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Mathematical modeling of a three-dimensional PVT system is considered and solved using the FEM. Numerical simulation is
applied to explore the influence of solar irradiance on the thermal energy, electrical power, and total efficiency of this system.
Water is considered HTF. The solar irradiance, inlet fluid mass flow rate, ambient temperature, and partial shading are all
chosen in the range of 200-500W/m2, 30-180 L/h, 10-37 °C, and 0-30%, accordingly based on the weather condition of
Bangladesh. The effects of irradiance, fluid flow rate, ambient temperature, and partial shading on temperatures of cell and
output fluid, electrical power and thermal energy, electrical efficiency-thermal efficiency, and total efficiency of this system are
examined. Numerical results show that increasing each 100W/m2 solar irradiance enhances the cell and outlet temperatures
and electrical and thermal energy by 2.17 and 0.54 °C and 20.7 and 113.3W, respectively, and devalues the electrical, thermal,
and overall efficiencies approximately 0.17, 0.67, and 0.83%, respectively. The cell and output water temperature reduce almost
0.6 and 0.83 °C, respectively; electrical and thermal energy rise by 0.30 and 3.07W, respectively, and the electrical, thermal, and
overall efficiencies escalate about 0.04, 0.4, and 0.44% for every 10 L/h mass flow rate increment. Due to each 10 °C increment
of ambient temperature, cell and output water temperature increase 1.7 °C and 0.05 °C, electrical energy decreases to 0.9W,
thermal energy increases to 9.89W, and electrical efficiency reduces about 0.1%.

1. Introduction

In the field of renewable energy, photovoltaic (PV) modules
are among the most beneficial, long-lasting, and non-
harmful technologies. It provides a longer service life while
requiring the least amount of maintenance. PV components
are inexpensive, simple to create, and enable production
ranging from micro to megawatts. A 3D numerical system
for a module of PV was developed and solved by Nasrin
and Hossain [1] using COMSOL Multiphysics, a FEM
technique-based software. According to their findings, for
solar irradiance of 209W/m2, Rajshahi has the highest value
of electrical power (15.14W). At an irradiance intensity of
189W/m2, Sylhet has a maximum electricity efficiency of
12.85 percent. For every 1° increase in inclination angle, elec-

trical power and efficiency both fall by 0.06W and 0.05%.
The level of efficiency also declines from 14.66 to 11.32%
as the area of partial shading increases from 0 to 40%. The
electrical output and electrical efficiency of a PV module
are affected by roughly 0.01W and 0.01% for every 1 °C
increase in solar cell temperature, respectively. Moreover,
Rahman et al. [2, 3], El-Sebaii et al. [4], Hussein et al. [5],
and Singh and Ravindra [6] also worked regarding this issue.

Nasrin et al. [7] demonstrate how a concentrator can
improve the overall output of a PV module by enhancing the
influence of high solar irradiance. Moreover, Nasrin et al. [8]
also observed that, for raising irradiance from 1000 to
5000W/m2 with an optimal flow rate of 180L/h, thermal
and electrical energy rises from 1165 to 5387W and 197 to
983W, respectively. At the greatest irradiance level of
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5000W/m2, thermal, electrical, and total efficiency are deter-
mined to be around 71, 10.6, and 81.6%, respectively.

Because of its endless supply, diversified conversion
technologies, and environmentally beneficial nature, solar
energy is widely regarded as the maximal promising alterna-
tive source of energy. A hybrid photovoltaic thermal (PV/T)
system is a high-efficiency solar energy system that can pro-
duce both heat and electricity from a single physical struc-
ture. The hybrid collector’s main challenge is to efficiently
extract and transfer the heat. To overcome the above-
mentioned difficulty, Nahar et al. [9] designed a PV/T sys-
tem with a revolutionary design of a thermal collector that
does not include the absorber plate. The outdoor experiment
was done by them in Malaysia’s typical climate, and a water
elevation head has been employed to provide passive cooling
for the photovoltaic module. The results of numerical simu-
lations and experimental observations are found in better
accordance. Under irradiance levels of 1000W/m2 and the
input and ambient temperatures of 34 °C, the values of
numerical and experimental analysis for the maximal total
efficiency of the photovoltaic thermal system were deter-
mined to be 84.4% and 80%, respectively.

Additionally, only 15–20% of the irradiance impacting
on the solar module is converted to electrical energy, with
the rest being converted to heat and reducing electrical effi-
ciency. Consequently, a hybrid PVT system is the best solu-
tion for harnessing both thermal and electrical energy. In
addition, phase transition materials improve the cooling of
PV cells and storage of heat. According to Fayaz et al. [10],
the maximum electrical efficiency of a photovoltaic thermal
system may be attained numerically and practically to be
12.4% and 12.28%, respectively. Similarly, the efficiency ðηeÞ
of PVT-PCM is found to be 12.75% in the experimental case
and 12.59% in this numerical scenario. The performance of
electrical of the PVT system has improved by 10.13 and
9.2%, respectively. The electrical performance gain for PVT-
PCM is calculated to be 12.91% mathematically and 12.75%
empirically. According to Ashikuzzaman et al. [11], when
PCM is employed in a photovoltaic thermal system, the tem-
perature of the solar cell drops, as well as the output power
and efficiency increase. Moreover, Fayaz et al. [12] also show
that, when PCM is added to PVT system, the PV module
reduces cell temperature by 12.6 °C to 10.3 °C, numerically
and experimentally, respectively. Maximum efficiency ðηeÞ
achieved for PV is 13.72 and 13.56%, and for PVT, it is
13.85 and 13.74%, respectively. Furthermore, electrical effi-
ciency is also reached empirically and numerically for PVT-
PCM at 13.87 and 13.98%, respectively. Performance in elec-
trical terms is enhanced by 6.2 and 4.8% in the PVT system
and by 7.2 and 7.6% in the PVT-PCM system, numerically
and empirically, respectively.

Photovoltaic thermal (PVT) systems face a few issues in
maintaining the PV working temperature, one of which is
effective cooling. Using nanofluids is one of the greatest
strategies to raise the rate of heat transfer in the photovoltaic
thermal system. Nasrin et al. [13] created a numerical model
that may be used to construct several types of thermal collec-
tor systems using various materials. It has been determined
that a PVT system based on nanofluid is more effective than

a water-based one. Photovoltaic thermal systems using
water/Cu, water/Ag, and water/Al nanofluids had a thermal
efficiency of 7.08, 7.49, and 4.97%, respectively, as compared
to water. Every 1 °C increment in input temperature reduces
the recovered energy of thermal by 52.69, 53.13, 42.37, and
38.99W for water/Al, water, water/Cu, and water/Ag nano-
fluids, respectively, from the PVT system. The heat flux from
the heat exchanger to the cooling fluid increases by 27.45,
18.43, and 31.37% for the PVT. Furthermore, Nasrin et al.
[14] also show that, by adopting a water-cooling system,
the percentage of improved PV performance was found to
be 9.2% in the experimental scenario. Using nanofluid
instead of water results in higher thermal performance of
about 4 and 3.67% in computational and experimental
investigations, respectively. The total efficiency of the PV
thermal system run by nanofluid at the irradiance level of
1000W/m2 is found to be 89.2 and 87.65% during numerical
and experimental research, respectively. Odeh and Behnia
[15] also worked on this matter.

Partial shading has a variable impact on electricity gen-
eration of PV module and that impact on the performance
of PV is investigated by Al Mamun et al. [16]. With a 25%
shade and irradiance level of 600W/m2, the impact factor
of shading was 1.25, whereas, for 75% area of shading, it
was 0.86. The electrical power production increased by
3.89, 3.37, 2.27, and 2.02W at 0, 25, 50, and 75% shade,
respectively, in terms of increasing irradiance 100W/m2.
At 75, 50, 25, and 0% shade, the level of efficiency raised
by 0.22, 0.25, 0.27, and 0.29%. When the shaded area is
increased by 10%, the power production drops by 12.41W,
and the electric efficiency drops by 2.3%. To improve the
performance of PV, distributed maximum power point
tracking (DMPPT) is a popular issue. Hanson et al. [17] used
measured performance information for 542 photovoltaic
systems to predict lost system performance owing to partial
shade. The average power loss in order to shade for this
analysis across 542 systems is 8.3%, and if the systems had
not been outfitted with panel-level optimizers, the percent-
age would have risen to 13%. The usage of module-level dc
power electronics has been projected to recover around
36% of the power wasted for shading. Moreover, Ahmed
and Salam [18], Belhachat and Larbes [19], Bidram et al.
[20], Dolara et al. [21], and Eke and Demircan [22] also
worked regarding this issue. The use of cooling solutions
to regulate the temperature level of PV modules is essential,
and these should be cost-effective for the case of mega-
installations. Shukla et al. [23] went into detail about various
types of cooling techniques for photovoltaic panels, includ-
ing hydraulic cooling, heat pipe cooling, natural and forced
air cooling, thermoelectric cooling, and cooling with phase
change materials. Moreover, Chandrasekar et al. [24] devel-
oped a method of passive cooling using cotton wick struc-
tures for stand-alone flat PV modules. Experimentally, the
thermal and electric performance of a PV module with a
cooling system made up of these wick structures in combi-
nation with CuO/water nanofluid, water, and Al2O3/water
nanofluid is considered.

Furthermore, Hasanuzzaman et al. [25] compiled and
reviewed the most recent literature on research projects that
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resulted in increased efficiency using appropriate cooling
systems. Passive cooling solutions have been reported to
reduce PV module temperature by 6–20 °C while rising elec-
trical efficiency by up to 15.5%. However, cooling systems
(active) perform better than cooling systems (passive), when
the temperature of the PV module drops up to 30 °C, electri-
cal efficiency is increased up to 22%, and thermal energy
generation with an efficiency of up to 60%. In addition,
Bahaidarah et al. [26] created a numerical model that was
proven to be in accord with experimental climatic observa-
tions in Dhahran, Saudi Arabia. The module temperature
was reduced by nearly 20% with active water cooling, result-
ing in a 9% gain in PV panel efficiency.

Many scholars have conducted numerous numerical,
analytical, and experimental studies to examine the various
operating parametric effects to investigate the probable strat-
egies for improving PV module performance. Only 15-20%
of the irradiance intensity of the panel is changed into elec-
tricity in experiments, and the rest is turned into heat (Jie
et al. [27]; Teo et al. [28]). Irradiance intensities were ran-
domly set to establish partial shade conditions via simulation
on an array consisting of a panel, according to Parlak [29].
The proposed algorithm for the highest irradiance intensities
and array configurations resulted in a 37.1% improvement in
power production. Ishaque et al. [30] compared the accuracy
of partial shading modeling to the accuracy of three distinct
types of modeling methodologies. In addition, a PV array
with controllers and power converters is modeled. The
results of experimental research were found to have a close
agreement with the theoretic prediction. The algorithm is
simplified using the graphical technique.

A two-axis (open-loop) movable PV solar tracker is con-
structed and evaluated by Kivrak et al. [31]. For the tilted
angle 37 °C in Denizli, Turkey, the performance of the PV
module is theoretically and empirically tested, and for the
moving purpose of the solar tracker, two DC actuator
motors have been used. They showed that the production
of energy for a two-axis moving PV panel increased by about
64% when compared to the fixed photovoltaic system. Fur-

thermore, Gómez-Gil et al. [32], Rustemli et al. [33], Mousa-
zadeh et al. [34], and Mamlook et al. [35] also worked
regarding this topic. The impact of forced convection on
the thermal and electric efficiency of a single-pass air PVT
system was examined experimentally by Kasaeian et al.
[36]. A PVT system with a customized air-cooling with four
fans to provide forced convection conditions was tested for
this purpose. Their results showed that decreasing the thick-
ness of the air channel improves the efficiency of thermal but
has no significant impact on the efficiency of electrical. The
thermal efficiency of a system with an air mass flow rate
ranging from 0.018 (kg/s) to 0.06 (kg/s) and a 0.05 (m) chan-
nel depth is roughly 15–31%, while the electrical efficiency is
only 12–12.4%. All the researchers of Hosenuzzaman et al.
[37], Jahn and Nasse [38], Kelly and Gibson [39], MacAlpine
et al. [40], and Rasachak et al. [41] conducted studies based
on performance/efficiency enhancement of PV/PVT system
under different environmental/operational uniform/non-
uniform conditions by indoor/outdoor experiments in
Malaysia, global aspect, Germany, etc.

Numerical/experimental research based on PV/PVT sys-
tems in Bangladesh is still at the nursery level. More investi-
gations are necessary. The objective of this study is to
investigate the performance of the solar PVT system numer-
ically within various operational circumstances in Bangla-
desh. The novelty of this research is to find the solution of
the 3D mathematical model numerically for the PVT system
and also discover the overall performance of the PVT system
in the operating condition of Bangladesh.

2. Framework of Mathematical Model

The considered PVT system in two-dimensional view is
expressed in Figure 1 where the two-dimensional sketch of
the PV module and the heat exchanger are shown along
the zx and the yx direction, respectively. The geometrical
and physical properties of the PV module (E310P(S)-011
of EPV brand, Malaysia) are used for the present numerical
research. The module has 72 (6∗12) solar polycrystalline

Glass

EVA

PV cell
EVA

Tedlar
Thermal paste 

Outflow

A
lu

m
in

iu
m

 fr
am

e

Inflow

Baffle

Solar irradiance 

Flow directionHeat exchanger

Figure 1: Two-dimensional view of the PVT system [8].

3International Journal of Photoenergy



cells, size of each cell (156∗156mm), maximum power
295W, weight 22 Kg, dimension (1984∗997∗42mm),
extreme power voltage 30.6V, extreme power current 8.17
A, open-circuit voltage 45.7V, and short circuit current
8.92 A. The PV layers are glass top cover, ethylene-vinyl ace-
tate (EVA)-1 layer, polycrystalline silicon layer, EVA-2 layer,
and tedlar polyvinyl fluoride (PVF) layer. The thickness of
PV surfaces is of glass (3mm), polycrystalline cell
(0.1mm), EVA (0.8mm), and tedlar (0.05mm). A heat
exchanger (box-shaped of 1-mm thickness at every side) is
attached to the PV bottommost layer applying thermal
paste. Sixteen baffles are inserted inside the heat exchanger
with each gap of 100mm. Heat exchangers, inlet-outlet
headers, and baffles are made of aluminum. The inlet and
outlet header pipes are of rectangular shaped. The dimen-
sion is of heat exchanger (1700∗1000∗12mm), of input-
output header pipes (50∗10∗10mm), and of baffles (978∗

1∗10mm). The measurements and material properties of
the PVT are enlisted in Tables 1 and 2.

The governing equations of the PVT system [8] are as
follows:
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Table 1: The measurements and material criteria of the PVT [3, 8, 9].

Materials Measurement (m) Density Specific heat Thermal conductivity

Glass 1:9 × 1 × 0:003 2450 500 2

EVA 1:9 × 1 × 0:0008 950 2090 0.311

Polycrystalline cell 1:9 × 1 × 0:0001 2329 700 148

Tedlar 1:9 × 1 × 0:00005 1200 1250 0.15

Thermal paste 1:7 × 1 × 0:0003 2600 700 1.9

Heat exchanger 1:7 × 1 × 0:012 237 900 2700

Inlet-outlet pipes 0:05 × 0:01 × 0:01 237 900 2700

Baffles 0:978 × 0:001 × 0:01 237 900 2700

Fluid region 1:698 × 0:998 × 0:01 998 4200 0.68

Table 2: PVT properties [3, 8, 16].

Criteria Value

τg 0.96

εg 0.04

αsc 0.9

αtd 0.5

ηsc (%) 0.13

μSC 0.0045

Tamb (
°C) 27

T in (°C) 27

Tr (
°C) 25

Psc 20%

Area of each cell (m2) 0.156∗0.156
PVT area, A (m2) 8.76

Number of cells 6∗12
PV layers thermal transfer coefficient, Ut (W/m2K) 150

Utd (W/m2K) 77

Uhea (W/m2K) 5.84

Uhe (W/m2K) 66

4 International Journal of Photoenergy



u
∂w
∂x

+ v
∂w
∂y

+w
∂w
∂z

= −
1
ρ

∂p
∂z

+ ν
∂2w
∂x2

+
∂2w
∂y2

+
∂2w
∂z2

 !
,

ð8Þ

ρCp

� �
u
∂T f

∂x
+ v

∂T f

∂y
+w

∂T f

∂z

� �

= k
∂2T f

∂x2
+
∂2T f

∂y2
+
∂2T f

∂z2

 !
,

ð9Þ

where σ = 5:670367 × 10−8W/m2k4 and Ts = 0:0552T1:5
amb are

the Stefan-Boltzmann constant and the sky temperature,
respectively.

The governing equations (1-4) represent how the solar
irradiance is received by the PVT surface and distributed
among the PVT layers specially for the glass, solar cell,
tedlar, and heat-exchanger layers, respectively. The next
equations (5-8) represent the laminar, viscous and incom-
pressible flow pattern for the fluid domain only. Then, Equa-
tion (9) displays the heat transfer for the fluid. Thus, using
the energy balance equations (1-4, 9) and the fluid flow
equations (5-8), the mechanism is described of how the elec-
trical power and thermal energy are converted and collected
from the source of the solar irradiance by the considered
PVT system from layer to layer.

Total received energy by the PVT system : Er = τgαscpscGA,
ð10Þ
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Boundary conditions according to [8]:
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where d is the surface normal distance and acts along with
coordinate axes’ directions.

Figure 2 represents the three-dimensional computational
view of the PVT system where 10% area of PV is shaded.
Similarly for 20% and 30% partial shading cases, the shaded

10% shaded

Figure 2: Three-dimensional computational view of the PVT system with 10% shaded area.

Figure 3: Finite element meshing of a PVT system.

Table 3: Grid sensitivity check at G = 500W/m2 and V in = 180 L/h.

No. of elements 38,882 87,585 154,210 253,276 421,903

Tsc (
°C) 38.053 38.424 38.872 39.011 39.012

Tout (
°C) 29.143 29.325 29.561 29.735 29.7351

Time (s) 98 177 254 323 405
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area enhances from right to left side of the PV module. For
the numerical simulation the shaded area is chosen as a con-
tinuous domain though practically the shaded area may be a
scattered domain.

3. Computational Procedure

Galerkin’s weighted residual FEM [42] is used for solving
governing nonlinear PDEs (1)-(9). Solving the mass conser-
vation, energy conservation, and momentum equations, we
can find out the temperature of the solar cell (Tsc), output
fluid (Tout), the pressure (p), and velocity (u, v,w) of fluid
in the PVT system. The convergence criterion is set
as jψn+1 − ψnj ≤ 1:0e−4.

3.1. Generation of the Mesh. Figure 3 depicts the finite ele-
ment meshing of a PVT module’s computational domain.
The subdomain and boundary elements in this numerical
model are free tetrahedral and free triangular forms, respec-

tively. Ten and six nodes are used for tetrahedral and trian-
gular elements, respectively. From the mesh statistics, we
find that the computational geometry consists of 186980 tet-
rahedral, 68649 triangles, 858 pyramids, 65438 prisms, 168
quads, 6978 edge elements, and 202 vertex elements. Thus,
the total no of elements is 253276. The average element
quality is 0.3829, the element mass ratio is 1.231E-8, and
the mesh mass is 2.994E7 mm3.

3.2. Independence Test of the Grid. The grid of the PVT sys-
tem is tested using G = 500W/m2 and V in = 180 L/h. Ele-
ments 38,882, 87,585, 154,210, 253,276, and 421,903 are
used to check several forms of non-uniform grid systems.
Cell temperature and outflow fluid temperature are used as
monitoring parameters. The findings of cell and water out-
put temperatures are not differed significantly between last
two columns, but the simulated time is unacceptable.
Table 3 shows the outcome of the grid test. Thus, the grid
system of 253,276 elements is used.
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3.3. Verification of Code. The code validation is shown in
Nasrin et al. [8], which is not repeated in this article.

4. Outcomes

Bangladesh is a state of huge sunlight; however, the accessibility
to a power resource is not great, if the essential technology to tie
energy together is not accessible. The graphical location of this
country is latitude between 20°34' and 26°38' North and longi-
tude between 88°01' and 92°41' East. Its climate is tropical. Ban-
gladesh is a fine receiver of solar energy due to its location. Its

total area is 1.49E+11m2 and receives monthly average irradi-
ance of 5 KWh/m2 by this land per year. Throughout the last
decades, significant advances in various solar energymachinery
have been done, and already some have attained the commer-
cial phase. Monthly irradiance (KWh/m2) at different positions
of Bangladesh has been shown in Nasrin and Hossain [1, 43].
The highest amount of solar irradiance all over Bangladesh
has been monitored in May and the smallest amount in
December. Thus, yearly average irradiance for Dhaka, Raj-
shahi, Sylhet, Chittagong, Barisal, and Khulna have been calcu-
lated and found as 197, 209, 189, 192, 196, and 202W/m2,
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Figure 5: Outcome of irradiance on PVT streamlines plot with V in = 180 L/h, Tamb = 27°C, and no partial shading.
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respectively. Solar irradiance, inlet fluid mass flow rate, input
fluid temperature, and partial shading are all examined in the
range of 200-500W/m2, 30-180L/h, 10-37 °C, and 0-30%,
accordingly.

4.1. Outcome of Irradiance. The consequence of solar irradi-
ance (G) on the temperature in terms of the surface temper-
ature plot is depicted in Figure 4. The considered standards
of G are from 200W/m2 to 500W/m2 at the stable flow rate
of inlet fluid 180 L/h, ambient temperature 27 °C, and partial
shading 0%. The range of surface temperature is found from
26.8 to 33.4 °C for 200W/m2 of G, from 26.8 to 34.7 °C for

300W/m2 of G, 26.8 to 37.7 °C for 400W/m2 of G, and from
26.8 to 40.4 °C for 500W/m2 of G, respectively.

Figure 5 shows the streamlines plot of the PVT system
with a cooling system for several values of G from 200W/
m2 to 500W/m2 at a fixed rate of inlet fluid 180L/h.
When G is 200W/m2, the range of fluid temperature is
found from 26.8 to 28.7°C, from 26.8 to 29.2°C when G
is 300W/m2, from 26.8 to 29.8°C when G is 400W/m2,
and from 26.8 to 30.3°C when G is 500W/m2, respectively.
There is also a color expression for the streamlined plot.
The temperature bar (°C) can be used to calculate the tem-
perature of the fluid. With increasing irradiance values, the
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Figure 6: Outcome of mass flow rate on PVT surface temperature with G = 500W/m2, Tamb = 27°C, and no partial shading.
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average Tout rises because the increased solar irradiance
raises the Tsc of PV.

4.2. Outcome of Mass Flow Rate. Figure 6 displays the
effect of the mass flow (inlet) rate on the surface temper-
ature plot for the PVT system at 500W/m2 of G, 27°C of
Tamb, and 0% of partial shading. The mass flow rates con-
sidered as 30, 80, 130, and 180L/h which correspond to
0.00085, 0.023, 0.037, and 0.051m/s, respectively. The
range of PVT surface temperature is found from 26.8 to
48.8 °C for the flow rate 30 L/h, from 26.8 to 46.5 °C for

flow rate 80L/h, 26.8 to 43.8 °C for the flow rate 130 L/h,
and from 26.8 to 40.4 °C for flow rate 180 L/h, respectively.
From the figure, it is discovered that when the mass flow
rate (inlet) increases, the highest temperature of the PVT
material slowly declines. Growing temperature is maxi-
mum at the least flow rate (30 L/h) and minimum at the
highest flow rate (180 L/h). This is the case for fluid flow
parameters that have a dominant behavior. Thus, conduc-
tive and convective heat transfer processes proceed
through the heat exchanger of PVT from the glass surface
to the outlet.
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Figure 7 shows the streamlines plot of the system with
the cooling system at various mass flow rates where G is
set to 500W/m2. The T f at the outlet increases when the rate
of mass flow is reduced. As the mass flow rate increases, the
temperature of the fluid decreases. This is significant because
a rapidly flowing fluid is incapable of absorbing the addi-
tional heat from the heat exchanger of the system. The fluid
flow distribution from the inlet port to the outlet port is
depicted in this diagram. The range of fluid temperature is
found from 26.8 to 42.7 °C for the flow rate 30L/h, from
26.8 to 33.1 °C for flow rate 80 L/h, 26.8 to 30.9 °C for the
flow rate 130 L/h, and from 26.8 to 30.3 °C for flow rate
180 L/h, respectively.

4.3. Outcome of Ambient Temperature. Figure 8 depicts the
outcome of Tamb on a PVT system in terms of surface tem-
perature plot. The ambient temperature (Tamb) is measured
at 10, 17, 27, and 37 °C. This temperature range covers the
whole six-season temperature range of Bangladesh. In this
scenario, the sun irradiance is set at 500W/m2, the flow rate
is set to 180 L/h, and partial shading is 0%. The temperature
of the surface of the system rises from 26.8 to 37.7 °C at 10 °C
ambient temperature. Similarly, it rises from 26.8 to 39.2°C

at 17 °C ambient temperature, from 26.8 to 40.4 °C at 27 °C
ambient temperature, and from 26.8 to 42.7 °C at 37 °C
ambient temperature.

The impact of Tamb on the PVT system is shown in
Figure 9 in terms of the streamlines plot. The fluid temper-
ature of the system rises from 26.8 to 29.8 °C at 10 °C ambi-
ent temperature. Similarly, it rises from 26.8 to 30 °C at 17 °C
ambient temperature, from 26.8 to 30.3 °C at 27 °C ambient
temperature, and from 26.8 to 30.6 °C at 37 °C ambient tem-
perature. Thus, whenever ambient temperature increases,
convective heat transfer from the PVT boundaries to the
ambient becomes lesser as a result the PVT surface temper-
ature increases, and we get higher hot output water.

4.4. Outcome of Partial Shading. Figure 10 shows the effect
of partial shading from 0% to 30% on the PVT system at a
constant level of G of 500W/m2, the mass flow rate of
180 L/h, and Tamb of 27 °C in terms of surface temperature
plot. The figure shows that the solar shade area has a sub-
stantial impact which is disproportional on the surface tem-
perature of the PVT system. For 0, 10, 20, and 30% partial
shading, the range of surface temperature of PVT modules
is 26.8 to 40.4 °C, 26.8 to 39.6 °C, 26.8 to 39.2 °C, and 26.8
to 38.7 °C, respectively.

The result of partial shading on the PVT system is
shown in Figure 11 in terms of streamlines plot at a fixed
G of 500W/m2. In 0% shading, the temperature of heat
transferring fluid rises from 26.8 to 30.3 °C. On the other
hand, after reaching 10% shading, T f declines from 26.8 to
30 °C. When the PVT area is shaded 20%, the T f drops from
26.8 to 29.9 °C. Finally, the temperature of water dropped
from 26.8 to 29.8 °C in the case of a 30% shading area of
PVT top surface.

4.5. Cell Temperature. The Tsc is presented in Figures 12(a)–
12(d) for the effect of G, flow rate, Tamb, and partial shading,
respectively. It is obvious from Equation (11) that the aver-
age Tsc, the surface temperature of the heat exchanger,
Tamb, and incident irradiance all have a strong relationship.

Figure 12(a) shows that, for the variation of irradiance
from 200 to 500W/m2, Tsc rises by 6.5

°C in the PVT system
with a cooling system of 180 L/h flow rate and T in of 27 °C.
The current results indicate that each 100W/m2 growth in
G raises the Tsc by around 2.17

°C. The objective of this study
is to keep Tsc within a particular sort by employing a suitable
cooling system so that the PV material does not degrade.

Figure 12(b) depicts that, at the irradiance level 500W/
m2, input fluid temperature 27 °C, the cell average tempera-
ture water decreases as the inlet fluid mass flow rate
increases from 30 to 180L/h. Convection removes more heat
from the system when the incoming fluid flow rate is raised.
Consequently, the average Tsc has been reduced. The cell
means temperature drops fast as the flow rate increases, as
shown in this graph. The flow rate is initially 30 L/h, and
Tsc is 48

°C. Additionally, the Tsc regularly drops up to a flow
rate of 180 L/h. The temperature Tsc drops by 0.6 °C for
every 10L/h growth in incoming fluid mass flow rate.

Figure 12(c) shows that convective heat transfers from
the system to the ambient air decreases as the Tamb (10-
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37 °C) rises. As a result, convection removes less heat from
the system which enhances the average Tsc to around 36.5,
38, 39, and 41 °C for ambient temperatures of 10, 17, 27,
and 37 °C, respectively. For every 10 °C increase in Tamb,
Tsc increased about 1.67 °C.

The solar cell temperature (Tsc) of the PVT system is
39 °C when there is no shade, as shown in Figure 12(d).
When partial shading is increased from 10 to 30%, the cell
temperature drops to 38.6 °C, 38.2 °C, and 37.8 °C. Therefore,
Tsc decreases by 0.4 °C for every 10% shading condition of
the PVT system.

4.6. Electrical Power. Figures 13(a)–13(d) show the total
amount of Ep (W) produced for various irradiance G (200-
500W/m2), mass flow rate (30-180 L/h), Tamb (10-40°C),
and partial shading (0-30%). Figure 12(a) shows that the

starting level of G is 200W/m2 and the output power is
43.58W, while the Ep is 105.65W at the level of 500W/m2.
The electrical power of a PVT system with a cooling system
at a flow rate of 180 L/h and T in of 27 °C increases by
20.69W for every 100W/m2 rises in the level of G. This hap-
pens due to the PV module’s size, P, Tref , operating condi-
tions, improper cooling system installation, and material
qualities.

Figure 13(b) depicts that the primary flow rate is 30 L/h
and the Ep is 101.08W at a fixed G level of 500W/m2 in var-
ious fluid mass flow rates. The output power rises to
105.65W at a peak flow rate of 180 L/h. With an increase
in fluid mass flow rate of about 150 L/h, the output power
increases by 4.57W. For every 10L/h increase in fluid flow
rate, the output power rose by 0.30W under cooling
conditions.
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Figure 13(c) shows the change of electrical power (Ep) as
a function of Tamb. For rising Tamb values from 10 to 37 °C,
the electrical power (Ep) against above ambient temperature
is 107, 106, 105.65, and 104.6W, respectively. For each 10 °C
increase in ambient temperature, electrical power decreased
by about 0.9W. As the ambient temperature rises, the con-
vective heat transfer phenomenon decreases. Thus, the elec-
trical power generation of the PVT system is showing a
downward trend.

Figure 13(d) shows that the electrical power output is
105.65W at a 500W/m2 level of G and has no shading con-
ditions. The electrical power output was reduced to 95.27W
after attaining 10% shade. When 20% of the PVT area is
shaded, the electrical power drops to 84.84W. Finally, when
30% of the PVT top surface is shaded, the electrical power

production drops to 74.38W. Electrical power decreases by
10.42W for each 10% shading conditions.

4.7. Electrical Efficiency. Figures 14(a)–14(d) show the per-
centage of ηe of the PVT system as a function of G, mass
flow rate, Tamb, and partial shading, ranging from 200 to
500W/m2, 30 to 180L/h, 10 to 37 °C, and 0 to 30%. The ηe
of the system decreases as G increases, as shown in
Figure 13(a). At the highest flow rate of 180 L/h, the electri-
cal efficiency of the system drops from 14.5 to 14% as the
irradiance level rises. As a result, for each 100W/m2 increase
in G, electrical efficiency (ηe) decreases by about 0.167%.

Figure 14(b) represents that the maximum electrical effi-
ciency is around 14%. For the cooling system, an inlet fluid
flow rate of 180 L/h is preferable. For every 10 L/h
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development in fluid flow rate, electrical efficiency increases
by about 0.04%. The average temperature of the cell is
reduced as the incoming mass flow rate of water increases.
As a result, PVT current decreases marginally while PVT volt-
age rises noticeably which rises the output power and ηe.

The electrical efficiency (ηe) with the variation of Tamb is
displayed in Figure 14(c). From the figure, for ambient tem-
peratures of 10, 17, 27, and 37 °C, respectively, the electrical
efficiency of PVT systems decreases by 14.2, 14.1, 14, and
13.9%. In this research, it is seen that, for each 1 °C increase
in Tamb, electrical efficiency reduced about 0.01%.

The efficiency of solar modules is inversely proportional
to shade. Figure 14(d) shows that the electrical efficiency is
14% with 500W/m2 irradiance and no shade. The electrical
efficiency dropped to 12.7% after reaching 10% shading.
When 20% of the PVT surface is shaded, the efficiency drops
to 11.3%. Finally, the electrical efficiency decreased to 10%
when 30% of the PVT top surface was shaded. The efficiency
at 0% shading is more than that of 10–30% shading. As a

result, the shading patterns have a substantial impact on
the module’s PVT performance.

4.8. Outlet Fluid Temperature. The change of output fluid
temperature for the effect of G (200-500W/m2), flow rate
(30-180 L/h), Tamb (10-37°C), and partial shading (0-30%)
is depicted in Figures 15(a)–15(d). As irradiance levels rise,
the temperature of the fluid output rises. When the intensity
ofG is 200W/m2, the Tout is approximately 28.12 °C at a fixed
mass flow rate of 180 L/h and T in of 27 °C as shown in
Figure 15(a). The fluid outlet means temperature increases
to 28.67 °C at 300W/m2, 29.20 °C at 400W/m2, and 29.74 °C
at the highest G of 500W/m2. Moreover, Tout increases by
approximately 0.54 °C for each increment of 100W/m2 of G.

Figure 15(b) shows that, at a given T in of 27
°C and G of

500W/m2, the Tout drops as the inlet flow rate rises. The
increased convection heat transfer rate with increasing
velocity might also be responsible for the downward trend.
As the flow velocity rises, the rate of heat removal rises as
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well, leaving less time for thermal accumulation, lowering
the Tout. When the flow rate is 30 L/h, the Tout is approxi-
mately 42.1 °C, and at the highest flow rate 180 L/h, the out-
put fluid temperature is around 29.74 °C. Moreover, outlet
fluid temperature decreases by approximately 0.83 °C for

each increment of 10 L/h flow rate. Up to a 180L/h cooling
water flow rate, this declining trend changes dramatically.
As the flow rate rises, it lowers somewhat until it reaches
180 L/h. As a result, the flow rate of 180 L/h is the best for
increasing the PVT system’s efficiency.
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The Tout with the variation of Tamb at a fixed level of G of
500W/m2 is displayed in Figure 15(c). From the figure, for
ambient temperatures of 10, 17, 27, and 37 °C, respectively,
the outlet temperature of the PVT system is 29.66 °C, 29.7 °C,
29.74 °C, and 29.79 °C. For each 10 °C increase in inlet temper-
ature, outlet temperature increased about 0.05 °C.

Shade has an inverse relationship with solar module out-
let temperature. With 500W/m2 irradiance and no shade,
the outlet temperature is 29.74 °C in Figure 15(d). After
achieving 10% shading, the outlet temperature dropped to
29.67 °C. The outlet temperature drops to 29.63 °C when
20% of the PVT surface is shaded. When 30% of the top
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surface of the PVT was shaded, the outlet temperature
decreased to around 29.55 °C. At 0% shading, the PVT sys-
tem’s outlet temperature is significantly higher than at 10–
30% shading. For each 10% shading condition of the PVT
system, outlet temperature decrease to 0.06 °C.

4.9. Thermal Energy. Figures 16(a)–16(d) depict the
extracted Et from the system as a function of G, flow rate,
Tamb, and partial shading. The extracted Et in the PVT sys-
tem at 200W/m2 irradiance is 235W. For the level of 500W/
m2 of G and a fixed mass flow rate of 180 L/h, this energy
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Figure 16: Outcome of (a) G, (b) V in, (c) Tamb, and (d) partial shading on PVT thermal energy.
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Figure 17: Outcome of (a) G, (b) V in, (c) Tamb, and (d) partial shading on PVT thermal efficiency.
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becomes 575W. This is due to convective heat flow from the
heat exchanger to the moving fluid as well conductive heat
flow from the glass surface of the heat exchanger. Therefore,
the difference between the Tout and T in of fluids increases,
allowing for more irradiance. Figure 16(a) indicates that
for every 100W/m2 increase in G, the system extracts
113.3W thermal energy.

When the flow rate is 30 L/h, the total quantity of Et
gathered from the system is 528W. The amount of Et is
found to be 574W at the greatest flow rate of 180 L/h as
shown in Figure 16(b). However, increasing the cooling fluid
flow rate (from 30 to 180L/h) has a considerable impact on
the rate at which the temperature of the outlet fluid drops.
When the flow rate is increased to 180L/h, the temperature
of the exit fluid gradually declines. As a result, when the
cooling fluid flow rate exceeds 180 L/h, the extracted thermal
energy from the system gradually improves. The extracted
thermal energy is 3.07W for every 10 L/h increase in mass
flow rate.

The Et with the variation of Tamb at a fixed level of
500W/m2 of G is displayed in Figure 16(c). From the figure,
for the Tamb of 10, 17, 27, and 37 °C, respectively, the Et of
PVT system is 560.3W, 567.5W, 575W, and 587W. It is
clear to observe that, for each 10 °C increase in inlet temper-
ature, thermal energy increased about 9.89W.

The thermal energy of a solar module has an inverse
relationship with shade. When the irradiance is 500W/m2

and there is no shadow, the thermal energy is 575W, as
shown in Figure 16(d). The thermal energy was reduced to
560.5W after attaining 10% shading. When 20% of the
PVT surface is shadowed, the thermal energy lowers to
552W. The thermal energy dropped to roughly 537W when
30% of the top surface of the PVT was shaded. For each 10%
increase in partial shading, thermal energy decreased about
12.67W.

4.10. Thermal Efficiency. As a function of G, flow rate, Tamb,
and partial shading, Figures 17(a)–17(d) displays the ηt of
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Figure 18: Outcome of (a) G, (b) V in, (c) Tamb, and (d) partial shading on PVT overall efficiency.

Table 4: Comparison of PVT cell temperature among different studies.

Research

G (W/m2) Functioning temperature (°C)
Maximum
Tamb (

°C)

Tsc (
°C) increment
per G=100
W/m2

At initial period At ultimate period At initial period At ultimate period

Rahman et al. [3] 312 995 31 50 35 2.71

Chandrasekar et al. [24] 600 1300 40 50 37 1.4

Bahaidarah et al. [26] 240 979 21 35 21 1.9

Teo et al. [28] 550 1050 41 48 1.4

Current investigation 200 500 27 40.4 27 2.17
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the system. It may be detected in Figure 17(a) that, when the
level of G increases from 200 to 500W/m2, the ηt decreases
at a given flow rate of 180 L/h. With a change in irradiance,
ηt drops from 78% to 76%. For every 100W/m2 increase in
solar irradiance, there is a 0.67% decrease in thermal
efficiency.

The convective heat transfer coefficient of water is
improved by increasing the flow rate from 30 to 180 L/h.
As a result, more heat is transmitted at greater velocities
under a given temperature difference, enhancing thermal
efficiency. Here, the ηt rises from 70% to 76% in terms of
flow rate. The fluid flow rate varies from 30 to 180 L/h,
which makes increasing the efficiency rate difficult. More-
over, for a flow rate of 210 L/h, there is only a minor increase
in ηt . The fact is that as the mass flow rate of cooling fluid
increases (up to 180L/h), the temperature of solar cells grad-
ually drops. From Figure 17(b), when the mass flow rate of
inlet water is increased by 10 L/h, the ηt increases by about
0.4%.

Figure 17(c) shows the thermal efficiency as a function of
Tamb at a fixed level of 500W/m2 of G. The ηt of PVT sys-
tems is 74.5, 75.5, 76, and 78.1%, respectively, for ambient
temperatures of 10, 17, 27, and 37 °C. It is easy to see how
a 10 °C rise in inlet temperature enhanced thermal efficiency
by around 1.33%.

Figure 17(d) illustrates that under 500W/m2 of G and no
shade conditions, the ηt is 76%. After achieving 10% shade,
the thermal efficiency dropped to 74.5%. The thermal effi-
ciency reduces to 73% when 20% of the PVT surface is sha-
dowed. Finally, the thermal efficiency decreases to 71% when
30% of the PVT top surface is shaded. For each 10% increase
in partial shading, thermal efficiency decreased by about
1.67%.

4.11. Overall Efficiency. The total efficiency graph of the PVT
system for the effects of G, flow rate, Tamb, and partial shad-
ing is shown in Figures 18(a)–18(d). With increasing values
of G from 200 to 500W/m2 at 180 L/h mass flow rate and
27 °C of T in, it reduces from 92.5% to 90%. From
Figure 17(a) each 100W/m2 increase in the level of G
reduces overall efficiency by 0.83%.

Figure 18(b) indicates that the total efficiency rises as the
ηe and ηt rise with the inlet fluid flow rate. As a result, at a
lower flow rate of 30 L/h, the overall efficiency is 83.4%.
When the flow rate is increased to 180L/h, it increases dra-
matically by up to 90%. For every 10L/h increase in mass
flow rate, overall efficiency increases by 0.44%.

Figure 18(c) shows the total efficiency as a function of
Tamb at a given irradiance level of 500W/m2. The overall
efficiency of the system is 88.7, 89.6, 90, and 92%, respec-
tively, for ambient temperatures of 10, 17, 27, and 37 °C. It
is easy to see how a 10 °C increase in inlet temperature
improves overall efficiency by around 1.2%. To increase the
overall efficiency of a PVT system, the temperature of the
inlet fluid is significant.

Partial shading is inversely proportional to the total effi-
ciency of a PVT system, as shown in Figure 18(d). The over-
all efficiency is 90% with 500W/m2 irradiance and no shade.

The total efficiency declined to 87.2% after reaching 10%
shading. When 20% of the PVT surface is shaded, the overall
efficiency drops to 84.3%. Finally, the overall efficiency
dropped to around 81% when 30% of the top surface of
the PVT is shaded. The overall efficiency of the PVT module
is significantly higher at 0% shade than at 10–30% shading.
Moreover, for every 10% rise in partial shading, the overall
efficiency decreases by 3%.

4.12. Comparison. The present numerical result has been
compared with previously published studies like Rahman
et al. [3], Chandrasekar et al. [24], and Bahaidarah et al.
[26]. Chandrasekar et al. [24] found a reduced temperature
of cell by 20 °C and increased output power by 6.5W and
electrical efficiency by 1.4% under outdoor operating condi-
tions. Bahaidarah et al. [26] found a decreased temperature
of cell by 20% and increased electrical efficiency approxi-
mately 9% via a back surface water-cooling system. Table 4
shows the abovementioned comparison. A good similar pat-
tern is observed for the present numerical result with other
experimental results.

5. Conclusion

The results demonstrate that solar irradiance, cooling fluid
mass flow rate, Tamb, and partial shading have extensive out-
comes on PVT acts. Various levels of irradiance, mass flow
rates, ambient temperature, and partial shading have been
used to achieve high PVT performance while maintaining
an optimal cooling system under operating conditions in
Bangladesh. Major conclusions can be enlisted as

(i) The optimal V in is obtained about 180 L/h up to
G = 500W/m2

(ii) Escalating each G = 100W/m2 rises the values of
Tsc, Tout, Ep, and Et about 2.17 and 0.54 °C, 20.7,
and 113.3W, respectively

(iii) The values of ηe, ηt , and ηo reduce about 0.17, 0.67,
and 0.83% due to enhancing every G = 100W/m2

(iv) The values of Tsc and Tout decrease by 0.6, and
0.83 °C, respectively; Ep and Et enhance by 0.30,
and 3.07W, respectively, for rising each V in = 10
L/h

(v) The increment of each V in = 10 L/h upsurge the
values of ηe, ηt , and ηo approximately 0.04, 0.4,
and 0.44%, respectively

(vi) For every 10 °C increments of ambient tempera-
ture, the values of Tsc,and Tout increase by 1.7
and 0.05 °C, respectively; Ep devalues to 0.9W,
and Et enhances to 9.89W

(vii) The values of Tsc, Tout, Ep, and Et decrease by
0.4 °C, 0.06 °C, 10.42W, and 12.67W, respectively,
for each 10% partial shading
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(viii) For the increment of every 10% partial shading, the
values of ηe, ηt , and ηo diminish by 1.33, 1.67, and
3%

Nomenclature

A: PVT surface area [m2]
Cp: specific heat [J/kg1K1]
Ep: Power of electrical [W]
Er : Energy receiving by PV [W]
Et : Energy of thermal [W]
m: Thermal energy [W]
V : Velocity of water [m/s]
G: Solar irradiance [W/m2]
P: Packing factor [%]
k: Thermal conductivity [W/m1K1]
T : Temperature [°C]
p: Pressure [kgm/s2]
U : Coefficient of thermal transfer [W/m2K1]
u, v,w: Components of velocity along coordinates direction

[m/s1]
x, y, z: Coordinates of Cartesian [m].

Abbreviations

FEM: Finite element method
HTF: Heat transferring fluid
PV: Photovoltaic
PVT: Photovoltaic thermal
2D: Two dimensional
3D: Three dimensional
PCM: Phase change material
PV: Photovoltaic
PVT: Photovoltaic thermal.

Greek Symbols

α: Absorptivity
β: Transmissivity
ε: Emissivity
ρ: Density [kg/m3]
μ: Temperature coefficient
ν: kinematic viscosity of the fluid [m2/s1]
η: Efficiency [%]
σ: Stefan-Boltzmann constant [W/m2k4].

Subscript

amb: Ambient
e: Electrical
t: Thermal
g: Glass
ga: Glass to ambient
gtd: Glass to tedlar
hea: Heat exchanger to ambient
he: Heat exchanger to water
r: Received
ref: Reference
sc: Solar cell

td: Tedlar
f: Fluid
in: Input
out: Output.
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