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Photovoltaic/thermal (PV/T) is a solution for solar energy conversion devices to increase
their efficiency. One of the challenges of PV/T is maintaining the temperature at optimal
working conditions. Various studies have been conducted to improve PV/T performance, one
of which is through the design of thermal collectors on PV/T. In this study, Computational
Fluid Dynamics (CFD) simulations were conducted using four different types of channels:
circular, hexagonal, semi-circular, and square. The channels were made with the same tube
cross-sectional area and mass flow rate of 0.0016 m? and 0.0096 kg/s, respectively. The
simulation results show that the circular channel numerically gives the lowest PV cell
temperature, 317.95 K, with an electrical efficiency of 14.70% and a thermal efficiency of
44.18%. This is because the water velocity in the circular channel can be faster than the other
channels. The circular channel has a thinner boundary layer, so the velocity is maximized,

and the heat transfer rate increases.

Flow geometries;

Flow characteristics.
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1. Introduction

In recent decades, photovoltaic thermal
(PV/T) has been widely developed due to its
higher efficiency compared to the use of ordinary
photovoltaic (PV) modules [1]. PV/T is PV
combined with thermal collectors to increase its
efficiency [2]. During midday, the intensity of
solar radiation reaches its peak, decreasing PV
performance [3]. Increasing the temperature of
the PV will increase the electric current
generated. Excessive current is less necessary
because the voltage will decrease [4].

Many researchers have found the optimal
working temperature of PV around 25°C [5].
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However, in countries near the equator, the
ambient temperature is higher than at the far end
due to the ellipsoid shape of the earth. [6]. These
conditions can reduce the performance of PV
work if the heat received accumulates in PV cells.
The thermal efficiency of PV/T is in the range of
28-45%, and the electrical efficiency is in the
range of 10.6-12.2% [7, 8]. The decrease in cell
efficiency is typically a 0.4% per °C increase in
temperature [9]. If the temperature exceeds the
acceptable capability (around 80°C), the PV cell
will be damaged [10]. For this reason, the PV
must be kept at its optimal working temperature.
One of the steps that can be taken is to combine
thermal collectors on PV. In addition to cooling,
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the heat from the cooling fluid (generally using
water because its density and thermal
conductivity are quite high and easy to obtain)
can be reused as a household water heater on an
industrial scale [11].

Some previous experiments have looked at
replacing the coolant, and some have improved
the channel design [12, 13]. Coolant replacement
is done with liquids with higher thermal
conductivity, usually ethylene glycol. However,
using such fluids is unrealistic and requires
expensive maintenance [14]. Another step that
can be taken is to modify the water channel, such
as the flow pattern, channel shape, or material
used. The channel is the most influential factor in
the heat transfer process [15]. There are other
studies that vary the geometry of circular,
rhombus, and elliptic, with results that the elliptic
is the best and can produce 14.56% of electricity
[16]. Some researchers have also compared
several channel shapes, such as circular [15, 17,
18, 19], semi-circular [19, 20], and square [19]. A
comparison of square and circular channels was
carried out, resulting in circular geometry having
a higher fluid flow rate [17, 18]. Other studies
have also compared channels with circular, semi-
circular, and square shapes. The results show
that the semi-circular shape gives higher
efficiency [19]. Another study compared squares,
circles, and triangles, resulting in the triangle
being the best because it gets the minimum
temperature of 301.01 K when G is 1000 W/m?
and the flow volume is 0.0005 m3/s [21].

With these different experimental results,
Computational Fluid Dynamics (CFD)
simulations comparing PV cell channel
geometries with circular, semi-circular, square,
and hexagon shapes were conducted in this
study. The simulation is controlled with the same
cross-sectional area design and tube length. The
simulation results will be reviewed in terms of
the final temperature of the PV as well as the
characteristics of the fluid flow.

2. Methods

2.1. Governing Equation

The simulations carried out in this study refer
to the equilibrium equations. The results
obtained are expected to represent the actual
situation. The mass conservation equation, or
what can be called mass conservation, is a
fundamental principle that states that the total
mass in a closed system is constant over time.

am
dt
where dM is the change in mass while dt is the
change in time.

1)
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Conservation of momentum is closely related
to the Navier-Stokes equation, which states that
the total momentum in a fluid system remains
constant if no external force is acting on the

system. The Navier-Stokes equation for
incompressible fluids can be written as:

a
p(a—:+ (vV)v) = —-Vp + Vi + pg (2)

where p is the fluid density, v is the velocity
vector, t is time, p is pressure, T is the viscous

stress tensor, and g is the gravitational
acceleration.

The three-dimensional heat conduction
equation describes the three-dimensional

temperature distribution of solids against time. It
is a partial differential equation that describes
heat transfer through conduction. The general
form of the 3D heat conduction equation in
Cartesian coordinates is given by

pc (a—T> = V(kVT) + Q (3)

Jat

where p is the density of the fluid, c¢ is the
material's specific heat capacity, T is the
temperature, t is the time, k is the thermal
conductivity, and @ is the heat generation.

2.2. Model Design

The initial stage was modeling using Autodesk
Inventor software. The model consists of three
parts, namely the PV cell part, the absorbance
part, and the fluid part. The PV cell is described as
a plate with characteristics resembling a PV cell,
with specifications shown in Table 1. The spiral
flow shape (Fig. 1(a)) is used in this simulation
because it is considered to be the most effective
in conducting heat and this shape covers the
entire surface area of the absorber plate. [22].
The arrangement of components from the top is a
PV cell with an absorber plate at the bottom. The
tube is attached directly to the absorber plate

(Fig. 1(b)).

This simulation created four types of tube
geometries: circular, semi-circular, square, and
hexagonal. All variations are controlled with the
same cross-sectional area of 0.0016 m? with each
size shown in (Fig. 2). The length of the pipe, I is
made the same as 18.9 m, with the thickness of
the pipe made 0.003 m. The material used in the
pipe is copper, which is directly attached to the
absorbent plate. Each geometry's hydraulic
diameter (D) will be different by making the
same cross-sectional area. Each circular,
hexagonal, semi-circular, and square channel has
a D, of 0.0381, 0.0399, 0.0390, and 0.0400 m,
respectively.



Antara et al. / Journal of Heat and Mass Transfer Research 11 (2024) 297 - 306

Absorber Plate

(a) (b)
Fig. 1. PV/T experimental design model: (a) design of spiral channel fluid part and (b) PV/T model design component arrangement.

Table 1. PV/T Design Specifications

Component Parameter Value
PV Module [20] Material Monocrystalline
LxW (m) 1.64x0.98
Thickness, T (m) 0.005
Thermal Conductivity, k (W/m. K) 148
Density, p (kg/m3) 2330
Specific Heat Capacity, C, (J/kg. K) 677
Absorber plate Material Copper
LxW (m) 1.64x0.98
Thickness, T (m) 0.005
Thermal Conductivity, k (W/m. K) 401
Density, p (kg/m3) 8300
Specific Heat Capacity, C, (J/kg.K) 390
0.0248 m 0.0400 m

l 0.0451 m

N

0.0638 m

(]

Fig. 2. Dimensions of PV/T tube

Inner diameter is used in tubes to equalise the
cross-sectional area of all fluid channels. Through
the law of conservation of mass, the mass flow
rate is influenced by fluid density (in this case, the
fluid used is water), cross-sectional area, and
fluid flow velocity. By controlling the cross-
sectional area to be the same, the temperature of
the PV cell will be affected by the water velocity
and density. The mass flow rate influences the
convection heat transfer from the tube wall to the
water. Thus, the effect of temperature on the PV
cell can be seen from the velocity phenomenon in
the tube.

This simulation follows the standard test
condition (STC), defined as G at 1000 W/m? (1
kW/m?2) of midday sunlight when the PV cell is at
a standard ambient temperature of 25°C. The
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boundary conditions in this simulation include
convection heat transfer, h in the PV cell at 5 W/
m? °C, with constant heat received by the PV cell
G at 1000 W/m?2. The ambient temperature is 298
K. No heat loss occurs in the PV, except
convection. The PV cell fully absorbs the heat flux
from the sun; in other words, the absorption
capacity of the PV cell is assumed to be one. No
contact resistance is taken between the PV and
the absorber plate. The simulation model is a
fluid-structure interaction (FSI) coupled system
between water and tube walls. The four
variations of the channel geometry are given the
same initial mass flow rate of 0.0096 kg/s.
Finally, the achieved electrical and thermal
efficiency of the PV/T is considered to be the
performance of this simulation.
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2.3. PV/T Work Evaluation

For evaluation in this experiment, the
following equations were used to determine the
value of PV/T efficiency. To see the electric
performance of PV/T, the following equation is
used:

Nelec = nref[l - .B(TCell - Tref )] (4)
where nrefis the efficiency of the PV module at the
reference temperature [23], f = 0.0045 is the
temperature coefficient [24]. Tgey; is the final
temperature of the PV cell, and T, is the
reference temperature of conventional PV of
25°C.

The thermal efficiency of PV/T can be
reviewed through the following equation:

Com (T, — Tp)
GA
where C, is the specific heat of the cooling fluid
J(kg. K), m" is the mass flow rate of the cooling
fluid kg/s, G is the solar radiation W/m?, A is the
area of the PV/T collector m2, To and T,, are the

initial temperature and outlet temperature of the
water.

(5)

Nen =

The overall efficiency of PV/T results from
accumulating electric efficiency with thermal
efficiency.

Noverall = Metec T Nthermal (6)
2.4. Meshing Evaluation
Meshing is done to facilitate the

computational process by dividing the geometry
into simpler elements. In addition, meshing
affects the level of accuracy of the simulation
model's conformity to actual conditions. In the
meshing process, it is necessary to know the
quality of the meshing to see the accuracy of the
resulting solution. Meshing is done directly in
ANSYS software (Fig. 3). It is important to
consider the optimal number of elements to
provide accurate and consistent results. Grid
independency ensures that the simulation results
do not depend on the size or density of the mesh
used. In this simulation, a study on grid
independency has been carried out which is
shown in Fig. 4. From the experiments conducted,
it has been found that the convergence point
starts when the element number is 448,706 with
a PV temperature reached 319.07 K when the
element size is given 5 mm. At element sizes of 4
mm and 3 mm, the resulting temperatures are
relatively the same, 319.07 and 319.08 K,
respectively.

300

Fig. 3. Model mesh
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Fig. 4. Grid Independence study

Since the tube area is the same, the difference
in the number of elements that occur in each tube
is not significant. Therefore, in this simulation, an
element size of 5 mm is chosen to simplify the
numerical calculation process. The average
number of nodes and elements of all channels are
673,816.75 and 446,278, respectively. The
average quality of orthogonality was 0.72, and
skewness was 0.27. These quality values are
already in the "Very good" range on the metric
spectrum (Fig. 5), so the model is suitable for
simulation.

Skewness mesh metrics spectrum:

Excellent  Verygood
0:0.25 0.25:0.50

Good
0.50-0.80

Acceptable Bad
080094 095097

Unacceptable
0.98-1.00

Orthogonal Quality mesh metrics spectrum:

Unacceptable ~ Bad
00,001 0.001-0.14

Good
0.20-0.69

Excellent
0.95-1.00

Acceptable
0.150.20

Very good
0.70-0.95

Fig. 5. Mesh metrics spectrum [25].
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3. Results and Discussion

The following section describes the results of
the simulations carried out in this study.

319.0
318.5
318.0
3175
317.0

316.5

Temperature [K]

316.0

315.5

315.0
Circular

Hexagonal Semi-circular

Square

Geometry of tubes

Fig. 6. Average temperature of the PV cell.

3.1. Temperature on PV Cells

The simulations carried out have followed the
method described previously with reference to
existing literature. The simulation results in Fig.

Temperature
Contour 3
3130

2702

] 52044

M 320.57 Max
316.11
313.33
L 310.56
307.91 Min
305

(@)

K1

Temperature
Contour 3

32444
321.93 Max
318.89
31611
313.33

309.11 Min
305

L

Fig. 7. Simulated temperature distribution of PV cells: (a) circular; (b) semi-circular; (c) hexagonal; (d) square.

6 are four-channel variations that show the
differences visually. The numerical results of the
average temperature are used to describe the
temperature distribution that occurs in the PV
cell. The average temperature in the PV cell is
presented using a bar graph shown in Fig. 6. The
data is taken directly through ANSYS software.

The bar graph (Fig. 6) shows the lowest
average temperature of PV cells with circular
channel tubes. The lower the temperature,
increasing the heat transfer in the PV cell. When
compared, the circular channel is the best in this
case, followed by the semi-circular, hexagonal,
and square channels. When associated with the
condition of the PV cell in Fig. 6 with the average
temperature, the results correspond to the
lowest temperature reached by the PV cell in the
circular pipe with a dominant dark green
temperature gradient (Fig. 7(a)). In contrast, the
square tube (Fig. 7(d)) has many yellow
gradients, indicating a high temperature. The
average PV temperature in the circular channel is
317.95 K, while in the square channel it is 318.99
K. The semi-circular and hexagonal channels are
318.87 Kand 318.59 K, respectively.

Temperature

Contour 3

301

[K]

330

3
32444
321.37 Max (b)
3611
31333
309.24 Min

305

Temperature
Contour 3

P |
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Fig. 8. (a) Average water temperature and (b) average water outlet temperature.

3.2. Cooling Water Condition

Temperature conditions in water need to be
considered to see the ability of water to absorb
heat from variations in channel geometry. The
average water temperature (Fig. 8(a)) in the
circular channel is the highest at 317.27 K
Furthermore, semi-circular, hexagonal, and
square are 317.18 K, 317.11, and 316.97 K,
respectively. If correlated with the temperature
conditions in the PV cell (Fig. 7), the magnitude of
the average water temperature is directly
proportional to the temperature drop in the PV
cell. The circular channel also has the highest
water outlet temperature, 318.57 K. However,
the semi-circular channel has a lower outlet
temperature than the hexagonal, although, from
the average water temperature, the semi-circular
has a higher temperature than the hexagonal.

The difference between the two geometries is
not much different between the hexagonal and
semi-circular channels, which are 318.48 K and
318.41 K, respectively. However, when viewed

Velocity
Streamline 1

l 1.015e-02

7.613e-03

| f5075e-03

2.538e-03

I 0.000e+00

[m st1]

4

from the outlet mass flow rate, the hexagonal
channel has a higher mass flow rate of
0.0071870402 kg/s than the semi-circular
channel 0f 0.0071638781 kg/s. The occurrence of
unnoticeable temperature differences is due to
the cross-sectional area that is kept the same,
resulting in the magnitude of the convection
value is relatively the same. This condition is in
accordance with Lin's statement that the amount
of convection is influenced by the heat transfer
surface area [26]. The difference is caused by the
varying channel shapes.

The insignificant temperature difference must
be seen by comparing the velocity streamline in
each channel. Fig. 9 shows the results of the
velocity streamline viewed from the top view.
Visually, it can be seen that the circular and semi-
circular streamlines (Fig. 9(a) and Fig. 9(b)) have
almost relatively the same line colour gradient.
However, in the hexagonal and square channels
(Fig. 9(c) and Fig. 9(d)), there are very many dark
blue gradient lines, indicating that there are
many low velocities in the water flow.

Fig. 9. Top view of water streamline velocity: (a) circular; (b) semi-circular; (c) hexagonal; (d) square.
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Fig. 10. Water streamline velocity section at the turn: (a) circular; (b) semi-circular; (c) hexagonal; (d) square.
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Fig. 11. Velocity distribution over the cross-sectional area of the PV/T channel: (a) circular;
(b) semi-circular; (c) hexagonal; (d) square.

A closer look at the cut section of the turn
reveals that the velocity of the circular channel
(Fig. 10(a)) is predominantly red, indicating that
the water velocity is quite high, unlike the square
geometry (Fig. 10(d)) which is dominantly blue
which indicates that the water velocity is
relatively low. So, it can be concluded from the
temperature conditions that occur in the PV cell
and the temperature of the water that the faster
the speed of the water in the channel pipe, the
faster the heat transfer occurs. This is also in the
context of convection heat transfer through fluid
flow in the form of water; the faster the flow of
water is, the more energetic the moving particles
will be in transferring heat. Based on the
temperature drop compared to the hydraulic
diameter, it is in accordance with Hissouf et al.
findings that the hydraulic diameter (Dx) affects
the convection heat transfer coefficient between
the working fluid and the tube wall. The smaller
the Dp, the greater the heat transfer coefficient
[19].

The velocity distribution over the cross-
sectional area of the channel is shown in Fig. 11.
Samples of the section are taken equally on all
channels. It can be seen from the velocity contour
that the circular channel has a thin boundary
layer compared to other channels. In the square
channel, it is clear that the contour with a thick
dark blue colour indicates that the velocity in that
area is zero. In contrast to the circular channel,
the centre is red, indicating a higher maximum
velocity than other channels.
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3.3. Efficiency

As an evaluation of the simulation conducted,
the electrical and thermal efficiency calculation is
carried out by referring to the Egs. (4-6)
described in the methods section. Based on the
bar graph in Fig. 12, it can be seen that the highest
overall efficiency is achieved by the circular
channel followed by semi-circular, hexagonal,
and square.

60
50
40
10

20

Efficiency [%]

Circular Hexagonal Semi-circular

= Eff. Thermal

Square

® Eff. Electric = Eff.Overall

Fig. 12. Bar graph of efficiency at PV/T

The circular channel has the highest electric
efficiency of 14.70%. Furthermore, the efficiency
of semi-circular, hexagonal, and square are
14.65%, 14.63%, and 14.62%, respectively.
Electric efficiency is affected by the average
temperature of the PV cell. The lower the
temperature on the PV cell, the more efficiency
that occurs with reference to the STC reference
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temperature. Furthermore, the highest thermal
efficiency is in the circular channel at 44.18%, the
semi-circular channel at 43.90%, the hexagonal
at 43.64%, and the square at 43.46%.

The results of Baranwal et al. [20], who
simulated the geometry of the PV/T cooling
channel, suggested that the highest efficiency was
found using a mass flow rate of 0.030 kg/s at
15.48%. The efficiency given is indeed higher but
requires a high flow rate, which, of course, also
increases the pump power. When viewed at the
same mass flow rate in the study (about 0.0097
kg/s) with our simulation, the electrical
efficiency that can be generated is 14.59% when
G at 1000 W/m2. When compared to the current
simulation, the increase in electrical efficiency
that occurs is not significant enough, but it is
necessary to consider how the water flow
conditions when given the same cross-sectional
area with a minimum flow rate.

Another study by Sardouei et al [18]
simulated 30, 60, 90, and 180 L/h of water flow
with a circular cross section and found that the
electrical efficiency of the same type in this
simulation was 11.32% when given a flow rate
close to that in this case of 30 L/h (0.0083 kg/s)
when G at 1000 W/m?2.

This condition is in accordance with the
results obtained by Emmanuel et al., who stated
that the higher the temperature of the PV will
reduce the electricity generated [17]. The inlet
and outlet temperatures of the water influence
thermal efficiency. The higher the outlet
temperature of the tube in a PV/T system, the
higher the thermal efficiency can be. This is
because the temperature difference between the
incoming and outgoing fluids affects the thermal
energy efficiency. The study by Ewe et al. found
that the highest thermal efficiency was recorded
when the temperature difference between the
outgoing and incoming fluids was the highest
[27].

4. Conclusions

Photovoltaic thermal (PV/T) has recently
undergone many developments to increase its
efficiency. Thermal coupling of the collector helps
to keep the PV temperature at its optimum
working temperature. However, the temperature
of PV that has been combined with thermal
collectors still needs to be developed to get
higher efficiency. In this experiment, a simulation
using computational fluid dynamics (CFD) was
carried out to see the performance of water flow
in reducing the temperature of the PV cell
through four variations of channel pipes: circular,
hexagonal, semi-circular, and square. The
settings given to the tubes include the same
cross-sectional area and mass flow rate of 0.0016
m?2 and 0.0096 kg/s, respectively. From the

304

results obtained, it can be concluded that the
circular channel achieves the lowest temperature
in the PV cell. The circular channel is better
because the space utilisation on the channel is
greater than that of other channels. This is
evidenced by the boundary layer on the circular
channel, which is thinner. The thinner the
boundary layer formed, the higher the water
velocity in the centre of the tube, and the heat
resistance between the water and the pipe wall
will be reduced so that the heat transfer becomes
better. In contrast to the square channel, which
has an angle, the corner experiences a significant
decrease in velocity due to the whirlpool. The
impact of a high-temperature drop on the PV cell
will increase the water outlet temperature so that
the thermal efficiency becomes higher. In
addition, the size of the mass flow rate affects the
amount of heat transfer that occurs. Electrical
efficiency is influenced by the final temperature
of the PV cell, the magnitude of which is 14.70%,
14.65%, 14.63%, and 14.62%, respectively, in
circular, semi-circular, hexagonal, and square
channels. The thermal efficiency achieved is

44.18%, 43.90%, 43.64%, and 43.46%,
respectively.

Nomenclature

L Length [m]

w Width [m]

T Thickness [m]

l Length of tube [m]

Dy Hydraulic Diameter [m]

k Thermal Conductivity [W/m. K]
Cp Specific Heat Capacity [J/kg. K]
M Mass [kg]

t Time [s]

v Velocity [m/s]

g Gravitational acceleration [m?]
p Pressure [Pa]

T Temperature

m Mass flow rate [kg/s]

G Solar radiation [W/m?]

A Area of PV [m?]

h Convective heat transfer coeff. [W/m2 °C]
Q Heat generation [J]

Greek Symbol

p Density [kg/m3]

|4 Divergence

T Viscous stress [Ns/m?]

n Efficiency [%]

Temperature Coeficient of PV
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