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a b s t r a c t

The effects of impinging air jet on the thermo-electro-hydraulic performance of a bifacial PVT with
different packing factors are entirely unclear. Here, we have proposed a dual-functional jet plate re-
flectors are introduced to induce jet air cooling and increase the light absorption at the rear part of the
bifacial PV module. The effects of jet plate reflectors with different configurations on the system's per-
formance are investigated and studied. The simulation results were verified and validated with the
experimental findings. Increasing the distance between jet holes reduces the interference and enhances
the heat transfer, which led to higher friction and greater pumping power. Net energy gain is the key to
calculate hydraulic efficiency, by subtracting the pumping power from the energy output. Therefore, the
system's best performance can be explained by the lowest Re to generate max efficiencies. Jet
impingement bifacial photovoltaic thermal (JIBPVT) with 36 jet-holes has the greatest jet spacing be-
tween the jet holes and optimum performance. The maximum thermal energy gain and electrical energy
produced were achieved at lower critical values of Re, which are 9929 and 5667, respectively. JIBPVT has
the optimum thermal, electro, and thermo-electro-hydraulic efficiencies, with 57.3%, 10.36%, and 83.93%,
respectively.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Because of human activity, the value of natural resources such as
fossil fuels for power production has increased dramatically during
the past decade [1e3]. Compared to rural regions, the urban pop-
ulation's share of the overall population is increasing at an alarming
rate. According to national statistics, about 30% of the world's
population lived in cities in 1950, with that number expected to rise
to 66% by 2050 [4]. Thus, the community's growth will boost the
need for new structures, both residential and non-residential. As a
consequence of growth, a slew of environmental issues has come to
the forefront. In addition, environmental problems have arisen due
titute, Universiti Kebangsaan

.E. Ewe), a.fudholi@ukm.edu.
to industrialization, including air pollution [5]. Clean, long-lasting
electricity from renewable sources such as solar energy can be
generated instead of fossil fuels to conserve energy and reduce the
negative impact of the building industry on global warming and
climate change. Renewable energy sources, such as solar energy,
can be used in place of fossil fuels to conserve energy and reduce
the negative impact of the building industry on global warming and
climate change [6].

Flat plate solar air collectors (SACs) are the most widely used
solar collectors due to their simple construction and high efficiency
[7]. The thermal performance of the SAC, on the other hand, is
inferior owing to the limited thermal conductivity and heat ca-
pacity of the material. Hence, incorporation of a SAC with air
flowing between the top and lower sections of the absorber plate as
part of the collector's design [8].

In the year 1991, the first glazed jet impingement solar air col-
lector was developed [9]; employing a jet air impingement mech-
anism may improve the maximum thermal efficiency of a flat plate
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SAC by up to 26.5%. According to the study's findings [10], the
thermal efficiency of the unglazed jet impingement solar collector
is 21% greater than the thermal efficiency of the conventional flat
plate solar collector (SAC). Likewise, The relationship between the
friction factor and the Nusselt number for jet plate SAC has been
investigated in jet diameter, spanwise, streamwise, and Reynolds
number for jet plate SAC [11]. When these features are combined
with conventional design, the authors found that they contribute
the most to a 3.5 increase in friction factor and a 2.6 increase in heat
transfer rate, respectively. Another study conducted by the same
authors showed that the optimum jet plate characteristics might be
theoretically calculated by finding the greatest thermohydraulic
efficiency and using the correlations discussed in the previous
study [12]. The optimum design configuration is then found for the
spanwise pitch, jet diameter, and streamwise pitch ratios of 0.065,
0.435, and 0.865, respectively, for the three parameters of spanwise
pitch, jet diameter, and streamwise pitch ratio [13]. Comparative
analysis was carried out on the thermal efficiency of flat-plate SACs
and perforated plates with low porosity [14]. It seems that the low
porosity perforated plate outperformed the flat plate SAC by up to
23%, according to the findings. It was discovered that the addition of
a single flow dual air channel SAC with jet impingement increased
the overall thermal and exergy efficiency of a single flow single air
channel SACwith jet impingement by 21.2% and 22.4%, respectively,
when compared to when the SAC was used alone [15].

Photovoltaic thermal (PVT) systems are hybrid systems that
integrate thermal and photovoltaic systems to produce electrical
and thermal energy simultaneously in a single installation [16]. The
performance of the solar panel, on the other hand, would deteri-
orate as the temperature increases. A variety of cooling methods
must be used as a consequence in order to improve energy pro-
duction by decreasing the temperature of the panel [17]. The per-
formance of PVT with the jet plate was evaluated using analytical
modeling [18], and the results revealed a 54% total efficiency. By
impinging SieC nanofluids on a jet array [19], it has been shown
that the overall efficiency of a PVT solar collector may be improved.
The efficiencies of 12.8% for electrical efficiency, 85% for thermal
efficiency, and 97.8% for overall efficiency have been shown in tests.
In a subsequent study [20], the same authors repeated their find-
ings with the PVTwithwater jet, which resulted in a total efficiency
of 81%.

To increase the area for solar radiation absorption, a bifacial PV
module was used with the aid of a reflector [21]. In Ref. [22], an
investigation of double-pass bifacial PVT air collector with mirror
reflectors was done by using parallel air flow for cooling. Moreover,
a bifacial PVT air collector with semi-mirror reflector was investi-
gated in Ref. [23] by using similar cooling method, which led to a
maximum total energy efficiency of about 67%. However, due to the
very thin boundary layer formed by jet impingement over the
heated absorber plate, jet impingement further improves the
convective heat transfer coefficient than parallel airflows [24]. Jet
impingement has been shown to be very effective in a number of
engineering and industrial applications. Nevertheless, the jet
impingement mechanism is always associated with poor hydraulic
design, resulting in dead zone flow or high fan motor power [25].
Based on the literature, there is insufficient study on the cooling of
bifacial PVT systems with jet air impingement.

The objectives of the current work are introducing a novel
design of bifacial PVT with jet impingement and a dual-functional
jet plate reflectors with different geometric configurations (such
as jet holes, jet spanwise and streamwise pitch ratios). The jet plate
reflectors were used as a reflector to reflect the incident light onto
the rear part of bifacial PVmodule, and product jet air cooling to the
rear part, simultaneously.
2

2. Design and simulation

2.1. Description of JIBPVT solar air collector

The schematic cross-sectional viewof JIBPVT solar air collector is
given in Fig. 1 and Fig. 2, along with airflow and light transmission
direction, respectively. Three components make up the collector: a
bifacial photovoltaic panel, a jet plate reflector, and an insulated
backplate. Additionally, this system utilizes two channels: (i) an air
channel between the bifacial photovoltaic panel and the jet plate
reflector; and (ii) an air channel between the jet plate reflector and
the backplate. Referring to Fig. 1, air from the surrounding area will
initially enter the lower channel before passing through the per-
forations in the jet plate reflector and entering the top channel. The
air exits the upper channel at a high rate of speed and collides with
the bottom portion of the bifacial photovoltaic panel. Heat trans-
mission occurs here between the bifacial photovoltaic panel and
the surrounding air. The proposed design has a dimension of
0.703 m length, 0.684 m width, and 0.12 m height. The depth of
each air channel is 0.025 m. The investigation is carried out on a
bifacial photovoltaic panel with packing factors of 0.22, 0.33, and
0.66 with a mass flow rate of 0.014e0.035 kg/s.
2.2. Design of holes on jet plate reflector

This study proposes using a jet plate reflector to improve cooling
and light absorption on the backside of a bifacial photovoltaic
panel. The hole pattern on the jet plate reflector is determined by
the dimensions and placement of the PV cells in a real-world
bifacial PV panel. Figs. 3e5 illustrate three distinct jet plate re-
flectors, each with a distinct streamwise pitch X ¼ 0.09 m, 0.105 m,
and 0.126 m; a unique spanwise pitch Y ¼ 0.081 m, 0.0945 m, and
0.1134 m; and a unique variety of holes N ¼ 64, 49, and 36. The
thickness of the jet plate reflector is set to 0.001 m, while the width
of each jet hole is set to 0.003 m. Table 1 summarises the variables
and fixed design and operation characteristics.
2.3. Energy balance of JIBPVT solar air collector

A one-dimensional heat flow analytical model in steady-state is
created to determine the energy balance between each component
of the system. Fig. 6 illustrates the heat transfer coefficients at each
component of the system. In addition, energy analysis was per-
formed to determine the thermal, panel, and total energy efficiency.
The following assumptions were made for the bifacial PVTmodel to
ease the analytical analysis:

i) Forced convection heat transmission occurs along the
channels.

ii) The convection heat transfer coefficient is equal and constant
between the air heater components and the air along the
flow channel.

iii) Temperature drops are insignificant through the absorber
plate, jet plate, and backplate.

iv) PV cells are considered to have the same temperature
throughout the PV panel.

v) The front and rear PV cells on the bifacial panel have identical
electrical efficiency.

vi) No leakage occurs in the airflow routes.
vii) The air mass flow rate in channels 1 and 2 is identical, _m1 ¼

_m2.
viii) For long-wavelength light, the sky is regarded to be a black

body.
ix) Thermal losses at the collector's edge are insignificant.



Fig. 1. The direction of airflow of JIBPVT.

Fig. 2. The direction of light transmission of JIBPVT.
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x) The internal energy variation of each component of the
studied PVT collector is neglected.

xi) The heat losses by conduction is neglected.

The equations for each component of the system's energy bal-
ance are listed. The left-hand sides of the equations represent the
heat gained or absorbed from solar radiation or other collector
components, while the right-hand sides represent the heat dissi-
pated or lost at each collector component.

Energy Balance Equations (Gain Energy ¼ Loss Energy):

i) PV laminate:

Ipv ¼Ut
�
Tpv � Ta

�þhrpvj
�
Tpv � Tj

�þ hcpvf2
�
Tpv � Tf2

�
2.3.1
ii) Air flow bet. PV and jet plate, f2:

hcpvf2
�
Tpv � Tf2

�
þhcjf2

�
Tj � Tf2

�
¼2 _m∁p

�
Tf2 � Tf2i

�.
WL

2.3.2
iii) Jet plate reflector:
3

Ij þhrpvj
�
Tpv � Tj

�¼hrjb
�
Tj � Tb

�þhcjf1
�
Tj � Tf1

�
þ hcjf2

�
Tj � Tf2

�
2.3.3
iv) Air flow bet. jet plate and back plate, f1:

hcjf1
�
Tj � Tf1

�
þhcbf1

�
Tb � Tf1

�
¼ 2 _m∁p

�
Tf1 � Tf1i

�.
WL

2.3.4
v) Back plate:

hrjb
�
Tj � Tb

�¼UbðTb � TaÞ þ hcbf1
�
Tb � Tf1

�
2.3.5

In the preceding equations, Tf2 ¼ ðTf2i þTf2oÞ=2 and
Tf1 ¼ ðTf1i þTf1oÞ=2 correspond to the average temperature of each
channel. Tf2i ¼ Tf1o is the temperature at the jet hole. There are two
types of heat transfer of the system: i) hc, the convective heat
transfer; ii) hr , the radiative heat transfer. The useful energy gain at
the channel can be written as 2 _m∁pðTf � TfiÞ=ðWLÞ. Ut and Ub in-
dicates the heat loss from the collector's top and rear to the
environment.



Fig. 3. Jet plate with 64 holes, X ¼ 0.09 m and Y ¼ 0.081 m

Fig. 4. Jet plate with 49 holes, X ¼ 0.105 m & Y ¼ 0.0945 m

Fig. 5. Jet plate with 36 holes, X ¼ 0.126 m and Y ¼ 0.1134 m

Table 1
Variable and fixed design and operating parameters.

Parameters Base values

Variable design and operating parameters
No of PV cells 4, 6, 12
Packing factor, P 0.22, 0.33, 0.66
Number of jet holes, N 64, 49, 36
Streamwise pitch, X 0.09, 0.105, 0.126
Spanwise pitch, Y 0.081, 0.0945, 0.01134
Solar irradiance, I 700, 900 W/m2

Air mass flow rate, _m 0.014e0.035 kg/s
Fixed design and operating parameters
Length of collector, L 0.703 m
Width of collector, W 0.684 m
Height of collector, H 0.12 m
The surface area of collector, Ac 0.481 m2

Duct depth for each channel, d 0.025 m
Absorptivity of PV cell, apv 0.91
The emissivity of PV cell, εpv 0.6
Absorptivity of lamination, al 0.1
The transmittance of lamination, tl 0.85
The emissivity of jet plate reflector, εj 0.11
The reflectivity of jet plate reflector, nR 0.7
The emissivity of the backplate, εb 0.25
The thickness of insulation, tin 0.004 m
Thermal conductivity of insulation, kin 0.037 W/mK
Speed of wind, Vw 1 m/s
The temperature of the atmosphere, Ta 300 K
The temperature of inlet air, Ti 301 K
Stefan's Boltzmann constant, s 5:67� 10�8 W/m2.K4

Electrical efficiency at a reference condition, nref 0.16
Temperature coefficient 0.0045 K-1

The temperature at a reference condition 298 K
The thickness of the jet plate reflector 0.001 m
Diameter of jet holes 0.003 m
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The total thermal energy absorbed by the solar collector from
the solar radiation splits into two parts, which are:

i) Ij ¼ Itlð1 � PÞð1 � nRÞ, Total heat gain by the jet plate.
ii) Ipv ¼ Ipvfront þ Ipvrear , Total heat gain by the bifacial PV panel,

where Ipvfront is the heat gain from the front bifacial PV and Ipvrear
is the heat gain from the rear bifacial PV.

For the thermal energy received by the bifacial photovoltaic
panel on the front,
4

Ipvfront ¼ IapvP
�
1�npvfront

�
þ Ialð1� PÞ 2.3.6

IapvPð1�npvfrontÞ is the total amount of heat absorbed by the front
photovoltaic cell, solar radiation is absorbed by the photovoltaic



Fig. 6. Energy balance of bifacial PVT.
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cell with packing factor P. npvfront will convert to electricity, so
ð1�npvfrontÞwill transfer to heat; Ialð1�PÞ is the total heat absorbed
by the front PV laminate, whereas ð1�PÞ is the area without the PV
cell.

For the amount of heat absorbed by the back bifacial photo-
voltaic panel,

Ipvrear ¼ Itlð1� PÞnRapvP
�
1�npvrear

�þ Itlð1� PÞnRalð1� PÞ
2.3.7

Itlð1�PÞnRapvPð1�npvrearÞ is the total heat absorbed by the rear
photovoltaic cell, solar radiation will travel through glass and the
photovoltaic laminate with an area ð1�PÞ and will be reflected by
the jet plate, and absorbed by the photovoltaic cell with a packing
factor P. npvrear will transfer to electricity, so ð1�npvrearÞwill transfer
to heat; Itlð1�PÞnRalð1�PÞ is the amount of heat absorbed by the
back photovoltaic lamination in total.

2.4. Determination of temperature for components of JIBPVT solar
air collector

The equation 2.3.1 to 2.3.5 can be reworked in matrix type 5 � 5
as follows to compute the various solar air collector part temper-
atures, [A][T] ¼ [C], where [A] matrix denotes the equation with an
unknown; [T] matrix represents the predicted average tempera-
ture; and [C] matrix denotes the equation with values.

2
66664
A1 �hcpvf2 �hrpvj 0 0
�hcpvf2 A2 �hcjf2 0 0
�hrpvj �hcjf2 A3 �hcjf1 �hrjb
0 0 �hcjf1 A4 �hcbf1
0 0 �hrjb �hcbf1 A5

3
77775

2
66664
Tpv
Tf2
Tj
Tf1
Tb

3
77775¼

2
66664
C1
C2
C3
C4
C5

3
77775
2.4.1

A1¼Ut þ hrpvj þ hcpvf2 2.4.2

A2¼ hcpvf2 þ hcjf2 þ 2 _m∁p
.
ðWLÞ 2.4.3

A3¼ hrpvj þ hcjf1 þ hcjf2 þ hrjb 2.4.4

A4¼ hcjf1 þ 2 _m∁p
.
ðWLÞ þ hcbf1 2.4.5

A5¼ hrjb þ Ub þ hcbf1 2.4.6
5

C1¼ Ipv þ UtTa 2.4.7

C2¼2 _m∁pTf2i
.
ðWLÞ 2.4.8

C3¼ Ij 2.4.9

C4¼2 _m∁pTf1i
.
ðWLÞ 2.4.10

C5¼UbTa 2.4.11

The mean temperature vectors in equation 2.4.1 can be deter-
mined using the matrix inversion approach [T] ¼ [A]�1 [C], which
was developed in MATLAB.
2.5. Heat transfer coefficients

For top loss coefficient: Ut is given by:

Ut ¼ 1�
hw þ hrpvs

��1 2.5.1

where convective heat transfer of wind, hw is given by:

hw ¼5:7� 3:8ðVwÞ 2.5.2

and radiative heat transfer coefficient from PV panel to the sky, hrpvs
is given by Ref. [26]:

hrpvs ¼ sεpv
�
Tpv þ Ts

��
Tpv2 þ Ts2

��
Tpv � Ts

�. �
Tpv � Ta

�
2.5.3

and temperature of sky, Ts is given by:

Ts ¼0:0552
�
Ta1:5

�
2.5.4

For radiative heat transfer coefficient between PV panel, jet
plate reflector, and backplate, hrpvj and hrjb is given by:

hrpvj ¼s
�
Tpv þ Tj

��
Tpv2 þ Tj

2
�, 

1
εpv

þ 1
εj
�1

!
2.5.5

hrjb ¼ s
�
Tj þ Tb

��
Tj

2 þ Tb
2
�, 

1
εj
þ 1
εb

�1

!
2.5.6

For convective heat transfer coefficient between PV panel and
airflow in the upper channel, hcpvf2 is given by:

hcpvf2 ¼ k� Nupvf2
.
Dh 2.5.7

where Nusselt number, Nupvf2 is given by Ref. [11]:

Nupvf2 ¼
�
1:658�10�3

��
Re2

0:8512
�� X

Dh

�0:1761� Y
Dh

�0:141

�
Dj

Dh

��1:9854

� e

 
�0:3498�

�
log

�
Dj
Dh

��2
!

2.5.8

For convective heat transfer coefficient between jet plate
reflector and airflow in upper and lower channel, hcjf2 & hcjf1 is
given by Ref. [9]:



W.E. Ewe, A. Fudholi, K. Sopian et al. Energy 254 (2022) 124366
hcjf2 ¼
�
Ae

Ac

�
� k� Nujf2

�
Dh 2.5.9

hcjf1 ¼
�
Ae

Ac

�
� k� Nujf1

�
Dh 2.5.10

where Nusselt number, Nujf2 and Nujf1 is given by Ref. [15]:

Nujf2 ¼0:0293
�
Re2

0:8
�

2.5.11

Nujf1 ¼0:0293
�
Re1

0:8
�

2.5.12

and effective heat transfer area of the jet plate, Ae is given by:

Ae ¼Ac � NpDj
2 þ 2NTN 2.5.13

For convective heat transfer coefficient between backplate and
airflow in the lower channel, hcbf1 is given by:

hcbf1 ¼hcjf1 �
�
Ac

Ae

�
2.5.14

For the bottom lost coefficient, Ub is given by:

Ub ¼ kin=tin 2.5.15

For hydraulic diameter, Dh is given by:

Dh ¼
�

4Wd
2ðW þ dÞ

�
2.5.16

For Reynolds number, Re is given by:

Re¼ _mDh

Wdm
2.5.17

According to empirical correlations established by Ref. [27],
physical qualities of air that are believed to fluctuate linearly with
temperature in Kelvin is:

Specific heat capacity of air, Cp is given by:

Cp ¼1:0057þ 0:000066ðT �300Þ 2.5.18

The density of air, r is given by:

r¼1:1774� 0:00359ðT �300Þ 2.5.19

Thermal conductivity of air, k is given by:

k¼0:02624þ 0:0000758ðT �300Þ 2.5.20

The viscosity of air, m is given by:

m¼ ½1:983þ0:00184ðT �300Þ� � 10�5 2.5.21

2.6. Energy efficiencies

For the thermal energy efficiency of the system, nthermal can be
calculated by:

nthermal ¼
Qu

ðI � AcÞ 2.6.1

where useful heat gain, Qu can be calculated by:

Qu¼ _mCpðTo � TiÞ 2.6.2
6

For the electrical energy efficiency of the system, npanel can be
calculated by:

npanel ¼
Pmax

IAc
2.6.3

where electrical power generated, Pmax can be calculated by
Ref. [21]:

Pmax ¼ IAcapvP
�
npvfront

�
þ IActlð1� PÞnRapvP

�
npvrear

�
2.6.4

and front and rear part of bifacial PV cell efficiency,
npvfront and npvrear can be calculated by Ref. [23]:

npvfront ¼npvrear ¼nref
�
1�B

�
Tpv � Tref

�
2.6.5

For the total thermal energy efficiency, ntotal can be calculated by
Ref. [28]:

ntotal ¼nthermal þ
npanel

npowerplant
2.6.6

where npowerplant ¼ 0.38, is the efficiency of a conventional power
plant as the conversion factor for electrical energy to thermal
energy.
2.7. Thermo-electro-hydraulic efficiency

Active convection heat transfer requires a fan or pump to
generate airflow into a system. Although a higher mass flow rate
will increase the heat transfer rate and thermal efficiency, the
mechanical pumping power required to force air through the sys-
tem should be considered. Hence the effective efficiency or thermo-
electro-hydraulic efficiency, nthermoelectro can be calculated using the
equations:

nthermoelectro ¼nthermo þ
nelectro

npowerplant
2.7.1

Thermohydraulic efficiency, nthermo can be calculated based on
net thermal energy gain, which is obtained by subtracting equiva-
lent thermal energy that will be required to overcome the friction
power penalty from the useful energy gain [29]:

nthermo ¼
Qu � Pm=Co

IAc
2.7.2

Co ¼ 0.2 is the conversion factor of mechanical energy to ther-
mal energy, consisting of various efficiencies (efficiency of a con-
ventional power plant, 0.38; transmission efficiency, 0.9; motor
efficiency, 0.9; pump efficiency, 0.74).

For mechanical power requires to force air through the system,
Pm can be calculated by Ref. [30]:

Pm ¼ _m� Dp
r

2.7.3

Pressure drop appears when there are 2 points of a flowing fluid
with different pressure in a channel due to friction. During the
passage of fluid through a tube, pressure drops occur due to fric-
tional forces produced by the resistance to flow acting on the fluid.
The primary factors of fluid flow resistance in a pipe are the velocity
of the fluid through the pipe and the fluid's viscosity. The amount of
pressure loss rises in direct proportion to the total frictional shear
forces present throughout the pipe network. For total pressure drop
of the system, Dp is the sum of the pressure drop in the lower and
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upper channels:

Dp¼Dp1þ Dp2 2.7.4

where the pressure drop, Dp1, Dp2 can be calculated by Ref. [31]:

Dp1¼2f1LG1
2
.
ðDhrÞ; 2.7.5

Dp2¼2f2LG2
2
.
ðDhrÞ; 2.7.6

‘In engineering, the Moody diagram is a graph in a non-
dimensional form that relates the DarcyeWeisbach friction factor
fD, Reynolds number Re, and surface roughness for fully developed
flow in a circular pipe. Thus, it can predict pressure drop or flow
rate down such a pipe’ [35]. The friction factor in this study is
calculated by using corresponding relations for friction factor, given
by Blassius Equation.

For friction factor for the lower ducts, f1 can be calculated by
using the equation [32]:

f1 ¼0:085�
�
Re�0:25

�
2.7.7

For friction factor the upper ducts, f2 can be calculated by using
the equation [11]:

f2 ¼0:3475�
�
Re�0:5244

�
�
�
ðX=DhÞ0:4169

�
�
�
ðY=DhÞ0:5321

�

�
�
ðDj=DhÞ�1:4848

�
� exp

 
� 0:2210�

�
ln
�
Dj
Dh

��2
!

2.7.8

For the mass velocity of air flowing through the duct, G1;G2 can
be calculated by the following equation:

G1 ¼G2 ¼ _m = ðW�dÞ 2.7.9

Same as the thermohydraulic efficiency, electrohydraulic effi-
ciency, nelectro can be calculated based on net electrical generated,
which is obtained by subtracting fan electricity from electricity
generated from the PV panel [33]:

nelectro ¼
Pmax � Pfan

IAc
2.7.10

For the fan power, Pfan can be calculated by the equation:

Pfan ¼
Pm

nfan � nmotor � ntransmission
2.7.11

where efficiency of the fan, nfan, the efficiency of the motor, nmotor ,
and the efficiency of transmission, ntransmission are referenced 0.74,
0.9, and 0.9, respectively [12].

2.8. Simulation flowchart

The simulation flowchart for this analytical investigation is
depicted in Fig. 7. To begin, the dimensions and attributes of P, N, I,
_m, T (inlet and ambient temperatures), and PVT (properties of
bifacial PV module and jet plate) are set as initial inputs for coding.
Second, the various heat transfer coefficients stated in Equation
2.5.1 to 2.5.21 are determined before incorporating the energy
balance equation 2.3.1 to 2.3.5. Thirdly, as illustrated in equation
2.4.1 to 2.4.11, the energy balance equations are transformed to
matrix form. The revised temperatures for air heater components
are then determined using the matrix inversion approach. The
simulation loop will continue to run until the difference in
7

temperature readings between new and old is less than 0.001.
Fourthly, the loop will terminate, and the existing temperature
values will be replaced with the new ones. Finally, using equation
2.6.1 to 2.7.11, we will determine the thermal, electrical, total,
thermohydraulic, electrohydraulic, and thermo-electro-hydraulic
efficiencies.
2.9. Experimental setup

An experiment was conducted to investigate the energy per-
formance of JIBPVT and validate the results from the simulation.
Figs. 8 and 9 illustrate the indoor experiment setup of JIBPVTand its
schematic diagram. The prototype consists of a bifacial PV panel,
collector body, and jet plate reflector based on the design
mentioned in Fig. 1. The size of the collector is Solar simulators with
six rows of a total of 48 halogen lamps are placed at the top of the
testing section to provide a heat flux to resemble the solar irradi-
ance. Each lamp has 118 mm long and supplies 500 W of heat flux.
The intensity of heat flux is controlled by digital voltage controllers
and measured by using a pyranometer. In addition, the entrance
and exit of the collector are attached to an insulated black box or
manifolds to prevent heat loss to the surrounding. The temperature
measurements were obtained from different spots around the
collector by using standardized 0.2 mm of K-Type thermocouples,
which are connected to an ADAM Data Acquisition. At the same
time, the inlet and outlet air wind speed are measured by using an
anemometer. Although the focus of the study is forced convection
mode, it is necessary to use a blower or fan that can handle the
collector's required volume of air and heat. Finally, a DC electronic
load is used to measure the IeV curve of the PV panel.

The following experiment procedure is conducted by referring
to Refs. [34,35]. Initially, 16 thermocouples will be set around the
collector as shown in Table 2. Then, by adjusting the voltage
controller, the airspeed of the blower and the solar irradiance of the
solar simulator is set. For each experiment set, the temperature
from the thermocouples around the collector was collected using a
data logger (in 30-s intervals) for 30min. The data logger assisted in
establishing a stable state before recording the data. Before
reporting data, a stable state was established. Stable conditions
were most likely achieved when no significant temperature varia-
tions occurred between subsequent inspections observed for
20 min. During the last 10 min of the experiment, the IeV curve is
plotted using the electronic load. After finishing the data collection,
the collector restates for 2 h to cool down before starting the
following experiment with new manipulating parameters and
operational conditions. The data is then analyzed using the equa-
tions from 2.5.1 to 2.6.6. As a result, the following parameters were
recorded for each cycle of scanning during the experiment:

� The average temperature of the bifacial PV panel, Tp
� The average temperature of the inlet, outlet air and ambient, Ti,
To, Ta

� The solar irradiance, I
� The mass flow rate, _m
� The IeV curve
2.10. Uncertainty and error analysis

The process of evaluating the uncertainty associated with a
measurement result is often called uncertainty analysis or error
analysis. The complete statement of a measured value should
include an estimate of the confidence level associated with the
value. Correctly reporting an experimental result and its



Fig. 7. Flowchart for simulation through MATLAB.

Fig. 8. Indoor experiment setup for JIBPVT.

Fig. 9. Schematic of the experimental system.

Table 2
Locations of thermocouples connected to data logger.

Channel in Data Logger Location

C1, C2, C3, C4 Tpv
C5, C6 Tj
C7, C8 Tb
C9, C10 Ta
C11, C12, C13 Ti
C14, C15, C16 To
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uncertainty allows other people to make judgments about the
quality of the experiment, and it facilitates meaningful compari-
sons with other similar values or a theoretical prediction.

Accuracy is how close a measured value is to the actual (true)
value. The measurement error or absolute error is the amount of
inaccuracy. The relative error is the absolute error divided by the
actual measurement. The percentage error is the relative error
shown as a percentage and is usually used to determine the accu-
racy of simulation results to the experimental results. The per-
centage error of a set of simulation results is calculated by:

%Error¼jSimulationresults�Experimentalresultsj
Experimentalresults

¼1
N

XN
i¼1

jX̂i�Xij
Xi

2.9.1

where X̂i, Xi and N are the simulation results, experimental results,
and the number of experimental, respectively.

Precision is how close the measured values are to each other.
Standard deviation is a measure of how spread out numbers is,
which is also known as uncertainty. The standard deviation is larger
when the differences are more spread. Whenwe report the average
value of Nmeasurements, the uncertainty we should associate with
this average value (relative uncertainty) is the standard deviation of
the mean, often called the mean (SEM) standard error. SEM is used
to determine the relative uncertainties that occurred during the
measurements of parameters, which is calculated by:

sX ¼
sffiffiffiffi
N

p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N�1
PN

i¼1
jXi�Xij

Xi

r
ffiffiffiffi
N

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
NðN � 1Þ

XN
i¼1

jXi � Xij
Xi

vuut 2.9.2

where s, Xi, Xi and N are the standard deviation, mean measured
results, measured results, and the number of measured results,
respectively.

Instrument selection, condition, calibration, surroundings,
observation, reading, and test planning can lead to errors and
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uncertainties. For example, the current experiment used appro-
priate sensors to evaluate temperatures, solar radiation, and air
velocity. Table 3 summarises the uncertainty associated with
parameter measurements. In our situation, the standard deviation
of the mean, generally referred to as “Type An Uncertainty,” is
generated from a statistical analysis of the reported measurements
taken at each location during the collector's steady-state operation
[36,37].

3. Results and discussions

Graphical representations are utilized to investigate the link
between hydraulic efficiency and various design and operating
characteristics, as indicated in Table 1. Validation of simulation
results with experimental results is carried out to ensure the ac-
curacy. In order to carry out a comprehensive study on thermo-
electro-hydraulic efficiencies, the analytical investigation is cho-
sen for data analysis due to the limitation of the experimental work.
The mass flow rate of the experimental study is insufficient to
investigate the performance of the proposed system in turbulent
regions. Hence, the range of air mass flow rate is extended to
0.01e0.2 kg/s. The optimum operating parameters are used to
obtain the optimum results (P ¼ 0.66 and I ¼ 900 W/m2).

3.1. Model validation

Model validation aims to analyze the model's precision through
past data for which we already have actual results. The simulation
algorithm built-in MATLAB for assessing the efficiency of JIBPVT
was validated by comparing it to the experiment results. The
simulation results are validated with the experimental results by
calculating the percentage errors to determine the accuracy of
simulation results. Table 4 and Fig. 10 show a comparison of
simulation and experimental results for thermohydraulic and
electrohydraulic efficiency of JIBPVT at different mass flow rate and
solar irradiance. JIBPVT with 12 cells bifacial PV panel and 36 holes
jet plate reflector was chosen for the comparison. A high degree of
agreement between the simulation and experiment results due to
the high accuracy shown in the comparison. The average accuracy
percentages of simulation results for thermo and electrohydraulic
efficiency are 94.62% and 98.48%, respectively.

The simulation results have higher thermohydraulic efficiency
than experimental results due to higher thermal energy output as
no leakage issues was assumed in simulation. However, higher
thermal energy output will lead to bifacial PV panel operates at
higher temperature and induced lower electricity generation.
Hence, the simulation results have less eletrohydraulic efficiency
than experimental results.

3.2. Friction factor and pressure drop

Reynolds number is used instead of mass flow rate to study the
flow characteristics of air. Fig.11 illustrates the relation of mass flow
rate and Reynolds number. A straight line is shown in the graph,
Table 3
Relative uncertainty during measurements of the parameters.

Parameters Unit

Ambient air temperature �C
Collector inlet temperature �C
Collector outlet temperature �C
Air velocity m=s
Solar intensity W=m2
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which means that the Re is highly correlated to _m. Refers to
Ref. [27], laminar flow region is located at Re < 2300; the transition
flow region is located at 2300<Re < 6000; the turbulent flow region
is located at Re > 6000.

Friction factor and pressure drop at the upper channel between
the PV panel and jet plate is plotted against Re in Fig. 12. A
decreasing trend is shown for the friction factor from the figure,
while vice versa for the pressure drop. As expected, the friction
factorwill dropwith increased Re, according to theMoody diagram.
This is because friction causes pressure to decrease when air flows
through a channel, resulting in the pressure at the exit being
consistently lower than the pressure at the intake, where pressure
drop exists. According to Bernoulli's principle, an increase in a
fluid's speed coincides with decreased static pressure or decreased
fluid's potential energy. Besides, jet air at higher Rewill increase the
airflow turbulence and result in higher friction. Hence, the greater
the speed at which fluid flows through a pumped system, the
greater the pressure loss. Overall, higher Re induced lower friction
factor and higher pressure drop.

A comparison is made between the different jet plate reflectors
with different N, X, and Y. Jet plate reflector with 36 holes has the
highest friction factor and pressure drop throughout the Re. An
increase in jet spacing (X and Y) between the jet holes will decrease
jet interference, increasing the airflow turbulence and leading to
higher friction. As a result, increasing in jet spacingwill increase the
friction factor and pressure drop. The friction factor and pressure
drop are in the range of 0.2 to 0.03 and 1.3e144.45 Pa, when Re
increases from 1409 to 28404. The highest friction factors of JIBPVT
with 36, 49 and 64 jet-holes are 0.205, 0.172 and 0.149, while the
lowest friction factors are 0.042, 0.036 and 0.031, respectively. The
highest pressure drops of JIBPVT with 36, 49 and 64 jet-holes are
144.48, 121.50, and 104.96, while the lowest pressure drop are
1.792, 1.507, and 1.301, respectively.
3.3. Net energy gain and pumping power

Fig. 13 shows the thermal energy gain and pumping power
versus Re for JIBPVT with 36 jet holes at 900 W/m2. Higher air
velocity will increase the system's heat transfer and thermal gain
and induce higher frictional losses, as mentioned above. Hence,
greater pumping power is needed to overcome the friction to
generate higher air velocity in a channel. A net thermal gain is
identified in the figure by calculating the difference between the
thermal energy gain and pumping power. The net thermal gain
reaches its highest at Re ¼ 9929, in which the maximum thermal
gain at minimum pumping power is achieved. The respective
maximum thermal gain and pumping power are 258.31 W and
10.33 W, respectively.

Fig. 14 represents the electrical energy generated and fan power
versus Re for JIBPVT with 36 jet holes at 900 W/m2. Higher air
velocity will increase the cooling effect of the system and enhance
the PV performance, which results in higher electrical energy
generation. Based on the explanation above, the fan power in-
creases with higher air velocity. The net electrical generated is
Uncertainty comment or margin of error

±0:07 � sX � ±0:29
±0:02 � sX � ±0:10
±0:04 � sX � ±0:16
±0:02 � sX � ±0:05
±0:29 � sX � ±1:45



Table 4
Comparison of simulation and experimental results for thermohydraulic and electrohydraulic efficiency of JIBPVT.

_m (kg/s) I (W/m2) nthermo nelectro Accuracy %

Model Exp. % Error Model Exp. % Error nthermo nelectro

0.014 700 40.74 38.05 7.07 10.20 10.21 0.13 92.93 99.87
900 41.61 40.25 3.39 9.84 9.88 0.40 96.61 99.60

0.016 700 42.51 39.76 6.93 10.27 10.34 0.67 93.07 99.33
900 43.43 41.22 5.34 9.93 10.04 1.03 94.66 98.97

0.018 700 44.04 41.06 7.25 10.32 10.46 1.34 92.75 98.66
900 44.98 42.36 6.18 10.01 10.26 2.38 93.82 97.62

0.025 700 47.95 45.48 5.41 10.46 10.65 1.81 94.59 98.19
900 49.03 46.51 5.42 10.21 10.42 2.06 94.58 97.94

0.035 700 51.33 49.49 3.71 10.52 10.77 2.35 96.29 97.65
900 52.57 50.99 3.11 10.34 10.66 3.03 96.89 96.97

Avg 5.38 1.52 94.62 98.48

Fig. 10. Comparison of simulation results with experimental results of JIBPVT.

Fig. 11. Reynolds number versus mass flow rate.
Fig. 12. Friction factor and pressure drop versus Re
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shown in the figure by deducting the fan power from the electrical
energy generated. The net electrical generated reaches its highest
at Re ¼ 5667. The respective electrical energy generated and fan
power are 45.68 W and 0.86 W, respectively. Overall, the best
performance of a system can be achieved at maximum energy
output with minimum pumping power.
10
3.4. Thermo-electro-hydraulic efficiency

Fig. 15 illustrates that the thermo and electrohydraulic effi-
ciencies versus Re for different jet configurations at 900 W/m2

900 W/m2 was chosen for the optimum solar irradiance in this
research according to the monthly peaks daily total direct normal
irradiance inMalaysia [38]. The graph shows an increasing trend for



Fig. 13. Effects of Reynolds number on thermal energy gain and pumping power.

Fig. 14. Effects of Reynolds number on electrical energy generated and fan power.

Fig. 15. Thermo and electrohydraulic efficiencies versus Re at 900 W/m.2.
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Table 5
Critical values of Reynolds number at which thermo and electrohydraulic efficiencies attains maxima.

Jet spacing between jet holes Re Max nthermo achieved (%) Re Max nelectro achieved (%)

X ¼ 0.126 m; Y ¼ 0.1134 m 9929 57.30 5667 10.36
X ¼ 0.105 m; Y ¼ 0.0945 m 11350 57.31 6378 10.36
X ¼ 0.09 m; Y ¼ 0.081 m 12060 57.36 6378 10.37
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both efficiencies when the Re increases until a maximum point and
decreases afterward. Thermo and electrohydraulic efficiencies are
directly proportional to net thermal energy gain and net electrical
energy generated. The graph shows that the maximum values for
the efficiencies falls at the turbulent region, Re > 6000. When the
max efficiencies drop to zero, the pumping power is equal to the
energy gain, which results in zero net energy gain.

Higher efficiencies are observed at the biggest jet spacing be-
tween jet holes and the max efficiencies achieved at the laminar
region. After the maximum point, the smallest jet spacing shows
higher efficiencies, which is at turbulent region. This is due to the
larger jet spacing between jet holes contributing to less interfer-
ence, higher heat transfer, higher friction, and higher pumping
power. Hence, the results reveal that the net energy gain of the
largest jet spacing between jet holes is highest before the
maximum point and lowest after a maximum point. The ranges of
thermohydraulic efficiency for JIBPVT with 36, 49, and 64 jet-holes
are 31.74e57.30%, 36.08e57.31%, and 35.70e57.36%, respectively.
The ranges of electrohydraulic efficiency are 0.16e10.36%,
1.66e10.36%, and 2.74e10.37%, respectively, for jet-holes 36, 49 and
64. Table 5 listed the critical values for Re where the max effi-
ciencies are achieved for different jet spacing between jet holes.
Fig. 16. Comparison of energy and the

Table 6
Comparison of total thermo-electro-hydraulic efficiency from previous studi

Types of solar collector

JIBPVT air collector
Jet-impingement SAC with transverse ribs absorber plate
Double-pass jet impingement SAC with arc roughness absorber plate
Bifacial PVT air collector with semi-mirror reflector
Jet impingement SAC with longitudinal fins absorber plate
Bifacial PVT double-pass air collector with mirror reflector
PVT with air jet
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Only a tiny variation in max efficiencies for thermo and electro-
hydraulic of the system between different jet spacing. Hence, the
system's best performance can be explained by the lowest Re to
generate max efficiencies. The critical values of Re for jet 36 are
9929 and 5667; 11350 and 6378 for jet 49; and 12060 and 6378 for
jet 64. Hence, it is proved that the JIBPVT with the largest jet
spacing between jet holes has the best performance.

3.5. Comparison of energy and thermo-electro-hydraulic
efficiencies

Fig. 16 illustrates the energy and thermo-electro-hydraulic ef-
ficiencies for JIBPVT with 36 holes jet plate reflector. Energy effi-
ciencies show steady increasing curves with increasing Re, while
thermo and electrohydraulic efficiencies increase curves until a
maximum point and decrease afterward. The frictional losses and
pumping power are not considered in the calculation of energy
efficiencies. Hence the curve will keep rising non-stop with
increasing air velocity. Hence, to evaluate a solar system's perfor-
mance with active convective heat transfer by external mechanical
power, thermo-electro-hydraulic efficiencies should be prioritized
instead of conventional energy efficiencies. The highest thermo,
rmo-electro-hydraulic efficiencies.

es.

h (%) References

83.9 Present Study
78 [39]
77 [40]
67 [23]
61 [41]
57 [22]
55 [18]
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electro, and thermo-electro-hydraulic efficiencies of JIBPVT are
57.3%, 10.36%, and 83.93%. The lowest thermo, electro, and thermo-
electro-hydraulic efficiencies are 31.74%, 0.16%, and 36.46%,
respectively. Table 6 compares the energy efficiencies found in the
current work and in the prior literature. The JIBPVT outperformed
other air-based PVT systems, with an efficiency of 83.93%. As a
result, the proposed system is a very efficient solar collector.
4. Conclusion

This study conducted thermo-electro-hydraulic analysis which
had taken friction factor, pressure drop, pumping power, fan power
to calculate the efficiencies. A one-dimensional heat flow analytical
model in steady-state was developed to determine the energy
balance between each component of the system. The simulation
results were validated with experimental results and a good
agreement was shown between them. The effects of packing factors
of bifacial PV modules, geometric configurations of jet plate re-
flectors, mass flow rate, solar irradiance and other operating pa-
rameters on the performance were studied and discussed.

The following are the study's key findings:

(i) A novel design of bifacial photovoltaic/thermal solar air
collector with jet impingement was presented with dual-
functional jet plate reflectors.

(ii) Higher Reynolds number induced lower friction and higher
pressure drop. The friction factor and pressure drop are in the
range of 0.2 to 0.03 and 1.3e144.45 Pa, when Re increases
from 1409 to 28404.

(iii) Increasing jet spacing between jet holes will contribute to
less interference and higher heat transfer, at the same time
higher friction and higher pumping power.

(iv) JIBPVT with 36 jet-holes achieved the maximum thermal
energy gain and electrical energy generated at lowest Re,
which are 9929 and 5667, respectively. The optimum ther-
mal gain, pumping power, electrical energy generated and
fan power are 258.31 W, 10.33 W, 45.68 W and 0.86 W,
respectively.

(v) The optimum thermo, electro, and thermo-electro-hydraulic
efficiencies of JIBPVT are 57.3%, 10.36%, and 83.93%.

Overall, JIBPVT, with the largest jet spacing between jet holes,
has the best performance. A comparison of JIBPVT's energy effi-
ciency with that of earlier research was also made. The JIBPVT
outperformed other air-based PVT systems, with an efficiency of
83.9%. As a result, the proposed system is a very efficient solar
collector.
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Nomenclature
Abbreviation and Acronyms

Ac: the total surface area of the collector (m2)
Cp: specific heat of the air (J/(kg. K))
d: duct depth of air channel (m)
Dh: the hydraulic diameter of the air channel (m)
Dj: the diameter of jet holes (m)
hc: convective heat transfer coefficient (W/m2 K)
hr: radiative heat transfer coefficient (W/m2 K)
hw: convective heat transfer coefficient due to wind (W/m2 K)
I: solar irradiance (W/m2)
k: thermal conductivity (W/(m,K))
_m: air mass flow (kg/s)
N: number of jet holes
Nt: the thickness of the jet plate reflector
Nu: Nusselt number
P: packing factor of PV cell
Pmax: electrical power generated
Qu: useful heat gain (W)
Re: Reynolds number
T: temperature (K)
Ub: bottom loss coefficient (W/m2 K)
Vw: wind velocity (m/s)
X: streamwise pitch (m)
Y: spanwise pitch (m)
ε: emissivity
a: absorptivity
t: transmissivity
m: air viscosity (kg/ms)
r: air density (kg/m3)
hPVfront: the efficiency of the upper part of PV
hPVrear: the efficiency of the rear part of PV
h: R the reflectivity of the jet plate reflector
hthermal: thermal efficiency
hpv: electrical efficiency of PV cell
hpanel: electrical efficiency of PV panel
htotal: total efficiency ðhthermal þ hpanelÞ

Subscripts

1: air channel between jet plate and backplate
2: air channel between PV panel and jet plate
a: ambient
b: backplate
i: inlet
j: jet plate reflector
l: laminate
o: outlet.
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