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Abstract. As the world shifts towards a more sustainable future, solar energy has emerged as a preeminent and economically feasible alternative to
traditional energy sources, gaining widespread adoption. This study presents a reversed circular flow jet impingement (RCFJI) which aims to improve
the performance of a bifacial PVT collector. An indoor experiment using a solar simulator to assess the energy, exergy, and economic efficiency of a
RCFJI bifacial PVT collector. The study was carried out using a solar irradiance ranging from 500-900W/m? and a mass flow rate between 0.01-0.14
kg/s. Energy performance-wise, the highest photovoltaic efficiency achieved was 11.38% at solar irradiance of 500 W/m?, while the highest thermal
efficiency achieved was 61.4% under 900 W/m?, both obtained at 0.14 kg/s mass flow rate. Regarding exergy performance, the highest photovoltaic
exergy obtained was 47.27 W under 900 W/m? at 0.14 kg/s, while the highest thermal exergy was 9.67 W at 900 W/m? at 0.01 kg/s. Overall, higher
solar irradiance is more desirable for energy and exergy performance. Meanwhile, economic point of view, lower solar irradiance is preferable. Based

on the findings, the optimal mass flow rate was 0.06 kg/s.
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1. Introduction

As the world undergoes development and changes, the demand
for sustainable and renewable energy continues to surge with
each passing day (Esmer, 2022). Solar energy has become a
subject of interest owing to its expeditiously advancing
technology and robust capacity to satisfy the escalating energy
demand of the developing world (Javed, 2022). The demand for
sustainable and renewable energy has exhibited a consistent
upward trend and is anticipated to sustain its growth trajectory
(Alsaqoor et al., 2023; Lee et al,, 2023; Wattana et al., 2022). As
the IEA reported, solar technologies are projected to experience
significant growth over the coming years (Guno et al, 2021).
This upsurge is expected to account for over 60% increase
globally, leading to a transformation in the production and
consumption of electricity (Bisengimana et al., 2023). Solar
energy technologies offer an anticipated lifespan of 20 to 30
years (Ibrahim et al, 2011). In the contemporary world, solar
energy has established itself as one of the most prominent forms
of energy and is an extensively adopted source of renewable
energy (Kingsley-amaehule et al, 2022). Being abundant and
conveniently accessible, solar energy emerges as an optimal
choice for renewable energy, presenting an unprecedented
opportunity for sustainable energy generation (Adu-Kankam et
al, 2022). In contrast to conventional energy sources, solar
energy represents an environmentally friendly and viable form
of energy, marking a significant shift towards a cleaner and
more sustainable energy future (Faizal et al., 2013). Strategically
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integrating clean energy sources, maximizing energy
performance, and improving electrical consumption practise
can results in a 94% reduction in greenhouse gas emissions
(Rahmat et al., 2022).

Solar photovoltaic thermal, commonly referred to as PVT, is
a leading-edge technology at the forefront of rapidly growing
solar energy technologies. Replacing the absorber plate with a
photovoltaic cell, solar PVT operates similarly to thermal
collectors (Ahmed et al, 2020; Bassam et al, 2023). By
integrating photovoltaic cells and thermal collectors, this
innovative technology effectively harnesses the sun's abundant
energy, producing electricity and thermal energy (Sopian et al.,
2000). The capability to produce both electrical and thermal
energy has rendered it a burgeoning technology in the realm of
solar applications (Madas et al, 2023; Touti et al, 2023;
Vengadesan et al., 2020). Usually, the efficacy of solar energy
conversion into thermal energy is significantly greater in
comparison to electrical energy (Hussein et al., 2023). Due to its
unique dual functionality, PVT technology stands out as a
compelling alternative to conventional solar PV and thermal
technologies, offering a significant advantage in efficiency, cost-
effectiveness, and space utilization (Caruso et al., 2018). In this
study, a reversed circular flow jet impingement (RCFJI) was
introduced to enhance the efficiency of a bifacial PVT collector.
A solar simulator was utilized to assess the energy analysis as
well as the exergy and techno-economics analysis. The
experiment was conducted with varying solar irradiance
between 500-900W/m? and a mass flow rate of 0.01-0.14kg/s.
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2. Literature Review

Solar photovoltaic (PVT) can be classified into two distinct
categories: solar photovoltaic, which involves the conversion of
solar energy into electricity, and solar thermal, which generates
thermal energy by absorbing heat from the sun (Dwivedi et al.,
2020). The integration of these two systems is referred to as
hybrid photovoltaic thermal (Cabral et al., 2018; Mustapha et al.,
2020). PVT solar collectors have emerged as a highly efficient
and sustainable solution for energy generation (Li et al., 2022).
The principal advantage of these systems lies in their ability to
decrease dependence on non-renewable energy sources (Zarei
et al., 2020). Researchers have directed their attention toward
renewable energy sources to generate power owing to the
increasing need for energy which led to the exploration of solar
technologies such as PVT solar collectors (Cabral, 2022).

There are two distinct classifications of PVT collectors: air-
based and water-based. The utilization of air-based is a common
practice in PVT solar collectors due to its simplicity and reduced
likelihood of leakage-related complications (Yadav et al., 2020).
Air-based PVT collectors can be passively or actively cooled.
This study uses an air-based bifacial PVT solar collector using
active cooling from an air compressor to distribute high-speed
air through the PVT collector. In addition, air-based PVT
collector operates with minimal commotion and no emissions
(Jha et al,, 2020). Air-based PVT collectors are often less weight
than water-based collectors (Ooshaksaraei, 2015).

In PVT technologies, the photovoltaic module plays a vital
role in the electrical performance of the collector. On the other
hand, a bifacial module allows the module to harvest the sun
from the front and rear sides of the module (Ooshaksaraei et al.,
2017). The initial bifacial module was invented in 1980 (Luque
et al., 1980; Obraztsova et al., 2022). A highly reflecting material
is placed below the modules to redirect the sunlight onto the
bifacial module's rear side. As a result, the module could absorb
as much sunlight as possible. However, when heat accumulation
elevates alongside sunlight absorbed, the bifacial module's
electrical performance decreases (Jang et al., 2021). Since both
sides of the bifacial module must be subjected to sunlight,
cooling alternatives for such modules are limited. Jet
impingement, a highly effective cooling approach, is one of the
suitable  cooling alternatives for Dbifacial modules
(Mohammadpour et al., 2022).

In 1991, the initial jet impingement for PVT solar collectors
was invented (Choudhury et al., 1991; Singh et al., 2020). The
initial approach of the jet impingement involves the utilization
of a jet plate to enhance the efficiency of the PVT solar collector.
The findings indicated an efficiency performance enhancement
of about 19-26.5%. The heat transfer enhancement of a jet
impingement has been the focus of intensive study (Wai et al.,
2022). This study presents a reversed circular flow jet
impingement (RCFJI) to cool off a bifacial PVT solar collector.
The jet impingement technique improves heat transfer in the
bifacial PVT solar collector. This technique utilizes arrays of
high-velocity jets intended to strike or impinge the bifacial
module. Air is dispersed throughout the bifacial PVT solar
collector using a jet plate with a spanwise of 0.126m and
streamwise 0.113m.

The utilization of solar energy has demonstrated significant
potential as a viable technology (Panchal et al., 2020). Numerous
research has demonstrated that implementing solar
photovoltaic thermal may result in substantial energy reduction
(Saini et al, 2023). However, among the obstacles to
implementing PVT technologies are the significant initial
expenses and associated inadequate cost efficiency (Adebayo et
al, 2017; Lin et al, 2019). Consequently, diverse techno-
economic analyses have been carried out in prior solar energy
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research (Ellabban et al, 2019). Techno-economics helps to
visualize the feasibility and viability of the PVT collector (Elfeky
et al., 2023; Rahimi et al., 2023). The techno-economics analysis
comprehensively considers all expenses and benefits arising
over the PVT collector's lifespan (Rebitzer et al., 2004; Ren et al.,
2020). At the end of this study, a techno-economic analysis is
performed to assess the economic viability of the RCFJI bifacial
PVT collector. Numerous assessment methodologies have been
employed for appraising the economic viability of a solar
collector (Naveen et al., 2023). It is recommended to formulate
economic growth strategies that facilitate the transition towards
renewable and sustainability (Ahmad et al.,, 2022; Kaci et al,
2023).

3. Experiment Setup

An indoor experiment was conducted at the SERI, Universiti
Kebangsaan Malaysia, to analyze the performance of a reversed
circular flow jet impingement (RCFJI) bifacial PVT solar
collector in terms of energy, exergy, and economic
performance. A solar simulator comprised of 32 halide lights
with 500-watt capacity was used, as depicted in Fig. 1. 14 K-
type thermocouples were tested by submerging the
thermocouple probes in boiling water before being placed
around the RCFJI bifacial PVT solar collector. The PVT
collector's temperature was logged using thermocouples
connected to an AT4824 data logger. The experiment
procedure was executed according to the previous study cited
in the ref (Moshery et al., 2021; Ooshaksaraei et al., 2017).

The RCFJI measured 40mm in diameter and 20mm in depth
and was fixed to a jet plate and mounted 25mm below the
bifacial module to cool down the bifacial module's temperature.
Fig. 2 shows the RCFJI attached to a jet plate. The jet plate has
36 holes, each measuring 3mm in diameter. The spanwise and
streamwise of the jet plate holes were 126mm and 113.34mm.
A 6mm polyurethane hose was connected to the 3mm RCFJI
inlet. Air from the compressor was distributed through the
polyurethane hose and entered the 3mm RCFJI inlet. A circular
airflow motion will be produced in the RCFJI cup before exiting
the 3mm jet plate holes with high velocity causing impinging
effects on the bifacial module. The circular flow motion and
impinging effects help to cool down the bifacial module by
increasing the heat transfer rate within the PVT solar collector.

The RCFJI bifacial PVT solar collector was tested under
solar irradiance of 500-900W/m? and a mass flow rate from
0.01-0.14 kg/s. The experiment was conducted in force
convection mode, using an air compressor to produce high-
velocity air. The air velocity from the air compressor is adjusted

Fig. 1 Indoor experiment setup.
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Fig. 2 RCFJI mounted on a jet plate with a 6mm air hose inlet.

and measured using an anemometer based on the required
mass flow rate. Meanwhile, the solar simulator was set and
monitored using a pyranometer to achieve the desired solar
irradiance. The data logger was set to record the temperature
of the RCFJI bifacial PVT solar collector for every 1-second
interval for 30 minutes. After approximately 25-30 minutes, the
PVT collector reached a steady state condition where no
temperature change had been noticed. An [-V tracer was
employed to record the current and voltage reading of the PVT
collector at the steady state condition. After obtaining the data,
the PVT collector was cool down for two hours before taking a
new data set with different parameters.

4. Energy Analysis

Energy analysis was performed on the reversed circular flow jet
impingement (RCFJI) bifacial PVT solar collector to examine
the photovoltaic and thermal efficiency of the bifacial PVT
collector. Table 1 presents the parameters and values involved
throughout the performance analysis in the study.

4.1. Reynolds Number

Determining airflow within the RCFJI bifacial PVT solar
collector involves the utilization of the Reynolds Number, a
fundamental parameter used to evaluate the flow characteristic.
The Reynolds Number, Re, is expressed as (Fudholi et al., 2019):

Reynolds number = % (1)

While the hydraulic diameter, Dh, is given by (Fudholi, Sopian,
Othman, et al., 2013):

4wWd

Dh= 3 W+d) 2)

And the air viscosity, y, is given by (Fudholi, Sopian, Othman, et
al, 2013):

w=[1.983 + 0.00184 (T — 300)] x 105 3)
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4.2. Convective Heat Flux

The convective heat flux, g0, is expressed as:

q0 = h. (Text — Tpy) (4)

4.3. Photovoltaic Efficiency

The photovoltaic efficiency, nrrowvoraic, is expressed as:

Pmax

(I x Ac) (5)

Nprhotovoltaic =

Where the peak rate power, Pmax, is computed using an -V
tracer and can be given as (Ewe et al,, 2022):

Prax = IAEaPVP(nPVfront) +I1A.7;(1— P)nraPVP(rlPVrear) (6)
And the efficiency of the cell is given by (Ewe et al., 2022):

Npvfront = Npvrear = I]ref[1 -p (Tpv - Tref) (7)

4.4. Thermal Efficiency

The thermal efficiency, nuema, is expressed as (Ewe et al., 2022):
Nthermal = (,S_I:IC) (8)
Where the useful heat gain, Qu, is given by:

Qu = mCy (T, —Tp) (9)
And the specific heat capacity of air, Cp, is defined as:

C, = 1.0057 + 0.000066 (T — 300) (10)

5. Exergy Analysis

The exergy analysis of the RCFJI bifacial PVT collector was
performed to evaluate its photovoltaic and thermal exergy
efficiency. Exergy analysis emphasizes the importance of
analyzing losses and internal irreversibility to achieve optimal
performance.

5.1. Photovoltaic Exergy

The photovoltaic exergy, Exehowvoraic, is defined as (Ewe et al.,
2022):

Exphotovoltaic = Pmax [1 - (g) ((%) + (%) (%1)4>] (11)

The sky temperature, Ts is calculated using (Moshery et al.,
2021):

T, = 0.0552 (T}>) (12)

5.2. Thermal Exergy

The thermal exergy, Exumema, is defined as (Ewe et al., 2022):

Ta
EXthermar = QU X (1 __) (13)

Tout
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Table 2
Parameters and values.

Parameter Value

Mass flow rate, m 0.1-0.14kg/s

Width of collector, W 0684mm

Length of collector, L 705mm

Duct depth, d 25mm

Solar irradiance, I (W/m?) 500, 600, 700, 800,
900

Area of collector, Ac 0.48m?

Temperature ambient, Ta 30°C

Absorptivity of PV cell, apy 0.91

Packing factor, P 0.66

Heat transfer coefficient, h 9 W/(m?K)

External temperature, Text 30°C

The transmittance of Lamination, T1 0.85

The reflectivity of the jet plate, nr 0.7

Electrical efficiency at reference 0.16

condition, Nrer

Temperature Coefficient, 8 0.0045 K!

The temperature at reference condition, 303.15K

Tref

6. Economic Analysis

The cost-benefit ratio, CBR, is a widely used profitability
indicator in economic analysis. CBR determines the viability of
cash flow generated by the reversed circular flow (RCFJI)
bifacial PVT solar collector. To achieve high economic
feasibility, the RCFJI bifacial PVT solar collector must generate
the highest energy and exergy performance at the most cost-
effective. Therefore, to calculate the CBR value, the annual cost
(AC), annual energy gain (AEG), and annual exergy gain (AEXG)
must be determined. The following equations are developed
from previous studies (Ewe et al., 2022; Fudholi, Sopian, Ruslan,
etal.,, 2013; Nazri et al., 2018). Table 2 lists the data information
involved in the economic analysis. The interest rate, /R, and the
bifacial module lifespan, n, are assumed to be 5% and 20 years.
Meanwhile, the electric cost is based on Tenaga Nasional
Berhad, TNB, Malaysia domestic Tariff A, 2023.

6.1. Annual Cost

In order to evaluate the annual cost (AC), it is necessary to
consider various parameters that may affect the system's overall
economic viability, including the annual collector cost (ACC),
maintenance cost (MC), annual pumping cost (APC) and annual
salvage value (ASV). The annual cost of the RCFJI bifacial PVT
solar collector is expressed as follows:

AC = ACC + MC + APC — ASV (14)
Where the annual collector cost, ACC, is determined using:

ACC = CRF x CI (15)

And the capital recovery factor, CRF, is determined using:

Table 1

Relevant data of economic analysis.
Parameters Estimated value
PVT collector material cost, PVTCM RM450
Fabrication and labor cost, FLC RM150
Support and structure cost, SSC RM200
Electric cost, EC RMO0.21/kWh

Interest Rate, IR 5%
Bifacial module lifespan, n 20 years
Annual operating time, AO (days x hours) 365days x 8hrs
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IRx (IR+1)"
(IR+1)"-1

CRF = (16)

IR denotes the interest rate, while the bifacial module lifespan
(vears) is denoted by n. The capital investment, CI, is
determined using:

Cl = PVTCM + FLC + SSC (17)

Which PVTCM represents the PVT collector material cost, FLC
represents the fabrication and labor cost, and SCC represents
the support and structure cost. The RCFJI bifacial PVT solar
collector maintenance cost, MC, is determined using:

MC =10%of ACC = 0.1 x ACC (18)

The annual pumping cost, APC, is determined using:

APC = P, x AO x EC (19)

Which P, denotes the pumping power, annual operation time is
denoted by AO, and EC denotes the electric cost. The annual
salvage value, ASV, is determined using:

ASV = SFF x SV (20)
While the salvage fund factor, SFF, is defined as:

IR

SFF = Gy (21)
And the salvage value, SV, is determined using:
SV =10%of CI = 0.1 x CI (22)

6.2. Annual Energy/Exergy gain

The annual energy gain evaluation encompasses the annual
electrical energy gain (AEEG) and the annual thermal energy
gain (ATEG). The annual energy gain (AEG) is expressed as:

AEG = ATEG+AEEG (23)
npowerplant

The efficiency of a powerplant, npowenpians, is referred to as 0.38 (Ji
et al.,, 2007). While AEEG is determined using:
AEEG = Cmexx49) (24)
1000
While the annual thermal energy gain, ATEG, is determined
using:
_ (Qux40)

ATEG = (25)
1000

6.3. Cost-Benefit Ratio

The cost-benefit ratio, CBR, is expressed as:

CBR = 25 (26)
AEG

7. Results and Discussion

7.1. Energy Analysis

Based on Fig. 3, it is evident that higher solar irradiance leads
to a decrease in photovoltaic efficiency in the bifacial PVT
collector because increased solar irradiance results in higher
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Fig. 3 RCFJI bifacial PVT solar collector photovoltaic efficiency.

heat gain within the collector, which in turn affects the bifacial
module performance. Excess heat can cause temperature rise
and reduce photovoltaic conversion efficiency. Conversely, the
photovoltaic efficiency improves with a higher mass flow rate in
the bifacial PVT collector and is attributed to the cooling effects
facilitated by the RCFJI. At the highest solar irradiance of 900
W/m?, the photovoltaic efficiency ranges from 10.18-10.91%,
while at the lowest solar irradiance of 500 W/m? the
photovoltaic efficiency ranges between 10.80-11.38%. From the
results, the highest photovoltaic efficiency recorded was 11.38%
at 500 W/m? and a mass flow rate of 0.14 kg/s. Meanwhile,
when operating at the highest solar irradiance of 900 W/m?, the
maximum photovoltaic efficiency achieved was 10.91% at 0.14
kg/s. When considering thermal efficiency, the data presented
in Fig. 4 illustrates a notable improvement as the mass flow rate
and solar irradiance increase. This observation implies that an
increased mass flow rate significantly augments the airflow
within the bifacial PVT collector, thereby leading to better
thermal efficiency. Increasing the mass flow rate allows better
airflow to pass through the collector, promoting effective heat
transfer within the bifacial PVT collector. The maximum
thermal efficiency achieved was 61.4% under solar irradiance of
900W/m? and 0.14kg/s mass flow rate. In addition, when tested
with the lowest solar irradiance of 500 W/m?, the maximum
thermal efficiency achieved was 54.28% at 0.14 kg/s. Overall
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Fig. 4 RCFJI bifacial PVT solar collector thermal efficiency.
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the lowest thermal efficiency obtained was 31.28% under
500W/m? with a 0.01kg/s mass flow rate.

7.2. Exergy Performance

In terms of exergy analysis, the highest photovoltaic exergy
obtained was under 900W/m? while the lowest photovoltaic
exergy obtained was under 500W/m?, as illustrated in Fig. 5.
Based on the observation, it is apparent that higher solar
irradiance leads to an increase in the photovoltaic exergy in the
realm of solar energy conversion. An increase in solar irradiance
leads to an enhanced influx of solar irradiance onto the bifacial
module, resulting in greater absorption of photons and
subsequent conversion into electrical energy. Consequently,
this leads to an increased exergy output of the photovoltaic
systems. The highest photovoltaic exergy achieved was under
900W/m? and 0.14kg/s with a photovoltaic exergy of 47.27W,
while the lowest was 28.10W under 500W/m? solar irradiance
and 0.01kg/s mass flow rate. Overall, the photovoltaic exergy
ranges from 24.88-27.18W for 500W/m?, 29.45-32.34W for
600W/m?, 33.89-37.40W for 700W/m? 38.20-42.38W for
800W/m? and 42.39-47.27W for 900W/m? solar irradiance.
Notably, the photovoltaic exergy can be influenced by
additional variables, such as the efficiency of the bifacial cells
and the system's configurations.

50
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Fig. 5 RCFJI bifacial PVT solar collector photovoltaic exergy.
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Fig. 6 RCFJI bifacial PVT solar collector thermal exergy.
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Meanwhile, the analysis reveals a downward trend in thermal
exergy as the mass flow rate increases, as depicted in Fig. 6. The
decrease in thermal exergy with a higher mass flow rate can be
attributed to the increased airflow within the systems. As the
mass flow rate rises, a higher air volume passes through the
bifacial PVT collector, which leads to a decrease in the
temperature of the bifacial PVT collector. The reduced
temperature of the bifacial PVT collector leads to a decline in
thermal exergy. On the other hand, it is observed that higher
thermal exergy can be achieved when operating at higher solar
irradiance. This is because higher solar irradiance implies a
larger amount of heat input into the system. The highest thermal
exergy obtained was 9.67 W at 900 W/m? and 0.01 kg/s, while
the lowest thermal exergy achieved was under 500 W/m? and
0.14 kg/s with a thermal exergy of 4.6 W.

7.3. Economic Performance

The annual energy gain (AEG) of the RCFJI bifacial PVT solar
collector is positively correlated with the solar irradiance levels,
as higher solar irradiance results in increased photovoltaic and
thermal energy production. Moreover, optimizing the airflow
inside the bifacial PVT collector at an increased mass flow rate
enhances the heat transfer efficiency, resulting in an improved
rate of thermal energy exchange and ultimately leading to a
higher AEG. Fig. 7 shows that higher AEG can be achieved with
a higher solar irradiance. The AEG for the bifacial PVT solar
collector under the highest solar irradiance of 900W/m? ranges
from 1544.49-2465.70 kWh/year, while the AEG under the
lowest solar irradiance of 500 W/m? ranges from 950.90-
1479.76 kWh/year.

However, it was observed that the utilization of higher solar
irradiance levels and mass flow rate resulted in a lower cost-
benefit ratio (CBR), as shown in Fig. 8. This can be attributed to
the fact that increased solar irradiance leads to greater heat
accumulation within the bifacial modules, necessitating higher
pumping costs for cooling and, thus, adversely affecting the
energy performance. Therefore, in terms of achieving maximum
energy performance and annual energy gain, prioritizing higher
mass flow rates and solar irradiance is recommended, while
from an economic standpoint, favoring lower values of both
factors is preferable. The CBR value when operating at the
highest solar irradiance of 900 W/m? ranges from 0.57-0.92
RM/m?kWh, whereas the CBR value when operating at the

2800
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Fig. 8 RCFJI bifacial PVT solar collector AEG.
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lowest solar irradiance of 500W/m? ranges from 0.96-1.49
RM/m?kWh.

Meanwhile, it was observed that the highest annual exergy
gain (AEXG) was obtained under solar irradiance of 900W/m?,
whereas the lowest AEXG was obtained under solar irradiance
of 500W/m?. The results and findings in Fig. 9 are consistent
with those in subsection 7.2 Exergy Analysis. Notably, the
AEXG was optimal at a mass flow rate of 0.04-0.07 kg/s for all
solar irradiance levels tested. The highest AEXG recorded was
at a solar irradiance of 900 W/m? and a mass flow rate of
0.06kg/s, yielding a 412.03 kWh/year value. On the other hand,
when operating under the lowest solar irradiance of 500W/m?,
the highest AEXG obtained was 222.32 kWh/year at a mass
flow rate of 0.04 kg/s.

The exergy cost-benefit ratio (CBRX) for the RCFJI bifacial
PVT solar collector is presented in Fig. 10. The maximum CBRX
value achieved was under solar irradiance of 500 W/m?, with a
value of 6.56 RM/m2kWh at a mass flow rate of 0.01 kg/s.
Conversely, operating under a solar irradiance of 900 W/m?
yielded the lowest CBRX value compared to other solar
irradiance levels tested with a maximum CBRX value of 3.54
RM/m2kWh at a mass flow rate of 0.01 kg/s.
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Fig. 9 RCFJI bifacial PVT solar collector AEXG.
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8. Conclusion

In conclusion, the energy performance analysis revealed that
the maximum photovoltaic efficiency was attained at 500W/m?
with a mass flow rate of 0.14 kg/s, resulting in a photovoltaic
efficiency of 11.38%. On the other hand, the highest thermal
efficiency was observed at 900 W/m? and 0.14 kg/s, with a
thermal efficiency of 61.4%. The RCFJI bifacial PVT solar
collector exhibited an improved energy performance due to the
high-velocity air and impinging effects on the bifacial PV
module induced by the RCFJI. The swirling effect produced by
the RCFJI further enhances the turbulent flow, effectively
preventing the establishment of boundary layers and thereby
improving the heat transfer rate.

A higher exergy performance is preferable as it requires less
input energy to produce the same amount of output, indicating
that more potential work is being extracted and converted into
usable energy to achieve effective performance. In terms of
exergy performance, the highest photovoltaic exergy was
obtained at 0.14 kg/s mass flow rate and 900W/m? with a value
of 47.27 W. On the other hand, the lowest photovoltaic exergy
was achieved at 0.01 kg/s and 500 W/m?, with a value of 28.10
W. Additionally, the highest thermal exergy was recorded at
0.01kg/s and 900 W/m?, with a value of 9.67 W, while the
lowest thermal exergy was observed at 0.14 kg/s and 500
W/m?, with a value of 4.6 W. Based on the exergy performance,
the optimal mass flow rate was 0.06 kg/s.

The highest AEG was observed under 900 W/m?, which
resulted in a range of 1544.49-2465.70 kWh/year, while the
lowest AEG was achieved under 500 W/m? with a range of
950.90-1479.76 kWh/year. Additionally, operating at lower
solar irradiance results in a higher CBR value. The highest CBR
value was achieved under 500 W/m? with a CBR value ranging
from 0.96-1.49 RM/m2kWh. On the other hand, the highest
AEXG was observed under 900W/m? with an AEXG of 412.03
kWh/year at 0.06kg/s, while the lowest AEXG achieved was
under 500 W/m? with 222.32 kWh/year. The highest CBRX
value achieved was 6.56 RM/m2.kWh at 500W/m? and a mass
flow rate of 0.01kg/s. In summary, higher solar irradiance leads
to higher AEG and AEXG, making it a more desirable option
from an energy and exergy generation standpoint. However,
when considering the economic performance, lower solar
irradiance is preferred due to lower heat gain resulting in
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reduced pumping costs required for cooling the RCFJI bifacial
PVT solar collector.

From an environmental perspective, various issues tend to
be disregarded during PVT technologies' production, assembly,
and operation. Mitigating these concerns necessitates
implementing sustainable measures such as recycling and
conscientious waste disposal. In addition, assessing present and
future PVT technologies have great scaling potential and
identify significant difficulties in real-world applications.
Innovative ideas can solve urban problems, but industrial and
commercial sectors require a tailored approach to meet the
energy demand and overcome financial hurdles. Globally, PVT
technologies can diversify energy sources and fight climate
change.
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