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Abstract: In practical engineering applications, natural air cooling is often utilized for photovoltaic
(PV) facades. However, the natural-air-cooling method is not effective at cooling PV wall panels, and
the high temperatures accumulated on the surface of PV panels not only affect the electrical efficiency
and service life of the PV modules, but also increase the energy consumption of the building. In
this paper, we propose the vertical installation of heat dissipation fins in naturally ventilated PV
wall panels. We used ANSYS Fluent to establish the simulation model of naturally ventilated PV
wall panels and validate it. By simulating the air-cooled channels in PV wall panels with different
sizing parameters, the temperature and flow rate variations were comparatively analyzed in order to
optimize the air-cooled-channel sizes. The results show that installing the fins vertically in the air-
cooled channel provided better cooling for the PV panels and enhanced the air heat collection effect.
Additionally, it improved the airflow rate in the channel. As the thickness of the finned air-cooled
channel increased or the width decreased, the temperature on the surface of the PV panels showed a
decreasing trend. Compared to the flat-plate air-cooled channel, the finned air-cooled channel, with
a thickness of 100 mm and a width of 20 mm, decreased the peak and average temperatures of the
PV-panel surface by 3.9 °C and 8.1 °C, respectively, and increased the average temperature of the air
at the outlet by 11.2 °C.

Keywords: cooling fins; natural ventilation; photovoltaic wall panels; air-cooled channels; thermal
analysis

1. Introduction

With socio-economic development and a growing world population, problems such
as fossil energy scarcity and global climate change are becoming increasingly serious.
Solar energy is the most abundant resource on earth, and the introduction of photovoltaic
technology has enabled solar energy to be effectively used for power generation and the
heating of buildings [1]. The International Energy Agency (IEA) states that photovoltaic
technology could provide approximately 25% of the global electricity by 2050 [2]. Moreover,
the International Renewable Energy Agency (IRENA) predicts that about 32 billion tons
of carbon dioxide emissions related to buildings will be offset annually by 2050 through
the use of renewable energy sources [3]. Photovoltaic building integration is one of the
technologies that significantly increase the share of renewable energy in building envelopes.
PV facades are becoming an important component of PV building integration due to their
great potential for solar energy applications in urban environments [4,5].

With the advancement of solar cell technology, 20% of the solar irradiation (SI) received
by crystalline-silicon-type PV panels can be converted into electricity, and the rest of the
solar radiation is accumulated inside the PV panels in the form of heat energy [6]. When
photovoltaic panels are integrated into building facades, the heat generated by the solar cells
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cannot be dissipated in a timely manner, resulting in higher cell temperatures. According to
the literature, with every 1 °C increase in the cell temperature, its photoelectric conversion
efficiency decreases by 0.4-0.5% [7,8]. Uneven operating temperatures and hot spots not
only accelerate the heat loss of solar cells and shorten their service life [9-11], but they
also lead to an increase in the temperature of the facade, which increases the cooling
energy consumption for the building [12,13]. In addition, PV panels operating at high
temperatures can cause thermal stresses on the facade, potentially damaging its internal
structure [14]. The annual heat released from PV panels into the environment causes the
ambient temperature to increase by 0.024 °C, which is one of the factors contributing to
global warming [15,16].

Currently, cooling methods for PV cells can be broadly categorized into five types:
passive cooling techniques, active cooling techniques, heat pipe cooling, nanofluid cooling,
and thermoelectric cooling [17,18]. When PV panels are integrated into a building facade in
the form of unit modules, it is common practice to reserve an air-cooled channel between
the PV panels and the building facade to solve the heat dissipation problem of the PV
panels [19,20]. In the open-air-cooled channel, the PV cells can be cooled down via natural
ventilation without equipment intervention, or via mechanical ventilation using fans [21].

Agathokleous et al. [22] summarized a review of natural- and mechanical-ventilation
systems for building-integrated photovoltaic (BIPV) systems, indicating that most scholars
have focused on studying the mechanical-ventilation system, which can flexibly regulate
the airflow in the air-cooled channel and facilitate experimental tests. In order to enhance
the cooling effect of mechanical ventilation, Yasaman et al. [23] considered integrating an
air diffuser with a deflector into PV panels to distribute the airflow uniformly. In addition,
recent studies have proposed the incorporation of some heat dissipation structures on
the backsides of PV panels. For example, Laura et al. [1] analyzed a BIPV system fitted
with vertical heat dissipation fins, and this strategy resulted in a reduction in the PV-panel
temperature by 5.2 °C and an increase in the annual energy production of 1.2%. Zeynep
et al. [24] investigated the cooling effect of monocrystalline silicon photovoltaic panels
under air-cooled channels with different wind speeds and different geometries, and the
results showed that the fin cooling channel has a better cooling effect compared to the flat
cooling channel. Tao et al. [25] proposed four different air-cooled circulation methods for
bifacial PV /thermal modules, and the results showed that the air-cooled method with a
back-and-forth channel had the best heat collection, while the PV /thermal module with a
lower side channel had the best electrical energy output. Khushbu et al. [26] conducted an
optimization study of PV-panel air-cooled radiators in Dubai, UAE, to analyze the effects
of different fin spacings, base plate thicknesses, fin heights, and fin thicknesses on the
heat dissipation, and to determine the optimum geometrical parameters for the radiators.
Yogesh et al. [27] investigated the heat collection performance of a PV thermal system at a
constant velocity and showed that the addition of fins can increase the contact area between
the PV panels and the air; the thermal efficiency gain of the system was 3% higher than
that of the conventional PV /T system, and the electrical gain was 0.2% higher than that of
the conventional PV /T system at a wind speed of 0.2 m/s. Zhonghua et al. [28] mounted
cooling fins on the backsides of PV panels and measured the effects of three different sets
of fins on the electrical and thermal performances of the PV panels. Thus, it is clear that
fins play an important role in the study of mechanical ventilation for the cooling and heat
dissipation of PV panels [29,30].

Mechanical ventilation plays an important role in experimental research, and the
air-cooling method can well control the air velocity in the cavity. However, in the actual
implementation of the project, the active ventilation equipment and control system are
difficult to put into use in a large number of PV facades. The natural-ventilation method
remains the main means of heat dissipation for PV panels in PV-facade projects due to its
simple construction and easy installation. Lau et al. [31] modeled the buoyancy-driven flow
of a BIPV system in an open channel and explored the effects of different inclination angles
on the temperature and velocity fields in the cavity. Agathokleous et al. [32] conducted a
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thermal analysis of a naturally ventilated BIPV system, analyzed the thermal characteristics
of the BIPV system in both indoor and outdoor environments, and estimated the convective
heat transfer coefficients for both conditions. Mohammed et al. [33] proposed a novel
renewable energy system consisting of a solar chimney, PV panels, and a soil-air heat
exchanger, and investigated the natural ventilation within the system via the thermal
buoyancy alone. Benzarti et al. [34] inserted a twisted baffle into a naturally ventilated BIPV
system and explored the role that it played in improving the heat dissipation of PV panels.

It is known from the above literature that mechanical ventilation can give a good
cooling effect to PV panels, but because this method is difficult to implement in practical
engineering, natural air cooling is still considered for use to cool down PV panels. At
present, the air-cooled channel commonly used for heat dissipation in engineering applica-
tions is generally a flat-plate structure. In order to obtain better power generation and heat
collection efficiency, this paper proposes a vertical arrangement of the heat dissipation fins
in the flat-plate air-cooled channel of PV wall panels to form a finned air-cooled channel.
By analyzing the air-cooled channel with different dimensional parameters, the changes in
the temperature and velocity fields in the PV wall panel are investigated to provide a basis
for optimizing the structural dimensions of the finned air-cooled channel.

2. System Description

The simulation and analysis of the naturally ventilated PV wall panels in this paper
are based on a set of experiments conducted by Agathokleous et al. [32], which empirically
referred to a naturally ventilated BIPV system consisting of four parts: polycrystalline
silicon photovoltaic panels, flat-plate air-cooled channels, wooden walls, and Plexiglas
panels on both sides. As shown in Figure 1, the working principle of PV-panel cooling
is natural air cooling under the effect of thermal buoyancy. When the outer photovoltaic
panels are irradiated by solar radiation, about 20% of the solar irradiation is converted
into electrical energy, and the rest is converted into heat energy. The heat generated by the
PV panels heats the cold air in the flat-plate air-cooled channel and, due to buoyancy, the
heated air moves upward until it is discharged, and the cold air enters at the bottom of
the naturally ventilated BIPV system to form natural ventilation. This natural-air-cooling
method utilizes the air in the air-cooled channel to take away the heat from the PV panels,
which reduces their temperature and improves the photovoltaic conversion efficiency of
the PV cells.

| air outflow

N
PV flat air-cooled channel

— wooden wall

S glass plate
Z

Y)\X

Figure 1. Structure of natural-ventilation building-integrated photovoltaic (BIPV) system.

air inflow
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Currently, natural air cooling is commonly used as the main form of cooling for PV
panels in actual projects; however, the cooling effect of the traditional natural-air-cooling
method on PV panels is not significant. Because heat dissipation fins can enhance the heat
exchange effect between the air in the air-cooled channel and the PV panels, this paper
considers installing rectangular fins vertically in the flat-plate air-cooled channel of the
natural-ventilation BIPV system.

The naturally ventilated PV wall panel with fins, as shown in Figure 2a, is obtained by
vertically installing a plurality of uniformly arranged rectangular fins within the flat-plate
air-cooled channel of the naturally ventilated BIPV system shown in Figure 1. The fins
divide the flat-plate air-cooled channel of Figure 1 into a plurality of finned air-cooled
channels with repeating unit characteristics, as shown in Figure 2b. The top and bottom of
the finned air-cooled channel are connected to the outside, with the air-cooled channel’s
inlet located at the bottom and its outlet positioned at the top. In this study, a CFD
simulation model was used to simulate and analyze the dimensional parameters of the two
types of air-cooled channels mentioned above. The study also investigated the variations
in these channels under different levels of solar irradiation.

fin air-cooled channel fifi aitcooled chanmel

fin PV fin

H(mm)

—— wooden wall —— wooden wall

z %/
TS )\
(n

(a) (b)

Figure 2. Structure of a natural-ventilation-type photovoltaic (PV) wall panel with vertically mounted
rectangular fins: (a) complete model; (b) typical unit.

3. Methodology

In this study, the Fluent analysis system in Workbench was used for the CFD numerical-
simulation method. The CFD numerical simulation was used to compare and analyze the
temperature distribution and velocity distribution of the two different air-cooled-channel
forms in Section 2 under various size parameters. In order to enhance the efficiency of the
CFD numerical analysis, the CFD simulation of the finned air-cooled channel only involved
simulating one unit, as shown in Figure 2b.

3.1. Geometry Model

Based on the two air-cooled-channel forms described in the previous section, their
geometrical models were established. In this study, the air-cooled channels of the two
aforementioned structures with different dimensional parameters were simulated sepa-
rately. Design Modeler in ANSYS was utilized to create the geometric models. The material
parameters are shown in Table 1.
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Table 1. Material parameters of natural-ventilation-type PV wall panels.
Height Width Thickness Density Therm'al‘ Specific .Heat

Geometry (mm) (mm) (mm) (kg/m®) Conductivity Capacity

(W/(m-K)) (J/(kg-K))
Photovoltaic panels 1642 992 4 1500 0.36 1760
Wooden wall 1642 992 100 2000 0.46 1500

Air-cooled channel 1642 992 100 1.177 0.0242 1006.43
Vertical fins (aluminum) 1642 100 2 2719 202.4 871

3.2. Mesh Generation

In order to obtain a high-quality computational mesh, the multizone was used as the
mesh generation method for both the solid and fluid regions in the meshing setup, the
mapped network type was hexahedral, and the minimum edge length was set to 1.0 mm.
Mesh encryption was applied to the fluid—solid interface in the fluid region, with the
maximum layers set to 5 and a growth rate of 1.2. The mesh physics preference was set
to CFD, the solver preference was set to Fluent, and the minimum cell size was 5.0 mm.
Because only one structural unit of the air-cooled channel in the ventilated PV wall panel
in Section 3.1 was modeled, a symmetry plane was set for the model during the meshing.
In addition, the lower boundary of the fluid domain was set as the inlet boundary, and the
upper boundary of the fluid domain was set as the outlet boundary. The mesh model of the
naturally ventilated PV wall panel based on the above mesh settings is shown in Figure 3.
In this case, the maximum grid skewness is 0.51246, and the minimum orthogonal mass is
0.7011, which satisfies the accuracy required for grid quality.

LR
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<

2
2%
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e

XA

Figure 3. Grid model.

3.3. Grid Independence Verification

The simulations were carried out using five different minimum cell sizes: 5 mm,
10 mm, 15 mm, 20 mm, and 25 mm, to compare the average PV temperatures (Tpy) calcu-
lated in all cases, as shown in Table 2. The results show that, at a minimum cell size of
5 mm, the results calculated from its grid reached relative stability.

Table 2. Variation in simulation results with number of grids.

Basic Photovoltaic Wallboard Photovoltaic Wallboard with Fins
Grid Numbers Tpv (°O) Grid Numbers Tpy (°O)
3400 63.92 5750 62.98
4712 63.76 9672 62.86
11,316 63.62 20,500 62.75
28,536 63.60 47,970 62.72

192,864 63.59 270,108 62.70
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3.4. Assumptions

Agathokleous et al. [32] conducted a real measurement of a naturally ventilated BIPV
system for 160 min, and its measured results reached a steady state within this time period;
thus, the system underwent a process of shifting from a transient to steady state. In this
study, the transient simulation of a naturally ventilated PV wall panel was analyzed, and
its simulation results were compared with the measured data to verify the accuracy of the
model. A thermal analysis of the different sizes of air-cooled channels in the naturally
ventilated PV wall panel was performed to compare the simulation results when the model
reached a steady state.

Based on this, the following assumptions were made in the Computational Fluid
Dynamics (CFD) simulations:

The incident solar irradiation was considered to shine vertically on the outer surface of
the PV panels. The air inside the air-cooled channel was considered as natural ventilation
under thermal pressure. It was assumed that all the thermophysical parameters were
constant except for the air density. The Boussinesq method was used for the air density,
and the corresponding equation is written in Equation (1), where p,,;, is the air density at
ambient temperature (1;,,;), and S is the coefficient of thermal expansion:

(0 = Pamb) = —LampB(T — Tomp) 1)

3.5. Governing Equation

In the CFD simulation analysis of naturally ventilated PV wall panels, considering the
above assumptions, the Navier-Stokes equations were as follows:

=
The continuity equation is written in Equation (2), where V; refers to the velocity:
ap -
f —

- =
The momentum equation is written in Equation (3), where Vf, p, T, and g refer to the
velocity, pressure, stress tensor, and gravitational acceleration, respectively:

p) — - — -

The heat transfer process in the fluid field within an air-cooled channel is a combination
of convection and conduction. However, in the solids (PV panels, fins, and walls), the
heat transfer processes are conductive and radiative. Therefore, the energy equations for
the fluid and solid regions are written in Equations (4) and (5), where the subscripts “s”
and “f” denote solids and fluids. K and Sy, are the thermal conductivity and heat source,
respectively, indicating the amount of solar radiation absorbed by each solid layer:

9Ty vy 2
prpf |:at + <va> Tf:| = ka Tf 4)
aT.
pSCP-ST: = ksvas + Sy 5)

The buoyancy-driven airflow in an air-cooled channel is described using the RNG
k-epsilon model. This model provided good algorithms for the problem under consider-
ation [35]. In this numerical simulation, the discrete-ordinate (DO) radiation model was
used [36].

3.6. Boundary Conditions

For the air-cooled channel, the inlet boundary condition was set to the pressure inlet,
the inlet pressure to ambient pressure, and the inlet temperature to ambient temperature.
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The outlet boundary condition was set as the pressure outlet, the pressure was ambient
pressure, and the temperature was ambient temperature.

No-slip boundary conditions were used for all the wall surfaces in the considered
region. Mixed boundary conditions (convective heat transfer and radiative heat transfer)
were set on the outer surface of the PV module. The natural convective heat transfer coeffi-
cient (hoy,t) between the PV panel and the environment is expressed by Equation (6) [37],
where v,,;,,4 is the ambient wind speed:

hout =28+ 3'vaind (6)

The temperature of the external radiation was considered as the sky temperature (Ty,),
which is expressed by Equation (7) [38], where T,,,; is the ambient temperature:

Ty = 0.0522T1>, @)

ky
The solar irradiation absorbed by the PV cells was considered as the heat generation
source term in the PV panels.

3.7. Solution Method

In this study, the continuity, momentum, and energy equations were solved using
the double-precision version of the commercial CFD package ANSYS Fluent computa-
tional tool. Based on the above assumptions, the finite-volume method was employed
using the SIMPLE coupled pressure—velocity solver for mass conservation. Convective,
diffusive-radiation, and turbulence terms were discretized using “second-order windward”
discretization, and the pressure was solved using the PRESTO algorithm. The convergence
criteria for the continuity, momentum, k-epsilon, and DO equations were set to 103, and
the energy equation was set to 107°. The maximum number of iteration steps was set
to 2000.

3.8. Model Validation

In order to verify the reliability of the CFD numerical model in this paper, the sim-
ulation results were compared and verified with the measured results of the naturally
ventilated BIPV system studied by Agathokleous et al. [32]. Because this paper focuses
on the thermal analysis of air-cooled channels with different sizes of naturally ventilated
photovoltaic wall panels, the measured data of the temperature points in the air-cooled
channels were compared with the simulation results, and the comparison results are shown
in Figure 4.

fox)
o

o
o

@
o

Average PV temperature (°C)
'S
o

X Agathokleous et al. (2018)
=== Numerical Simulation

n
f=}
T

0 20 40 60 80 100 120 140 160

Time (minutes)

Figure 4. Comparison results between numerical-simulation and experimental data.
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The validation studies were carried out in accordance with ASHRAE guideline 14 for
energy measurements, which uses two criteria to define the numerical model’s uncertainty:
the Normalized Mean Bias Error (NMBE) and the Coefficient of Variation of Root Mean
Square Error (CVRMSE). The corresponding equations are given in Equations (8) and (9),
where y; is the numerical-simulation value, y,.f is the experimental-measurement value,
Yyer is the average of the measured values, and 7 is the number of measurements:

n

NMBE = Y (ys() — Yres(s) / (Freg < 1) x 100 8)
i=1
n 2
CVRMSE = [ 2 (ys(i) - yref(i)) /n| /y,ef x 100 )
i=1

From Figure 4, it can be seen that the simulation results are in good agreement with
the experimentally measured parameters. The NMBE and CVRMSE values of the PV-panel
surface temperature are —0.79% and 1.93%, respectively, which are within the acceptable
calibration range of ASHRAE guideline 14. Therefore, the CFD simulation model proposed
in this paper is validated and its simulation results can be used as a basis for the study of
naturally ventilated PV wall panels.

4. Results and Discussion

In this paper, the geometric parameters of air-cooled channels in natural-ventilation-
type PV wall panels are investigated. The vertically arranged cooling fins separate the
flat-plate air-cooled channel shown in Figure 1 into a number of finned air-cooled channels,
as shown in Figure 2. To show the simulation content more clearly in this paper, the
parameters of the simulation cases are shown in Table 3. The thicknesses of the air-cooled
channels in Table 3 indicate the spacing between the PV panel and the wooden wall, and
the widths of the air-cooled channels indicate the distance between the fins. Because
the flat-plate air-cooled channel does not contain fins, there is no width of the air-cooled
channel in Case 1. The simulation work was divided into three groups. Group 1 included
Case 1 and Case 2, which were used to analyze the effects of flat-plate and finned air-cooled
channels on naturally ventilated PV wall panels with different thickness parameters. Group
2 included Case 3, Case 4, and Case 5, which were used to analyze the effects of finned air-
cooled channels with different widths on PV wall panels under three thickness parameters.
Group 3 included Case 6 and Case 7, which were used to analyze the effects of flat-plate
and finned air-cooled channels on PV wall panels under different levels of solar irradiance.

Table 3. Parameters of simulation cases.

Air-Cooled-Channel

Simulated Case Thicknesses Air-Cooled-Channel Solar Irradiance Ambient
Conditions (mm) Widths (mm) (W/m?) Temperature (°C)
Case 1 40, 60, 80, 100, 120, 140, .
c . 160, 180, 200 800 25
roup 40, 60, 80, 100, 120, 140,
Case 2 160, 180, 200 80
Case 3 40 20, 40, 60, 80, 100, 120
Group 2 Case 4 100 20, 40, 60, 80, 100, 120 800 25
Case 5 180 20, 40, 60, 80, 100, 120
Croup 3 Case 6 100 - 200, 400, 600, 800 95
P Case 7 100 20 200, 400, 600, 800
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4.1. Study on Different Thicknesses of Air-Cooled Channels

The vertical installation of cooling fins in natural-ventilation-type PV wall panels can
further enable the cold air in the air-cooled channel to exchange heat with the PV panels
and take it away. In order to study the changes in the temperature and velocity fields
of flat-plate and finned air-cooled channels under different thickness parameters, their
corresponding numerical models were established. Figure 5a shows the naturally ventilated
PV wall panels without heat dissipation fins, and Figure 5b shows the naturally ventilated
PV wall panels with vertically mounted heat dissipation fins. The simulations were carried
out for the cases in which the air-cooled-channel thicknesses (T,i;) were 40 mm, 60 mm,
80 mm, 100 mm, 120 mm, 140 mm, 160 mm, 180 mm, and 200 mm. For the geometrical
parameters of the finned air-cooled channel, the value of the width of the fins (Wg,) is the
same as the value of the thickness of the air-cooled channel (T ;).

— PV PV
; fin
Taiilt air-cooled channel TairJt \

air-cooled channel

wooden wall wooden wall
= [
Y Y

(a) (b)

Figure 5. Schematic diagrams of geometrical parameters of air-cooled channels: (a) flat-plate air-
cooled channels; (b) finned air-cooled channels.

4.1.1. The Temperature Distribution of BIPV System

Figure 6 shows the temperature field for flat-plate and finned air-cooled channels with
thicknesses of 40 mm and 100 mm. By comparing the temperature clouds (a) and (b), it can
be seen that the installation of cooling fins can increase the air temperature around the fins.
By comparing the temperature cloud diagrams (a) and (c), it can be seen that the air in the
narrower air-cooled channel is heated more sufficiently, and therefore the buoyancy of the
air is more intense. From Figure 6e,g, it can be seen that the narrower air-cooled channel
has a limited flow of cold air, and the heated air reaches a higher temperature value before
reaching the outlet of the air-cooled channel, which weakens the heat exchange between
the air and the photovoltaic panels, and therefore the temperature on the surface of the
photovoltaic panels near the outlet is at a higher level. A wider air-cooled channel provides
more cold air, and the cold air close to the heated wall surface of the photovoltaic panels is
sufficiently heated, while the cold air relatively far away from the heated wall surface is
not heated. Therefore, the air in the channel is always at a lower temperature, and the air
close to the exit still has a better cooling effect.

The peak temperatures in the air-cooled channels of the PV wall panels were analyzed
because excessive local peak temperatures can damage the PV-panel components and
affect their service life. Figures 7 and 8 show the temperature variations in the surface
of the PV panels in the flat-plate and finned air-cooled channels when the thicknesses of
the air-cooled channels were between 40 and 200 mm. As the thickness of the air-cooled
channel increased, the maximum temperature value on the surface of the PV panels in the
flat-plate air-cooled channel gradually decreased and reached a minimum at a thickness
value of 100 mm, with insignificant changes thereafter, which is similar to the measured
results of Agathokleous et al. [32] for this system. The average temperature of the PV-panel
surface increased first with the thickness of the air-cooled channel and then decreased
slowly, with the highest temperature at a thickness value of 140 mm.
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Figure 6. Temperature clouds of natural-ventilation-type PV wall panels: (a) outlet position of
air-cooled channels for Case 1-T,;;40; (b) outlet position of air-cooled channels for Case 1-T,;100;
(c) outlet position of air-cooled channels for Case 2-T,;,40; (d) outlet position of air-cooled channels
for Case 2-T,;,100; (e) side-section position of air-cooled channels for Case 1-T,;40; (f) side-section
position of air-cooled channels for Case 1-T,;;100; (g) side-section position of air-cooled channels for
Case 2-T,;;40; (h) side-section position of air-cooled channels for Case 2-Ty;, 100.
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As a result, the PV panels in the flat-plate air-cooled channel showed an increase
in the average temperature at lower peak temperatures, resulting in some decrease in
the electrical efficiency. Both the peak and average temperatures of the surface of the PV
panels in the finned air-cooled channel decreased with the increase in the thickness of the
air-cooled channel. Therefore, air-cooled channels fitted with cooling fins are beneficial
for the lifetime and electrical efficiency of naturally ventilated photovoltaic wall panels
compared to flat-plate air-cooled channels. When the width of the finned air-cooled channel
was 80 mm and the thickness was 100 mm, the average and maximum temperatures on
the surface of the photovoltaic panels decreased by 3.1 °C and 0.9 °C, respectively. When
the width of the finned air-cooled channel was 80 mm and the thickness was 200 mm, the
average and maximum temperatures of the surface of the PV panels decreased by 4 °C and
2.1 °C, respectively.

In order to further investigate the temperature distribution on the surface of the PV
panels, temperature monitoring points were set every 20 mm along the height direction of
the PV panels in the simulation. The temperature distributions on the surface of the PV
panels with air-cooled-channel thicknesses of 40 mm, 100 mm, and 180 mm are shown in
Figure 9. As can be seen from the figure, the overall temperature distribution in Case 2 is
lower than that in Case 1, which indicates that the heat dissipation fins were able to improve
the heat exchange between the PV panels and the cold air, which reduced the temperature
on the surface of the PV panels. When the thickness of the air-cooled channel was 40 mm,
the highest temperatures on the surface of the PV panels in Case 1 and Case 2 were obvious
and both occurred at the exit of the PV wall panels. When the thicknesses of the air-cooled
channel were 100 mm and 180 mm, the surface of the PV panels in Case 1 showed the
obvious highest temperature, while Case 2 showed good temperature uniformity.
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Figure 9. Comparison of temperature distributions along the height direction on the surface of
photovoltaic panels with different thicknesses of air-cooled channel.

In addition, Figure 10 shows the variation in the air temperature in the air-cooled
channel when the thickness was between 40 and 200 mm. From the figure, it can be seen
that the average temperatures of the air inside the channel in Case 1 and Case 2 decreased as
the thickness of the air-cooled channel increased, and the decrease gradually decreased. The
air temperature inside the finned air-cooled channel was about 2 °C higher than that inside
the flat-plate air-cooled channel, on average, indicating that the finned air-cooled channel
is favorable for air heat collection. The air reached higher temperatures at the outlet, and
the average temperature of the finned air-cooled channel at the outlet increased by more
than 2 °C. As the thickness of the air-cooled channel increased, the average temperature at
the outlet decreased; the decrease was not obvious when the thickness of the air-cooled
channel exceeded 100 mm.
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Figure 10. Comparison of air temperatures at different thicknesses of air-cooled channel.

Therefore, vertically mounted fins reduce the surface temperature of PV panels while
promoting air heat collection in air-cooled channels. Narrower air-cooled channels are
favorable for air heat collection, but, in this case, the PV panels are prone to higher peak
temperatures. In order to avoid the high peak temperatures on the photovoltaic panel
components that produce damage, a flat-plate air-cooled-channel thickness of 100 mm is
preferred, and a finned air-cooled-channel thickness of 100 mm can further reduce the
peak temperature.

4.1.2. Velocity Distribution of Air-Cooled Channels

As can be seen from Figure 11, vertically mounting the heat dissipation fins accelerates
the airflow rate around the fins in the air-cooled channel. As the thickness of the air-cooled
channel increases, the airflow rate in the channel shows an uneven distribution. The flow
rate distribution shows that the airflow rate near the hot wall is fast.

Velocity Magnitude
0.70
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0.49 (a) ()
0.42
0.35
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0.21
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Figure 11. Velocity clouds of air-cooled channels in naturally ventilated PV wall panels: (a) outlet
position of air-cooled channels for Case 1-T,;;40; (b) outlet position of air-cooled channels for Case
1-T,;;100; (c) outlet position of air-cooled channels for Case 2-T,;;40; (d) outlet position of air-cooled
channels for Case 2-T,;;100; (e) side-section position of air-cooled channels for Case 1-T,;40; (f) side-
section position of air-cooled channels for Case 1-T,;;100; (g) side-section position of air-cooled
channels for Case 2-T,;;40; (h) side-section position of air-cooled channels for Case 2-T,;;100.
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Figures 12 and 13 show the variation in the flow velocity in the air-cooled channel for
Case 1 and Case 2 between 40 mm and 200 mm. From the figures, it can be seen that as
the thickness of the air-cooled channel increased, the average and maximum airflow rates
decreased, which is due to the weakening of the air thermal buoyancy effect caused by more
cold air. As the thickness of the air-cooled channel increased, the finned air-cooled channel
showed better thermal buoyancy than the flat-plate air-cooled channel, which is due to the
installation of heat dissipation fins to further heat the air inside the air-cooled channel.
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Figure 12. Comparison of maximum air velocity values for different thicknesses of air-cooled channel.
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Figure 13. Comparison of average air velocity values for different thicknesses of air-cooled channel.

In order to further investigate the effect of the cooling fins on the airflow velocity in
the air-cooled channel, the variations in the air velocity field in Case 1 and Case 2 are given
for air-cooled-channel thicknesses of 40 mm, 100 mm, and 180 mm. Figure 14 shows the
velocity distributions along the air-cooled-channel thickness direction at z/H = 0.25, 0.5,
0.75,1, and x/S = 0.5. From the figure, it can be seen that the velocity in the channel is not
uniformly distributed, the airflow velocity is fast at the place near the hot wall surface and
slow at the place far away from the hot wall surface, and this feature is more obvious as
the air is moved via thermal buoyancy along the height direction. As the thickness of the
air-cooled channel increases, the overall airflow rate decreases. For the airflow rate in the
middle of the channel, the finned air-cooled channel has a faster flow rate than the flat-plate
air-cooled channel, which indicates that the installation of heat dissipation fins further
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heats up the air in the air-cooled channel and enhances the overall thermal buoyancy of the
air. As the thickness of the air-cooled channel becomes smaller, the thermal buoyancy of
the air inside the channel becomes more obvious.
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Figure 14. Comparison of air velocity distributions along the thickness direction of the air-cooled
channel: (a) case located at z/H = 0.25, x/W = 0.5; (b) case located at z/H = 0.5, x/W = 0.5; (c) case
located at z/H = 0.75, x/W = 0.5; (d) case located atz/H =1, x/W =0.5.

4.2. Study on Different Widths of Air-Cooled Channel

In this section, the temperature and velocity field variations in a finned air-cooled-
channel width in the range of 20-120 mm for naturally ventilated PV wall panels are
analyzed, and the geometrical models shown in Figure 15 are developed. The basic
parameters of the cases are shown in Table 3, which were simulated with air-cooled-
channel thicknesses of 40 mm, 100 mm, and 180 mm, and with widths of 20 mm, 40 mm,
60 mm, 80 mm, 100 mm, and 120 mm, respectively. For the geometrical parameters of the
finned air-cooled channel, the value of the spacing of the fins (Sg,) is the same as the value

of the width of the air-cooled channel (W;;).

Wair

PV

fin

air-cooled channel

wooden wall

|—x

Y

Figure 15. Schematic of the geometric parameters of the finned air-cooled channel in the naturally

ventilated photovoltaic wall panels.
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4.2.1. The Temperature Distribution of Air-Cooled Channels

Figure 16 shows temperature clouds for Case 4 at air-cooled-channel widths of 40 mm
and 60 mm. From Figure 16a,c, it can be seen that the air temperature of the air-cooled
channel at the exit was higher than that in the middle, and the air temperature was highest
near the hot wall surface. As can be seen from Figure 16¢,d, the air was heated more fully
as the width of the air-cooled channel was reduced.

Static Temgerature
65.00

61.00
57.00
53.00
49.00
45.00 (a) (c)
41.00
37.00
33.00
29.00
(b) (d) (e) ()

o0) 2500
Figure 16. Temperature clouds of air-cooled channels in natural-ventilation-type PV wall panels:
(a) middle position of air-cooled channels for Case 4-W,;,40; (b) outlet position of air-cooled channels
for Case 4-W,;;40; (c) middle position of air-cooled channels for Case 4-W,;60; (d) outlet position
of air-cooled channels for Case 4-W,;,:60; (e) side-section position of air-cooled channels for Case
4-W,;40; (f) side-section position of air-cooled channels for Case 4-W,;60.

The trend of the peak temperature on the surface of the PV panels is shown in Figure 17.
For the case in which the thickness of the air-cooled channel is 40 mm, the smaller the
width of the air-cooled channel, the higher the peak temperature on the surface of the PV
panel. It can be seen from Section 4.1.1 that an air-cooled-channel thickness of 40 mm is
insufficient to provide cold air, resulting in the air reaching a higher temperature before
it reaches the outlet. At this point, a higher peak temperature occurs near the exit of
the PV panel because the hot air becomes less capable of cooling it. For the cases with
air-cooled-channel thicknesses of 100 mm and 180 mm, the maximum temperatures of the
PV panels decrease with the reduction in the air-cooled-channel width, which is due to the
fact that the thickness of the air-cooled channel is able to provide enough cold air, and the
air inside the air-cooled channel still has a better cooling capacity despite the reduction in
the air-cooled-channel width. In the above case, when the width of the air-cooled channel
is between 60 and 120 mm, the maximum temperature of the surface of the PV panels does
not change significantly, and the width of the air-cooled channel is within the range of
20-40 mm, which has a good heat dissipation effect.

The trend of the average temperature on the surface of the PV panel when the width
of the air-cooled channel is from 20 mm to 120 mm is shown in Figure 18. For the case of an
air-cooled-channel thickness of 40 mm, changing the air-cooled-channel width parameter
has little effect on the average temperature of the PV-panel surface. For cases with air-
cooled-channel thicknesses of 100 mm and 180 mm, changing the air-cooled-channel width
parameter has a large effect on the average temperature of the PV-panel surface. As the
width of the air-cooled channel increases, the surface temperature of the PV panels increases
significantly, indicating that a finned air-cooled channel with a smaller width can transfer
more heat from the PV panels to the air.
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Figure 18. Comparison of average temperatures on the surface of PV panels with finned air-cooled
channels of different widths.

Figure 19a,b show the temperature distributions on the surface of the photovoltaic
panels when the thicknesses of the air-cooled channel were 40 mm and 100 mm, respectively.
Firstly, compared with Case 1, the temperature of the PV-panel surface was reduced in both
Case 3 and Case 4 due to the vertical installation of the heat dissipation fins. In addition, as
can be seen from Figure 19a, in Case 3, due to the narrower air-cooled-channel thickness
that could not provide sufficient cold air, a higher peak temperature was observed in the
upper part of the PV-panel surface, whereas, in Figure 19b, the overall temperature on the
surface of the PV panel decreased as the width of the air-cooled channel decreased due to
the 100 mm thickness of the air-cooled channel.

Figure 20 shows the temperature variation in the air at an air-cooled-channel width
from 20 to 120 mm. From the figure, it can be seen that the average temperatures of the air in
Case 3, Case 4, and Case 5 decreased as the air-cooled-channel width parameter increased.
In addition, compared to the PV wall panels with an air-cooled-channel thickness of 40 mm,
the air-averaged temperature of the PV wall panels with an air-cooled-channel thickness of
100 mm increased by about 8 °C. When the air-cooled channel had a thickness of 100 mm
and a width of 20 mm, the average temperature of the air increased by 5.6 °C compared to
the width of 120 mm, which indicates that the air inside the air-cooled channel had a better
cooling capacity under sufficient cold airflow, even though the width of the air-cooled
channel was small.
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Figure 19. Comparison of temperature distributions along the height direction of the PV-panel
surface: (a) Case 3; (b) Case 4.

46

—®— Case 3-air in channel
4+ ~—®— Case 4-air in channel
—~ —#A— Case 5-air in channel
v
s 42 +
e
> 40
=
]
5
a.38 \-\
—
£ -
+ 36 | L}
— o
= 2
go 34+ N
g .
> 32 —o
< e
SO,
80 TS
T A— 4 A
28 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Air-cooled channel width (mm)

Figure 20. Comparison of average temperatures of the air in the channel at different widths of finned
air-cooled channels.

Figure 21 shows the variation in the average temperatures of the air at the outlet for
Case 3, Case 4, and Case 5 for air-cooled-channel widths from 20 to 120 mm. When the
width of the air-cooled channel was less than 60 mm, the average temperature of the air
significantly increased. Therefore, in order to pursue a better heat dissipation effect of PV
panels, the thickness for the air-cooled channel that can provide a sufficient cold-air volume
should be selected, along with a smaller air-cooled-channel width. In order to pursue a
higher air heat collection effect, a smaller air-cooled-channel thickness should be selected,
along with a smaller air-cooled-channel width.

4.2.2. Velocity Distribution of Air-Cooled Channels

Figure 22 shows the velocity clouds for the air-cooled-channel widths of 40 mm
and 60 mm in Case 4, from which it can be seen that the airflow velocity is fast at the
position close to the hot wall surface. With the smaller width of the air-cooled channel,
the airflow velocity in the middle part of the air-cooled channel increases, which is due to
the installation of fins, so that the air inside the channel away from the hot wall surface is
heated, and the thermal buoyancy effect of the air is enhanced.
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Figure 21. Comparison of average temperatures of air in outlet at different widths of finned air-cooled
channels.

Velocity Magnitude

0.70
0.63
0.56
0.49
0.42
a C

0.35

0.28
0.21
0.14
0.07

(mis) 0.00 (e) ()

Figure 22. Velocity clouds of air-cooled channels of naturally ventilated PV wall panels: (a) middle
position of air-cooled channels for Case 4-W,;,40; (b) outlet position of air-cooled channels for Case
4-W,;y40; (c) middle position of air-cooled channels for Case 4-W,;60; (d) outlet position of air-
cooled channels for Case 4-W,;;60; (e) side-section position of air-cooled channels for Case 4-W,;,40;
(f) side-section position of air-cooled channels for Case 4-W;,60.

For natural ventilation under thermal buoyancy, the larger the air temperature differ-
ence, the faster the airflow rate. Figures 23 and 24 show the variation in the airflow rates of
air-cooled-channel widths between 20 and 120 mm for Case 3, Case 4, and Case 5. It can
be seen in Figure 23 that the average airflow rate of Case 3 gradually increases with the
increase in the air-cooled-channel width, and the average airflow rates of Case 4 and Case
5 first increase and then decrease. It can be seen in Figure 24 that Case 3, Case 4, and Case
5 have the lowest maximum velocity values when the width of the air-cooled channel is
20 mm, and the maximum velocity change is not obvious between 40 and 120 mm, which
indicates that the temperature difference of the air inside the air-cooled channel is very
small when the width is 20 mm, and the air is heated up sufficiently.
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Figure 23. Comparison of average air velocities for different widths of finned air-cooled channels.
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Figure 24. Comparison of maximum air velocities for different widths of finned air-cooled channels.

Figure 25 shows the air velocity field variations in the air-cooled channel in Case 4
for thicknesses ranging from 20 mm to 120 mm, where the measurement points are at
z/H=0.25,0.5,0.75, 1, and x/S = 0.5. From the figure, it can be seen that the air flows
upward in the air-cooled channel due to the effect of the thermal buoyancy force, and the
airflow velocity near the hot wall surface becomes faster, while the airflow velocity away
from the hot wall surface becomes slower. Along the height direction, the peak airflow rate
near the wall increases and the airflow rate away from the hot wall decreases. As the air
away from the hot wall surface is heated by the fins, the airflow velocity increases in the
region away from the hot wall surface as the fin spacing decreases.

4.3. Study on Different Solar Irradiations

The heat generation of the PV panels varies depending on the solar irradiation (SI)
levels, and the air-cooled channel is also affected. In this section, Case 6 and Case 7 are
analyzed at solar radiation intensities of 200 W/ m2, 400 W/m?2, 600 W/m?, and 800 W/m?,
and the maximum temperatures on the surface of their PV panels are shown in Figure 26.
As can be seen from the figure, the surface temperatures of the PV panels increased linearly
with the solar irradiance within the solar radiation intensity range of 200-800 W/m?. For
every 200 W/m? increase in the solar radiation intensity, the maximum temperature of the
PV-panel surface increased by about 8.4 °C for Case 6 and 7.4 °C for Case 7.
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Figure 25. Comparison of air velocity distributions along the air-cooled-channel thickness direction:
(a) case located at z/H = 0.25, x/W = 0.5; (b) case located at z/H = 0.5, x/W = 0.5; (c) case located at
z/H =0.75,x/W =0.5; (d) case located atz/H =1, x/W = 0.5.
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Figure 26. Comparison of the maximum temperatures of PV panels with different solar irradiations.

Figure 27 shows the average temperature changes on the surface of the PV panels in
Case 6 and Case 7 when the solar radiation intensity distribution was 200 W/ m?2, 400 W/m?,
600 W/m?, and 800 W/m?. As can be seen from the figure, the surface temperature
of the PV panel increased linearly with the solar irradiance within the solar radiation
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intensity range of from 200 W/m? to 800 W/m?. For every 200 W/m? increase in the
solar radiation intensity, the average PV-panel surface temperature for Case 6 increased
by 8.1 °C, and the maximum PV-panel surface temperature for Case 7 increased by about
6.2 °C. Figures 26 and 27 are sulfficient to show that the finned air-cooled channel possesses
a better cooling effect than the flat-plate air-cooled channel. According to the trend, the
higher the intensity of solar radiation, the more obvious the cooling effect of the finned
air-cooled channel.
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Figure 27. Comparison of average temperatures of PV panels with different solar irradiations.

In order to understand the PV surface temperature distributions of the above two
air-cooled channels under different solar radiation intensities, a temperature monitoring
point was set every 20 mm along the height direction of the PV panels; the temperature dis-
tribution graph is shown in Figure 28. As can be seen from the figure, at the solar radiation
intensity of 200 W/m?, the flat-plate-type and fin-type air-cooled channels maintained the
PV-panel surface temperature at a lower level, and the temperature uniformity as well. At
a solar radiation intensity of 800 W/m?, the flat-plate and finned air-cooled channels had
very high temperatures and poor temperature uniformities. As the intensity of the solar
radiation increased, the finned air-cooled channel had a more significant cooling effect
compared to the flat-plate air-cooled channel. Therefore, installing fins in the air-cooled
channel can better enable the air cooling of PV wall panels under higher solar radiation.
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Figure 28. Comparison of temperature distributions along height direction on surfaces of photovoltaic
panels with different solar irradiations.
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Figure 29 shows the average temperature changes of the air inside the air-cooled
channels for Case 6 and Case 7 at different solar radiation levels. From the figure, it can be
seen that the average temperatures of the air inside the two air-cooled channels increased
with the increase in the solar radiation intensity, and the finned air-cooled channel showed
a better heat collection effect than the flat-plate air-cooled channel. When the intensity
of the solar radiation was 200 W/m?, the temperature difference between the two air-
cooled channels was about 3 °C. When the solar radiation intensity was 800 W/ m?, the
temperature difference between the two air-cooled channels was about 6.7 °C.

36 P
5 ,,./
o 34k
&
=}
B
]
g
Q.32 | 2
§
] 7
i
=
IS
% or o =
o _—
)
> P
< 28 -
—®— Case 6-air in channel
@ Case 7-air in channel
26 L L 1 !

200 400 600 800

Solar irradiance (W/m?)

Figure 29. Comparison of average temperatures of air in channels with different solar irradiations.

Figure 30 shows the variations in the average air temperatures at the outlet of the
air-cooled channels for Case 6 and Case 7 at different solar radiation intensities. From
the figure, it can be seen that the trend of the average air temperature change at the exit
is similar to that in Figure 29. When the solar radiation intensity was 200 W/ m?2, the
temperature difference between the two air-cooled channels was about 4.5 °C. When the
solar radiation intensity was 800 W/m?, the temperature difference between the two air-
cooled channels was about 11.2 °C. Comparing the results of the data in Figures 29 and 30,
it can be seen that the finned air-cooled channel had a better heat collection effect as the
solar radiation intensity increased. Therefore, installing fins vertically in the air-cooled
channel not only cools the PV panels better but also has a better air heat collection effect.
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Figure 30. Comparison of average temperatures of air in outlet with different solar irradiations.
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5. Conclusions

In this paper, the vertical installation of heat dissipation fins in the air-cooled channels
of natural-ventilation-type PV wall panels is considered. The CFD numerical model of
the natural-ventilation-type PV wall panels has been established and verified, and the
temperature field and velocity field variations in the air-cooled channel with different size
parameters have been analyzed. The conclusions of this study are as follows:

(1) Finned air-cooled channels provide enhanced cooling for PV panels. As the thickness
of the finned air-cooled channel increases or the width decreases, the peak and average
temperatures at the back of the PV panel decrease significantly. When the thickness
of the finned air-cooled channel is 100 mm and the width is 20 mm, the maximum
and average temperatures on the surface of the PV panels decrease by 3.9 °C and
8.1 °C, respectively, compared with the flat-plate air-cooled channel with a thickness
of 100 mm;

(2) Finned air-cooled channels have a better air heat collection effect. As the thickness of
the finned air-cooled channel decreases or the width decreases, the air temperature
at the outlet of the air-cooled channel increases significantly. When the thickness
of the finned air-cooled channel is 100 mm and the width is 20 mm, the average
temperature of the air at the outlet increases by 11.2 °C compared with that of the
flat-plate air-cooled channel with a thickness of 100 mm;

(3) In the flat-plate air-cooled channel, the airflow rate distribution shows that the flow
rate is fast in the area near the hot wall and slow in the middle area of the air-cooled
channel. The vertical installation of cooling fins will increase the airflow rate in the
middle area of the air-cooled channel, and, as the width of the air-cooled channel
becomes smaller, the airflow rate in the middle area will increase more obviously;

(4) Finned air-cooled channels have better photovoltaic-plate-cooling and air heat col-
lection capacities than flat-plate air-cooled channels. With the increase in the solar
radiation intensity, this trend becomes more obvious.
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