/s and 1.75m/s.
(4) Ambient temperature ranges between 5 °C and 35 °C.

The aim of this study was to analyze the module temperature reduction effect of the cooling fins
considering the standard conditions for performance assessment to improve the power generation
efficiency of a PV module. However, the simulation models of previous studies that analyzed the
temperature of a PV module based on CFD seldom considered the airflow around a PV module directly.
Therefore, the indoor test of a PV module was simulated under the NOCT condition using the CFD
simulation (Figure 3). The simulation model considered the airflow around a PV module. Using this
model, the reduction in the temperature of the PV module according to the shape of the cooling fin

was analyzed.
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Figure 3. Solar simulator for indoor test (International Eletrotechnical Commission standard).

In this research, the prediction of the electrical efficiency was performed using PV temperature
obtained from the simulation result. In order to analyze indirectly an unglazed photovoltaic module,
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a theoretical model, which integrates both thermal and electrical aspects, has been developed by
Spertino et al. [19] However, the calculation of the electrical efficiency is complicated to apply to this
simulation. In this paper, the estimation of the electrical efficiency considering the PV temperature was
simply carried out with Equation (1) as the thermal analysis on the cooling effect of fins was focused.

3. CFD Simulation

3.1. CFD Simulation Model

To analyze the cooling performance of the cooling fins attached at the bottom of the PV module,
Star-CCM™, which is a commercial CFD simulation platform for conducting a physical analysis of
fluid flow and heat transfer, was used. The simulation model was constructed to analyze the effect
of the airflow around the PV module by referring to the indoor test that used a solar simulator.
The PV module was inserted into a domain (air) of dimension 2 m x 3 m x 5 m (Figure 4). Moreover,
the physical conditions were based on the three-dimensional steady state, and the spatial grid used was
the polyhedral mesher capable of multi-region conformal meshing. In addition, the prism layer, which
is essential for the boundary layer analysis of the turbulent flow field, was applied to air (Table 2).

5m

\ 4 v v v Frame
Heat flux / / \
& y |
o FTON
3m Airflow T <) Back Sheet
’ PV module > i
i Fin

Figure 4. Schematic diagram of the simulation model.

Table 2. Physical conditions.

Equation Viscous Reynolds-
Space Time Fluid Flow d R Averaged
of State Regime
Turbulence
Three- . Constant
dimensional Steady Air Segregated density Turbulent K—¢

The PV module implemented through simulation consisted of cells, EVA (ethylene vinyl acetate),
a back sheet, and fins, except glass. In other words, the effects of transmission bodies, such as glass
and EVA, on the transmissivity of solar irradiance were ignored. The two sides of the domain were
set as the velocity inlet and pressure outlet for the airflow. On the top surface, the heat flux was set
as the boundary condition (Figure 4 and Table 3). The values of the heat flux and velocity were set
to 600 W/m? and 0.5 m/s, which were in the effective range under the NOCT condition (Table 3).
In addition, the interface of each layer was assumed to be in full contact, and the contact resistance was
set to 0 m2-K/W. Table 4 shows the thermal properties of each component entered into the simulation
of the PV module.

Table 3. Numerical factors of simulation conditions.

Heat Flux Velocity Inlet Ambient Temperature Initial Temperature Contact Resistance

600 W/m?2 0.5m/s 26.84 °C 26.84°C 0m2-K/W




Energies 2019, 12, 758 6 of 12

Table 4. Thermal properties.

Components Th(l;l;:)e S8 Therm?‘llvi(:lr'lli?ctlwty Density (kg/m>) He(a};kCg afé;'ty
Cell (Si) 10 148 2330 677
EVA 10 0.35 960 2090
Frame (Al) 60 237 2702 903
Back sheet 1 0.2 1200 1250
Fin (Cu) 3 400 8900 385

3.2. Simulation Cases

In this study, a parameter study was conducted according to the shape of the fins to analyze the
cooling performance of the fins attached at the bottom of the PV module. In addition, a simulation
model with slits, which can improve the cooling performance of the fins through the formation of
active airflow distribution at the bottom of the fins and module, was also considered. Therefore,
a parameter study was conducted according to the length, thickness, and a number of fins, and the
shape of the slits (Table 5 and Figure 5).

Table 5. Parameter study conditions.

Fin Slit (mm)
Case Length (mm) Thickness (mm) Number a b
Without cooling - - -
1-1 5 10
12 30 20 )
1-3
10 10
1-4 60 10
2-1 5
30 10 10 60
2-2 10
/ Frame \

Cell
EV.
Back sheet

>
Length Thickness

Figure 5. The configuration of fins and slits.
4. Results

This study focused on the analysis of the cooling effect of fins in non-uniform temperature of
the PV panel. In the simulation, the analysis model was made by means of the finite element method
(FEM) and the temperature of all elements was calculated by the simulation tool. The efficiency of the
temperature was estimated in all simulation cases by average the temperature.

4.1. Results Without Cooling

In the simulation results of the case without cooling, the average and maximum temperatures
at the top of the module were 62.78 °C and 67.29 °C. The right side of the module showed higher
temperatures owing to the influence of the airflow, and many relatively low temperatures were
distributed in the left corner (Figure 6). Low temperatures were found in the corner because the
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convective heat transfer was structurally active, and turbulence was formed even though the velocity
was the lowest (Figures 6 and 7).

Module top Module bottom

Temperature (C)
0 61.180

58.12 64.240 67.300

Figure 6. Temperature distribution of the case without cooling.

Velocity (m/s)
280 03

0.00000 0.10640 021 1920 0.42560 0.53200

Figure 7. Velocity distribution of module bottom (the case without cooling).
4.2. Results with Cooling

The CFD simulation results show that the installation of the fins affected the airflow and
temperature distribution at the bottom of the PV module (Figures 8 and 9). It was found that
the installation of the fins reduced the average temperature of the PV module by more than 14 °C.
In particular, the case without cooling exhibited a temperature difference of approximately over 15 °C
at the top of the module, however, the temperature difference was reduced to less than 4.6 °C when
the fins were installed. After the installation of the fins, the airflow distribution at the bottom of the
module was more linear than the case without fins. Moreover, when the slits were formed, the airflow
that passed through the slits exhibited a faster velocity distribution (Figure 8).

With fins and without slits (Case 1-1)

e —

=== . =

Velocity (m/s)
0.00000 0.10580 0.21160 0.31740 0.42320 0.52900

Figure 8. Velocity distribution of the cases with cooling.
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Figure 9. Temperature distribution of the cases with cooling.
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4.2.1. Analysis of the Results According to Configuration of the Fins

The cooling effect of the fins was slightly different depending on the shape (number, thickness,
and length) (Figure 10). The simulation results show that the increase in the surface area of the fins
improves the convective heat transfer of the fins. In particular, the cooling effect achieved by varying
the length of the fins was magnificent, and it was possible to achieve a lower temperature of 15.13 °C
than the case without cooling (Cases 1-4). This indicates that the area exposed to air has a larger
effect on the cooling performance than the area in contact with the bottom of the module under the
same mass.

(Length : 30 mm, Thickness : 5 mm) (Length : 30 mm, Number : 10 EA) (Thickness : 10 mm, Number : 10 EA)
62.78 C 65 62.78 C 65 62.78 T

(2]
[l

D
o
D
o

48.71 ¢ 48.11 T 48.71 C 4871 °C 0 871 T 4765 ¢

[
o

AVG temperature(°C)
w
wv
AVG temperature(°C)
w w
o w
AVG temperature(°C)
w
w

N
[
S
[
S
wu

0 10 20 0 5 10 0 30 60
(Case 1-1) (Case 1-2) (Case 1-1) (Case 1-3) (Case 1-3) (Case 1-4)
Number of fins Thickness of fins (mm) Length of fins (mm)

Figure 10. Variation of PV temperature as a function of fins.
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4.2.2. Analysis of the Results According to the Presence of the Slits

When slits were formed between the fins, the possibility of the improvement in the cooling
performance was analyzed through simulation (Figure 11). When the thicknesses of the fins were
5 mm and 10 mm, the temperature on an average reduced by 0.6 °C and 0.56 °C, respectively. This
occurred because the area of the slits was smaller than the air channel between the fins at the bottom
of the module, thereby making an effect like that of a diffuser, accelerating the formation of turbulence
around the fins, and increasing the velocity of the airflow that passed through the slits (Figures 12
and 13). In the simulation results, the cooling effect of the module was more effective when the
thickness was 5 mm than it was 10 mm, and the temperature further decreased at the inlet where the
air was introduced. This indicates that the increase in the difference in area between the air channel
and slits has a large influence than the increase in the surface area of the fins.

| .Average temperature [ Maximum temperature |
(Thickness : 5 mm) (Thickness : 10 mm)
51.0 51.0
-~ 50.36 °C —~ 50.35 °C
e 49.93 °C g 49.96 °C
© 500 g 50.0
S S
® ®
- o= oy
g 490 4871 °C g 490 48.71 °C
GE) 48.11 °C g 48.14 °C
- -
o 480 0 48.0
z z
47.0 47.0
Without slits With slits Without slits With slits
(Case 1-1) (Case 2-1) (Case 1-2) (Case 2-2)

Figure 11. Variation of PV temperature as a function of slits (Length: 30 mm, Number: 10EA).

Figure 12. Schematic view of airflow around a diffuser [20].

Without slits (Case 1-1) With slits (Thickness of fins : 5 mm) With slits (Thickness of fins : 10 mm)

Frame

Velocity (m/s)
0.00000 0.1058! 0.21160

0.31740 0.42320 0.52900

Figure 13. Vector of velocity with and without the slits.

4.2.3. Analysis of the Temperature Change According to Air Velocity

In order to quantitatively estimate cooling effect according to air velocity, the additional simulation
was conducted in the condition of 0.1, 0.5, 1.0 m/s of velocity. In the cases with cooling (Cases 1-3 and
Cases 2-2, all of the conditions except the presence of slits and wind velocity were the same. Figure 14
shows that the temperature of the PV module decreases as the velocity increases. Especially, in the
condition of 0.1 m/s, only the temperature reduction was 1.21 °C with fins but was 8.62 °C with fins
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and slits. In addition, the additional reduction by the slits was less than 1 °C when the velocity was 0.5
and 1.0 m/s. In other words, it was clear that airflow and turbulence greatly influenced the cooling
performance under the condition of low velocity by the slits.

=0~ Fins
(Length : 30 mm, Thickness : 10 mm, Number : 10 EA)

(-O' Without cooling Fins & Slits |

85.0

S 750

v A
5 650

©

g 550

£

8 450

350

00 01 02 03 04 05 06 07 08 09 10 11

Velocity (m/s)
Figure 14. Variation of the cell temperature as a function of air velocity.
4.3. Prediction of Electrical Efficiency

Several researchers suggested methods to predict electrical efficiency. Spertino et al. [21]
developed a theoretical integration model for the thermal and electrical aspects to estimate PV cell
temperature. However, the CFD simulation focused on the thermal aspect to analyze the cooling effect
of fins in this study. Therefore, to grasp more simply the contribution of the temperature decrease due
to the cooling effect of the fins to the improvement of the electrical efficiency, the research methodology
expressed in Equation (1) was used. The electrical efficiency was predicted by substituting the PV
module temperature, which was obtained through the CFD simulation and specifications (Table 6)
into Equation (1). The electrical efficiency was increased by more than 7.44% due to the cooling effect
of the fins, and the maximum increase was 7.96%. In other words, when the temperature of the PV
module was reduced by 1 °C, the electrical efficiency increased by 0.47%, and when the temperature
was reduced by 15.13 °C, the efficiency increased by approximately 7.96% (Figure 15).

Table 6. PV module specifications.

Max power
290 W

Type
Mono-crystalline silicon

Temperature Coefficient
0.0047 °C~!

Efficiency (ystc)
16.1%

14.50%
14.25% %“\

14.00% Soag

13.75%
13.50%

13.25%

[without cooling] 62.78°C - 13.24% i, 9

[case 1-1] 48.71°C -
[case 1-2] 48.11°C -
[case 1-3]48.71°C -
[case 1-4] 47.65°C -

14.31% T

14.35%
14.31%
14.39%

Electrical efficiency (%)

[case 2-1] 48.11°C -
[case 2-2] 48.14°C -

14.35%
14.35%

13.00%

45 47 49 51 53 55 57 59 61 63 65

Temperature ()
Figure 15. Variation of electrical efficiency as a function of PV temperature.
5. Conclusions

In general, electrical efficiency decreases as the temperature of a PV module increases.
The application of cooling technologies has been examined for the purpose of increasing the electrical
efficiency by reducing the overheating of a PV module. However, the active cooling system requires
additional power for cooling, and additional facilities incur maintenance cost. On the other hand,
the passive cooling system can secure a certain level of cooling performance without additional
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power and maintenance cost once it is installed. In this study, the cooling effect of a passive cooling
technology that can reduce the temperature of the PV module using fins and slits was analyzed,
and its contribution in achieving a high electrical efficiency was predicted. The CFD simulation was
performed for the analysis. The results of this study are summarized as follows.

(1) It was confirmed that the temperature of the PV module can be reduced by approximately
15 °C using cooling fins. Moreover, the increase in the efficiency caused by the decrease in
the temperature was calculated using a linear model that represents the correlation between the
temperature and efficiency of the module. As a result, the efficiency of the module without cooling
fins was 13.26%, and increased by approximately 7.96% due to the cooling effect of the fins, reaching
14.39% (under the conditions of 600 W/m? and 0.5 m/s).

(2) In the simulation results, the parameter study results showed that the cooling performance
did not change significantly due to the shape of the fins. In particular, it is necessary to develop fins
that do not cause structural problems due to their structural characteristics and can secure the ease of
fabrication for PV modules because the increase in the length of the fins may cause serious structural
problems under the fast wind speed conditions. Moreover, it is important that the fins can be installed
in the existing PV modules without difficulty.

(3) Slits that have a smaller area than the air channel at the bottom of a PV module can have an
effect like that of a diffuser. The simulation results showed that it was possible to improve the cooling
performance of the fins by promoting the formation of turbulence at the bottom of the module, resulting
in the temperature reduction by approximately 0.6 °C. In other words, the cooling performance of
fins can be further improved by the installation of slits instead of securing the heat transfer area by
increasing the thickness of the fins. Especially, the effect of slits is sufficient in the condition of lower
air velocity. The cell temperature further reduces by 8.62 °C due to the slits. Therefore, the application
of slits is economical and can have structural benefits because it does not require an increase in the
material and weight of fins to secure the cooling performance.

(4) The hot spot phenomenon, which involves overheating while the reverse bias is forced because
the solar radiation incident on the cells in a PV module is not uniform, may seriously affect the electrical
efficiency and durability of a PV module [22]. In this study, it was found that the surface temperature
of the PV module was relatively uniformly distributed due to the cooling effect of the fins. In other
words, it is confirmed that the overheating and non-uniformity of the surface temperature by hot spot
can be improved simultaneously by installing fins.
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