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ARTICLE INFO ABSTRACT
Article history: The advancement of PVT technology in the contemporary era is experiencing an
Received 14 October 2023 upward trend. This phenomenon can be attributed to the growing societal demand for

Received in revised form 15 November 2023 energy, particularly renewable energy derived from solar sources. The present study
Accepted 12 December 2023 investigates the rectangular configuration of a water-based heat absorber within a
Available online 31 March 2024 photovoltaic-thermal (PVT) system. The rectangular model PVT system was simulated
using nine different mass flow rate of water variations within the rectangular model
channel. The dataset has nine mass flow rate of water variants ranging from 0.001 kg/s
to 0.009 kg/s, as well as six solar radiation variations: 500 W/m2, 600 W/m2, 700 W/m?2,
800 W/m2, 900 W/m?2, and 1000 W/m?2. The maximum average outlet temperature
achieved under 1000 W/m?2 solar radiation is 50.53%, given a 0.001 kg/s fluid mass flow
rate. The maximum average photovoltaic (PV) efficiency is 11.93% when exposed to
500 W/m2 solar radiation intensity. The maximum average photovoltaic-thermal (PVT)
efficiency is 76.23% when exposed to 500 W/m? solar radiation intensity. Therefore,
utilizing rectangular collectors in water-based photovoltaic-thermal systems

Keywords: potentially substantially enhanced the average thermal efficiency and overall PVT
Photovoltaic Thermal; Collector; efficiency. Consequently, it is advisable to consider incorporating rectangular
Rectangular; Efficiency; Thermal collectors in the future improvements of PVT technology.

1. Introduction

The emergence of renewable and eco-friendly energy technologies presents a promising remedy
for tackling environmental issues. New and sustainable energy sources offer many benefits, such as
abundant sources, accessibility to everyone, and reliability, particularly solar energy [1]. Solar panels
are used to convert solar energy into electricity. However, one drawback of solar panels lies in their
relatively low efficiency [2]. Solar panels, also known as photovoltaic technology, transform solar
radiation into electrical energy. As radiation levels increase, the temperature of the solar panel also
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increases. This temperature increase adversely affects the solar panels' performance, resulting in a
decline in their overall efficiency [3].

Integrating solar technology and collector technology to capture heat and electricity
simultaneously is commonly referred to as photovoltaic thermal (PVT) systems. This emerging
technology is widely used in various applications, depending on collectors' specific requirements and
utilization. The primary objective of this PVT technology is to efficiently capture and utilize excess
thermal energy generated by solar panels while concurrently implementing cooling measures to
prevent overheating. PVT technology has found its application in various areas such as food drying,
space heating, air conditioning, and providing warm water for residential homes and pools [4]. The
efficiency of PVT electrical energy is superior to that of solar panels. Moreover, installing PVT
technology offers space and cost savings advantages compared to separately installing collectors and
PV systems [5].

Omri et al., [6] have conducted calculations on applying numerical methods to PVT systems
incorporating porous deflectors. Adding five porous deflectors to the PVT collector resulted in a
temperature decrease of up to 13.7 K. Salman et al., [7] utilized a computational fluid dynamics (CFD)
approach to model the duct collector in the PVT system. The computational fluid dynamics (CFD)
analysis reveals that the solar panel experiences a temperature decrease to 14 K. Masalha et al., [8]
conducted experimental testing and numerical simulations to evaluate the performance of solar
panels equipped with porous duct collectors. The findings from simulations and experiments
demonstrated a reduction in photovoltaic (PV) temperature by approximately 35.7% and an increase
in power output of up to 9.4%.

Khelifa et al., [3] conducted a simulation study on the glass-coated PVT using a CFD approach.
Using glass material, the study exhibited an average gain of thermal efficiency of 38%, whereas
without glass, the thermal efficiency was measured at 24%. The thermal and electrical efficiency,
with and without the presence of glass, was approximately 11.8% and 10.3%, respectively [9]. On a
related note, Rosli et al., [10] focused on designing water-based collectors Rosli et al., [10] designed
water-based collectors for PVT, incorporating different variations of waterways. The channel models
employed consist of square and round tube configurations. Among the four designs that were
compared, the square-tube model demonstrated the highest thermal efficiency, reaching 49%. The
range of solar radiation utilized ranged from 300 W/m? to 1000 W/m?.

The utilization of crystalline silicon cells in thermal photovoltaic systems has been developed to
incorporate natural circulation in an outdoor setting. The achieved daily PVT efficiency results range
from 52% to 65% [11]. The impact of sun radiation on the electrical efficiency of Photovoltaic systems
is significant. The temperature played a crucial role in both the electrical efficiency and overall
performance of solar panels, as stated in a previous study [12]. Various experimental approaches
have been employed to investigate solar radiation's impact on solar panels' efficiency and
functionality [13]. Variations in collector parameters and configuration in the PVT systems can impact
the PV performance due to their influence on heat transfer. Direct-flow collectors are efficient in heat
transfer and can be easily modeled [14]. Simulation techniques have been utilized to accurately
replicate natural fluid flow in collector models, employing a Computational Fluid Dynamics (CFD)
approach [15]. Simulation and modeling approaches have yielded cost-effective outcomes [16]. The
optimal electrical efficiency is achieved with a flow rate variation of 0.03 kg/s of SiO2 fluid under 1000
W/m? solar intensity.

Rosli et al., [17] have demonstrated through modeling that the electrical efficiency in PVT can be
enhanced by increasing the fluid flow rate. The simulation results revealed that the highest electrical
efficiency achieved was 11.67%, representing the highest value observed. The high electrical
efficiency is attained under specific conditions of a 1000 W/m? solar intensity and a 0.005 kg/s flow
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rate. Hernando et al., [18] have developed collectors for PVT systems in both round and square
models. The simulation findings indicate that various forms or designs of collectors can influence the
PVT's overall performance. The implementation of a channel doubling model has the potential to
impact both thermal and electrical performance. The electric and thermal performance is reported
to be 1.5% and 2.3% respectively [19].

The CFD approach can be used to gain knowledge and comprehension of fluid dynamics, heat
transfer, fluid movement, melting process, freezing process, and related phenomena. The CFD
approach utilizes numerical techniques to analyze equations, enabling the validation, optimization,
design, and resolution of various problems [20]. One of the key advantages of CFD is its ability to
model a wide range of boundary conditions and physical circumstances that are impractical to
replicate in experimental approaches [21]. In this particular study, a CFD approach is employed to
analyze the performance and temperature distribution within a rectangular model channel of a
water-based PVT system. As the first objective, this research examines the impact of the PVT
rectangular channel on various factors, including outlet temperature, fluid mass flow rate, and
temperature distribution of solar panels. Second, it seeks to examine the temperature distribution
on the rectangular channel, solar panel temperature, electrical efficiency, thermal efficiency, and
overall PVT efficiency. Lastly, the third objective of this study is to investigate the impact of changes
in fluid flow rate and solar radiation on the overall performance of the PVT system.

2. Methodology
2.1 Collector Design

This research employed a rectangular channel model to replicate a PVT system used for water
drainage. The PVT system comprises solar panels and cooling collector models. Water was commonly
employed as a heat transfer medium to cool solar panels. Figure 1 illustrates the arrangement of the
solar panel positioned above and the cooling collector placed below. In the simulation, the PVT
location is maintained at a constant slope or upright position toward the surface of the solar panel.
As depicted in Figure 2, the rectangular model collector channel has a 9445 mm length, a 15 mm
channel height, and a 30 mm channel width. These dimensions are specifically designed to facilitate
the cooling process of solar panels. The composition of the solar panel material includes several
components, such as glass parts, PV cell parts, EVA parts, and Tedlar parts, as detailed in Table 1
[22,23].

&

Fig. 1. The solar panel is positioned on top, and the rectangular
collector model on the bottom
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Fig. 2. The water-based rectangular collector channel model on the PVT
system
Table 1
Properties of PVT system-based water
Component Material Density (Kg/m?3) Specific heat Thermal
capacity (J/kg.K) conductivity
(W/m.K)
PV panel EVA 2329 700 148
Backsheet Tedlar 1200 1250 0.15
Rectangular Aluminum 2700 900 160
channel
Fluid Water 998.2 4182 0.6

The PVT system serves a dual purpose of generating electricity and utilizing solar panel heat to
provide simultaneous cooling and heating of water for residential use. This study assumes the PVT
model under the specified conditions. First, the flow of water fluid can be either smooth or
unobstructed [24]. Second, the condition can be described as either a steady state or an ideal state.
Third, the flow rate exhibits characteristics of both transitional and turbulence [25]. Fourth, the
combined impact of convective and radiative heat loss is considered [26]. The water fluid flow
collector is in direct contact with the solar panel, ensuring the initial temperature is similar [27].

The simulation employed ANSYS Fluent software to examine the water fluid collector PVT. The
adjustment of water fluid flow type is conditioned upon using the Reynolds number [28]. The mass
flow rate employed is 9, explicitly ranging from 0.001 kg/s to 0.009 kg/s with a 0.001 kg/s increment.
The sun intensities used in this study consist of six levels, specifically 500 W/m?2, 600 W/m?, 700
W/m?, 800 W/m?2, 900 W/m?, and 1000 W/m?2. These six solar radiations are projected to encompass
low, medium, and high circumstances.

For the Reynold number, the following Eq. (1) explains it.

(1)

Where Re is the Reynold number, p is the density of water, u is the Dynamic viscosity of water,
and D is the hydraulic diameter.
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The utilization of k and € models in this simulation is motivated by the presence of turbulent and
transitional flows [29], as seen in the following Eq. (2)-(3). The inlet temperature of the water entering
the rectangular collector channel is 25 °C [30].

For the turbulent kinetic energy (k), the equation is

9 9 -9 #e) Ok _
3¢ (Pl 5~ (plew) = ox, [(M + ak) o Py — pe (2)

and for the energy dissipation rate equation (&), the equation is

) ) a ) , €2
5 (08) 5 (peu) = 5= [(u +4) a—x]] + Cre =P+ Cie = p (3)

2.2 Meshing Strategy

Meshing refers to the process of dividing the geometry into smaller elements and nodes. The
meshing process aims to achieve an even distribution of geometry. As the size of an element
decreases, the total nodes and elements formed increases. Increasing the amount of elements will
enhance the results' accuracy but will also lead to a longer processing time. In contrast, a smaller
total element leads to decreased results' accuracy or neatness [31]. This simulation's focal point of
meshing is situated on the rectangular collector and solar panel. The quantity of meshing nodes is
determined to be approximately 147K. Once numerical calculations have been conducted, obtaining
a temperature contour diagram is possible. Once an appropriate temperature measurement has
been acquired, it becomes possible to calculate and review the distribution of temperature points.
The thermal and PV efficiency can be calculated by determining the average temperature of the
outlet and PV surface.

2.3 Governing Equation

The following equation calculates thermal energy efficiency [32]

Qu (
nthermal GAcollector

Where G is solar intensity, Acpector 1S PVT collector area and Q,, is the useful heat gain. For the Q,,
the equation is as follows [33]

Qu = mcp (Tout — Tin) (5)

Where, m is the water mass flow, C,, is the water heat capacity, Ty, is the fluid output temperature
during simulation, T;, is the fluid input temperature during simulation [34,35].

The PVT system's electrical efficiency is calculated by the following equation [36]

Pmaximum
— _maximum 6
T’elec GAcollector ( )
Praximum = ImaxVmax = FFlsVoe = 77cellAcellsO(va (7)
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Ncett = Nref (1 - ﬁref(Tout - Tref)) (8)
For the total efficiency of the PVT system, the following equation can calculate the result [37]

Ntotal_pvT = Ncelt + Nthermal (9)

3. Results

The present study used a simulation methodology to investigate the performance of a rectangular
collector model in a PVT system, utilizing water as the working fluid. The dataset consists of nine
distinct measurements of fluid mass flow rates. The average fluid mass flow rate ranges from 0.001
kg/s to 0.009 kg/s, with an increment of 0.001 kg/s. The intensity of solar radiation exhibits six distinct
changes. The six measured intensities of solar radiation are 500 W/m?, 600 W/m?, 700 W/m?, 800
W/m?2, 900 W/m?, and 1000 W/m?. It is anticipated that the variations in water fluid mass flow rate
and solar radiation will act as indicators for determining the ideal solar panel temperature, PV
efficiency, thermal efficiency, and output temperature. Also, the varied changes settings could
achieve optimal performance, serving as a valuable reference in experimental approaches and aiding
in designing practical research on water-based PVT technology in the field, particularly with
rectangular models.

Figure 3 illustrates the output temperature distribution under the highest radiation level of 1000
W/m?2. The maximum temperature recorded in this instance is 74.46 °C, while the mass flow rate is
measured at 0.001 kg/s. In Figure 4, it can be observed that the 0.009 kg/s fluid mass flow rate
corresponds to a minimum outlet temperature of 38.42 °C. Figure 5 illustrates the occurrence of the
lowest radiation at 500 W/m? intensity, yielding the highest outlet temperature of 51.79 °C. This
thermal response is observed at a 0.001 kg/s fluid mass flow rate. The recorded minimum
temperature is 32.82 °C, corresponding to 0.009 kg/s fluid mass flow rate, as depicted in Figure 6. At
a 700 W/m? radiation intensity, Figure 7 illustrates that the highest outlet temperature recorded is
60.86 °C when the fluid mass flow rate is 0.001 kg/s. Conversely, Figure 8 demonstrates that the
lowest temperature observed is 34.48 °C when the fluid mass flow rate is 0.009 kg/s. The simulation
results indicate higher solar radiation leads to higher fluid outlet temperatures. Additionally, the
results imply an inverse relationship between fluid mass flow rate and collector outlet temperature,
suggesting that higher fluid mass flow rates result in lower collector outlet temperatures.

Figure 9 presents the average thermal efficiency and average outlet temperature for various solar
radiation levels and fluid mass flow rate ranging from 0.001 kg/s to 0.009 kg/s. Solar radiation
significantly affects collector outlet temperature, with values ranging from 500 W/m? to 1000 W/m?.
The average outlet temperature reaches a maximum of 50.53 °C with a 1000 W/m? radiation
intensity, while it reaches a minimum of 38.92 °C with a 500 W/m? radiation intensity. The highest
average thermal efficiency recorded was 64.30% at a 500 W/m? radiation level, while the lowest
average thermal efficiency observed was 56.34%. Hence, a decrease in solar radiation will increase
the average thermal efficiency; conversely, an increase in solar radiation will reduce the average
thermal efficiency.
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Fig. 3. Highest outlet temperature distribution with 1000 W/m? at a 0.001 kg/s
fluid mass flow rate
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Fig. 4. Lowest outlet temperature distribution at 1000 W/m? with a 0.009 kg/s
fluid mass flow rate
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Fig. 5. Highest outlet temperature distribution at 500 W/m? with a 0.001 kg/s fluid
mass flow rate
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Fig. 6. Lowest outlet temperature distribution at 500 W/m? with a 0.009 kg/s
fluid mass flow rate
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Fig. 7. Highest outlet temperature distribution at 700 W/m? with a 0.001 kg/s
fluid mass flow rate
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Fig. 8. Lowest outlet temperature distribution at 700 W/m? with a 0.009 kg/s
fluid mass flow rate
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Fig. 9. Average outlet temperature and thermal efficiency of the rectangular
channel

Figures 10 to 15 display representative temperature distributions on solar panels at fluid mass
flow rates ranging from 0.001 kg/s to 0.009 kg/s while subjecting them to irradiation levels varying
from 500 W/m? to 1000 W/m?. The temperature distribution depicted on the solar panel illustrates
varying levels of solar radiation and fluid mass flow rate, encompassing high, low, and medium
values. Consequently, it covers a wide range of temperature distribution levels. The temperature
contour on the solar panel reveals the coldest temperature through the green color, while the red
color represents the hottest temperature contour.

The radiation reached its peak at 1000 W/m?, wherein the maximum temperature of the PV
system is recorded as 80.20 °C with a 0.001 kg/s fluid mass flow rate, as illustrated in Figure 10.
Additionally, Figure 11 depicts that the minimum temperature recorded is 48.79 °C, observed at a
0.009 kg/s fluid mass flow rate. At the 500 W/m?2 minimum radiation level, the maximum temperature
of the PV system reaches 54.56 °C. This temperature is achieved when the fluid mass flow rate is
0.001 kg/s, as seen in Figure 12. Conversely, the minimum temperature recorded is 38.07 °C, as
illustrated in Figure 13. At a 700 W/m? medium-level intensity, the highest temperature of the PV
module reached 64.81 °C, as shown in Figure 14, while Figure 15 indicates that the minimum
temperature recorded is 41.89 °C.

Figure 16 exhibits the mean PV temperature and mean PV efficiency for different fluid mass flow
rates and solar radiation levels, ranging from 0.001 kg/s to 0.009 kg/s. Solar radiation significantly
impacts the PV system's temperature, with values ranging from 500 W/m? to 1000 W/m?. The
average PV temperature reaches a peak of 59.08 °C under 1000 W/m? radiation, while it drops to a
minimum of 43.25 °C under 500 W/m? radiation. The average PV efficiency ranges from 11.92% at
500 W/m? radiation to 11.01%. Hence, a decrease in solar radiation will result in an increase in the
average PV efficiency. Conversely, an increase in solar radiation will lead to a reduction in average PV
efficiency. Compared to this simulation approach, Rosli et al., [17] reported that the PV efficiency
could reach 11.67% with serpentine and spiral absorber designs. The radiation levels ranged from
300 W/m? to 1000 W/m?, and the mass flow rate of fluid went from 0.0005 kg/s to 0.005 kg/s as
shown in Table 2.
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Fig. 10. PV temperature Distribution of 1000 W/m? radiation at 0.001 kg/s fluid mass flow rate
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Fig. 11. PV temperature distribution of 1000 W/m? radiation at 0.009 kg/s fluid mass flow rate
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Fig. 12. PV temperature distribution of 500 W/m? radiation at 0.001 kg/s fluid mass flow rate
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Fig. 13. PV temperature distribution of 500 W/m? radiation at 0.009 kg/s fluid mass flow rate

K: 700 W/m2
Temperature
Type: Temperature
Unit; " C

Time: 1
0741072023 1540

64,619 Max
60,715
56,617
52516
48,415
44,314
40,213
36,112
32,011
27.91Min

¥
0,000 0,350 0,700 (m) .
[ e e
0175 0,525

z

Fig. 14. PV temperature distribution of 700 W/m? radiation at 0.001 kg/s fluid mass flow rate
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Fig. 15. PV temperature distribution of 700 W/m? radiation at 0.009 kg/s fluid mass flow rate
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Fig. 16. Average PV temperature and average PV efficiency distribution

The calculation of PVT performance involves the summation of both PV performance and thermal
performance. Hence, combining both the thermal and thermal efficiency performance yields an
overall photovoltaic thermal efficiency (PVT) performance. Figure 17 illustrates the average efficiency
of PVT systems' performance at every level of solar radiation. The range of solar radiation is from 500
W/m? to 1000 W/m?. The rectangular absorber exhibits the maximum average PVT efficiency at a
500 W/m? radiation level, with an average efficiency value of 76.23%. Conversely, the lowest average
PVT efficiency value is seen at a 1000 W/m? radiation level, with an average efficiency value of
69.34%. Therefore, the influence of solar radiation is significant in enhancing the overall performance
of a PVT system. In comparison to a rectangular collector-based water fluid with the same water fluid
and rectangular absorber, Fudholi et al., [38] reported a PVT efficiency from 63.45% to 76.03%. The
solar radiation levels used were 500 W/m?, 700 W/m?, and 900 W/m?. Additionally, the mass flow
rate ranged from 0.012 kg/s to 0.0255 kg/s as determined through mathematical modeling and
experiment approach, as shown in Table 2.
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Fig. 17. Average PVT efficiency with different solar radiation
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Table 2
Water-based PVT comparison with previous studies
Type of collector Approach Finding Ref.
Roll bond collector PVTby SandE The yield was alike between S and E. [39]
two aluminum
Uncover PVT by roll bond SandE The E and S results agreed with slight differences. [40]
Flat plate collector SandE The S and E were approved with minor changes. [41]
Spiral channel E PVT efficiency was 68.4%, PV efficiency yielded 13.8%, and [42]
thermal efficiency was 54.6%.
Parabolic dish and high- M and E Thermal and electrical efficiency results were similar. [43]
efficiency collector
The harp and serpentine S The harp model produces better PVT efficiency [44]
collector model performance.
The serpentine, U-flow, S PV efficiency was 11.67% using the serpentine and spiral [17]
and spiral collector model model. Thermal efficiencies of serpentine, u-flow, and spiral
model were 21.02%, 21.02 and 22.96% respectively. The
highest PVT efficiency was 34.63 using the spiral model.
Rectangular collector Eand M The water-based PVT efficiency ranged from 63.45% to [38]
model with water, 0.5 wt% 76.03%
TiO2, and 1.0 wt% TiO2
fluid

Note: S: simulation, E: experiment, M: Mathematical modeling

4. Conclusions

This study investigates the performance of a water-based rectangular PVT collector system using
a CFD methodology. This evaluation encompasses nine different fluid mass flow rate changes and six
distinct solar radiation variations. This study examines nine distinct fluid mass flow rate changes,
spanning from 0.001 kg/s to 0.009 kg/s, as well as six different solar radiation variations, ranging from
500 W/m? to 1000 W/m?2. The temperature distribution of the rectangular channel model and the
temperature of the solar panel are both depicted in the study. Based on the analysis results, it can
be deduced that the lowest outlet temperature of the rectangular collector is observed when the
fluid mass flow rate is 0.009 kg/s and the radiation is 500 W/m?2. On the other hand, the maximum
outlet temperature at 1000 W/m? radiation intensity with 0.001 kg/s fluid mass flow rate. The
maximum thermal efficiency is achieved at a 0.009 kg/s fluid mass flow rate, precisely at a 500 W/m?
radiation variant. In general, a decrease in outlet temperature leads to an increase in thermal
efficiency. The maximum PV efficiency occurs at a 500 W/m? radiation level and a 0.009 kg/s fluid
mass flow rate. However, the highest average overall efficiency for PVT systems performance is
76.23% at the same radiation level of 500 W/m?.
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