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Abstract

Jet impingement is a promising cooling mechanism to increase the rate of heat transfer in
solar air collector. However, the effects of impinging air jet on the exergetic performance of a
bifacial photovoltaic-thermal with different packing factors are entirely unclear. In this research,
a jet impingement bifacial photovoltaic-thermal solar air collector was developed and its exergetic
performance was assessed. Jet plate reflectors with different geometric configurations are
proposed to enhance the cooling and light absorption at the rear part of the bifacial photovoltaic
module. Additionally, the link between exergetic performance and each variable's design and
operational characteristics was examined through indoor experiments. The results showed that the
maximum exergy efficiency of the bifacial photovoltaic-thermal with packing factor of 0.66 and
36-hole jet plate reflector has 11.88 % under solar irradiance of 900 W/m?, and mass flow rate of
0.025 kg/s. The maximum exergy input, exergy destruction and improvement potential of the

proposed system are 402.81 W, 345.62 W and 304.78 W, respectively.

Introduction

Solar air collectors with glazed jet impingement technology were created for the first time
in [1], which shown that by including a jet air impingement mechanism, it is possible to enhance
the optimum thermal output of a conventional solar air collector (SAC) by 26.5%. This unglazed
SAC with jet impingement was investigated and had shown 21% higher in thermal efficiency,
compared to flat plate SAC [2]. Besides, Chauhan and Thakur [3] have examined the link between
the friction factor and the Nusselt number in the context of jet plate SAC in order to determine the
optimum operating parameters and geometric characteristics on a jet plate. The results showed that
the friction factor and heat transfer rate were enhanced by a factor of 3.5 and 2.6, respectively.

Another research done by the same scientists [4] proposed that the ideal jet plate parameters were



Exergetic performance of jet impingement bifacial photovoltaic-thermal solar air collector with different
packing factors and jet distributions

calculated theoretically by utilizing the correlations to calculate the greatest thermohydraulic
efficiency. Following that, the optimum design configuration has determined for spanwise pitch,
jet diameter, and streamwise pitch ratios of 0.065, 0.435, and 0.865, respectively [5]. In a similar
study, the thermal efficiency of a flat plate SAC and perforated plate with low porosity was
investigated [6]. The results suggest that the perforated plate with minimal porosity has 23%
improved thermal efficiency than the flat plate. It has been demonstrated that a dual-channel SAC
with jet plate which integrated ribs on absorber plate has 21.2 % higher in thermal efficiency and
22.4 % higher in exergy efficiency than a single channel SAC with jet plate [7]. Hence, it was
proven that jet impingement increases the heat transfer and thermal performance of solar air
collectors.

Photovoltaic-thermal (PVT) systems convert solar energy to heat and electricity
simultaneously. Comparing to stand-alone photovoltaic (PV) or solar thermal systems, a higher
efficiency can be obtained by PVT systems due to higher energy density [8]. However, when the
temperature rises, the solar panel's performance decreases [9]. As a result, various cooling
techniques have been developed to enhance the PV power produced avid reducing the panel
temperature [10]. An analytical model was used to quantify the jet impinging PVT’s performance,
and reported with a total efficiency of 54% [11]. Additional research in [12] indicated that the
double pass bifacial PVT systems had optimum total energy efficiency of 67%. By impinging Si-
C nanofluids on a jet array, it was proven that [13], a PVT solar collector's total efficiency was
improved. Experiments had achieved electrical, thermal, and total efficiencies of 12.8 %, 85 %,
and 97.8 %, correspondingly. Similar authors did similar investigation by replacing the coolant
with water and the system achieved 81% of total energy efficiency [14]. In [15], PVT -CPC was

introduced with the water jet. Compared with a conventional PV module, water jet cooling
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increases the electrical and thermal performance as well as the output power by 7%, 81% and 31%,
respectively. In [16], PV modules with water jet cooling were presented. It was found that the
minimum distance of the spray jet to the PV module and the jet diameter at the maximum number
of jets contributed to an optimum temperature and power generation of 33.7 °C and 8.61 W,
respectively. Thus, the enhancement of thermal and electrical performance of PVT systems can be
achieved by implying jet impingement cooling mechanism.

Based on the literature, there is insufficient study on the cooling of bifacial PVT systems
with jet air impingement. Therefore, this work aims to evaluate the exergetic performance of a jet
impingement bifacial PVT (JIBPVT) solar air collector with different packing factors and jet
distributions. A novel dual-functional jet plate reflector was developed to assist the light reflection
onto the rear part of the bifacial PV panel while simultaneously introducing an impinging air jet
for cooling. The exergetic analysis was conducted through an indoor experiment. The effects of
air mass flow rate, solar irradiance, packing factors of bifacial PV modules and the jet plate
reflectors with different geometric configurations on the exergetic performance were examined

and discussed.

Experimental setup

Description of JIBPVT

The schematic cross-sectional image of the bifacial PVT and the direction of airflow and
light transmission are illustrated in Figure and Figure , respectively. A bifacial PV panel, a jet
plate reflector, and an insulated backplate formed the collector. Additionally, this system contains
of two channels: one between the bifacial PV panel and the jet plate reflector, and another between

the jet plate reflector and the backplate. Air from the surrounding region entered the lower channel
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first before passing through the perforations in the jet plate reflector and entering the upper
channel. Then, the air entered the top channel at a high rate of speed and impacted the bifacial
solar panel's bottom part. This is where heat transmission between the bifacial solar panel and the
ambient air occurred. The suggested design has a length of 0.7 m, a width of 0.68 m, and a height
of 0.12 m, which is according to the dimensions of the bifacial solar panels. Each airflow channel
was set at a length of 0.025 m. The experiment was conducted on a bifacial solar panel with
packing factors of 0.22, 0.33, and 0.66 with air mass flow rates in the range between 0.014 and

0.035 kg/s. The variable and fixed design and operational parameters are shown in Table 1 [17].

Design of holes on jet plate reflector

This study suggested using a jet plate reflector on the backside of the bifacial solar panel
to increase cooling and light absorption. The holes of jet plate reflectors were sized and arranged
to match the PV cells' dimensions and configuration in a real-world bifacial PV panel. Three
separate jet plate reflectors are illustrated in Figure to Figure , each having a unique streamwise
pitch of X=0.09 m, 0.105 m, and 0.126 m; a unique spanwise pitch of Y=0.081 m, 0.0945 m, and
0.1134 m; and a unique variety of holes N=64, 49, and 36. The jet plate reflector's thickness was

set to 0.001 m, while the diameter of each jet hole, D; was set to 0.003 m.

Assumptions for exergy analysis

The assumptions are made for exergy analysis [7], [12]:

1. The thermal configurations of the PV cells, laminate, jet plate reflector and
components of solar collector are neglected.

il. The sum of front and rear electricity generations of the PV module is the overall

electricity generation of the module.
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1il. The front and rear sides of bifacial PV module are assumed to have the similar
temperature.

v. The heat transfer inside the collector is caused by forced convection.

V. The only temperature gradient is only along the length of the collector.

vi. Uniform air flow distribution inside the channel occurs along the collector’s width.
vil. The heat transfer flow is exclusively perpendicular to the cross section of the channel.
Viii. Thermal losses at the SAC edges are negligible.

iX. There are no leaks in the airflow paths.

X. The physical characteristics of air are considered to remain constant as insignificant

temperature variation.
X1. Within the encapsulation glasses, the PV cells are in perfect thermal contact, and

both have the same uniform temperature across the panel.

Exergy efficiency, exergy destruction, improvement potential

For the improvement potential, /P can be calculated by [18]:
IP = (1 —nx)Exd (1)

where the exergy efficiency, nx can be calculated by [19]:

nx = EE— 2)
where the total exergy output, EXx,y,¢py; can be calculated by:

EXoutput = EXthermai + EXeiectrical (3)
where the thermal exergy of the system, EX;jeormar €an be calculated by:

EXthermat = Qu X (1= (7)) @

where useful heat gain, Qu can be calculated by [20]:
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Qu = mcp(Tout - Ti) (5)

The electrical exergy of the system, EX,joctricar €an be identified by:

Bt = Frax(1 = (3) () + () (2)') ©

where electrical power generated, P, , can be identified by [21]:
Prax = 1AcpyP (M rront) + TAcT (1 = PYNp@ypyP (N rear) (7)
where front & rear part of bifacial PV cell efficiency, Ny, front & Npyrear €an be
calculated by [12]:
Npy, front = Npvrear = Nref (1 — B(Tpy — Tref) (8)

For the total exergy input, Ex;np,,. can be identified by [22]:

Eximput = Ac X 1% (1= (G2 + QGEDM) ®

For the exergy destruction, Exd can be calculated by [23]:

Exd = TySgen (10)
where the entropy generation rate, Sy, can be calculated by:

Sgen = (G- = 7)) + (N2 = (79 + GG, (1
where the total solar energy absorbed, (s can be calculated by:

Qs = (layyP +1a;(1 — P) + I7;(1 — P)nga,,P + It (1 — P)nga; (1 — (12)

P) +I7;(1 — P)(1 — ng))Ac

For hydraulic diameter, Dy, is given by:

_ (_awd 13
Dn = (2(W+d)) (13)

For Reynolds number, Re is given by:
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Re = MPh (14)
wdu

Experimental Procedure

An experiment was done to determine the exergy performance of JIBPVT. The indoor

experiment setup with necessary instrumentation for JIBPVT is depicted in

Figure . The prototype includes a bifacial PV panel, collector body, and jet plate reflector
based on the concept described before in Table 1. Solar simulators with six rows of a total of 48
halogen lights were positioned at the top of the testing section to generate a heat flux to
approximate the solar irradiance. Each lamp measures 118 mm in length and delivers 500 W of
heat flux. Similar heat flux intensity was used in the study [12] with similar dimensions of bifacial
PV panels. The intensity of heat flux was regulated by digital voltage controllers and monitored
by utilizing a pyranometer. In addition, the entry and exit of the collector were linked to an
insulated black box or manifolds to avoid heat loss to the environment. The temperature readings
were acquired from several places around the collector by utilizing standardized 0.2 mm of K-
Type thermocouples linked to a data acquisition. At the same time, the inlet and exit air wind
speeds were monitored by utilizing an anemometer. Although the emphasis of the study was forced

convection mode, it is essential to utilize a blower or fan that can manage the collector's required
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volume of air and heat. Finally, a DC electronic load was utilized to measure the I-V curve of the
PV panel.

The experimental observations have been done following [18], [23]. Fourteen
thermocouples will first be placed around the collector. Then, by changing the voltage controller,
the blower's velocity and the solar simulator's solar irradiance were established. For each
experiment set, temperature readings from thermocouples surrounding the collector were gathered
for 30 minutes using a data recorder (at 30-second intervals). Before capturing data, the data logger
aided in establishing a steady condition. Before data collection, a stable condition was established.
Stable conditions were most likely attained when no substantial temperature changes were noted
for 20 minutes between consecutive examinations. The [-V curve was displayed using the
electronic load during the final ten minutes of the experiment. After data collection was completed,
the collector was cooled for two hours before commencing the following experiments with a new
manipulating parameter and operational conditions. Following that, the data was analyzed using
the equations from (1) to Error! Reference source not found.). Consequently, the following
parameters were recorded for each of the experiment's scanning cycles: (a) The bifacial PV panel’s
average temperature, Tp; (b) The average temperature of the air entering the system, the air leaving
the system, and the ambient air, T, To, Ta; (c) The solar irradiance, I; (d) The mass flow rate, m;

(e) The I-V curve.

Uncertainty analysis

Uncertainty analysis is often used terms to refer to the process of analyzing the uncertainty
associated with a measurement result. A comprehensive description of a measured value should
include an estimation of the value's confidence level. Errors and uncertainties can occur due to

instrument selection, condition, calibration, environment, observation, reading, and test design.



Exergetic performance of jet impingement bifacial photovoltaic-thermal solar air collector with different
packing factors and jet distributions

For instance, the current experiment evaluated temperatures, solar irradiance, and mass flow rate
using suitable sensors. The uncertainty associated with parameter measurements is shown in Table
2, which is referring to the calculation in [24].
The mass flow rate, m is obtained by:
m = pVA (15)
where p= air density, V=outlet air velocity, A=cross-sectional area of the pipe. Hence,

m = f(p,V,A) where the fractional uncertainty for mass flow rate, % is:

D[ (L) e (2]

wT Wy . . . . .
where — 7”, TT are the fractional uncertainty for ambient air temperature, outlet air

1/2 (16)

velocity and radius of pipe, which are 0.0016, 0.0021, 0.005, respectively. The fractional

uncertainties for solar intensity and temperature difference, % and % are 0.035 and 6.55 x 10°®,

respectively.

The calculations show that percent uncertainty in the mass flow rate is 1.03%.

Results and Discussions

Exergy efficiency may be a more critical metric than energy efficiency because it provides
a more detailed picture of performance. The exergy efficiency demonstrates the importance of
assessing losses and internal irreversibility to optimize the performance of a SAC. The relationship
between exergy efficiency and different design and operational parameters is investigated using

graphical representations.

10
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Thermal exergy

The effect of mass flow rate on thermal exergy of JIBPVT with different jet plate reflectors
and packing factors are demonstrated graphically in Figure and Figure , respectively. The results
obtained by JIBVPT with 36-holes jet plate reflectors and 0.66 packing factor are slightly higher
than other designs. Under solar irradiance of 900 W/m? and mass flow rate of 0.014-0.035 kg/s,
the thermal exergy of JIBPVT with 36, 49 and 64 holes are 5.60-7.92 W, 5.50-7.69 W, and 5.40-
7.49 W, respectively. This is due to 36-holes jet plate reflector has larger spanwise and streamwise
pitches, which led to lesser crossflow effect and jet interference. Hence, more heat transfer
occurred between the air flow and the bottom part of the bifacial PV panel. Therefore, JIBPVT
with 36 holes has the optimum thermal exergy. Under similar operating parameters, the thermal
exergy of JIBPVT with packing factors of 0.22, 0.33 and 0.66 are 3.57-5.45 W, 4.21-6.28 W, and
5.60-7.92 W, respectively. Higher thermal gain can be observed from the bifacial PV panel with
0.66 packing factor due to larger area of light absorption. Hence, more heat was absorbed.
Therefore, higher packing factor of JIBPVT will have a higher thermal exergy. Similar trend of

results were observed by the investigation reported by Chauhan et. al [25].

Electrical exergy

The influence of mass flow rate on the electrical exergy of JIBPVT with various jet plate

reflectors and packing factors is graphically depicted in Figure and

11
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Figure 0, respectively. JIBVPT's findings with 36-hole jet plate reflectors and a packing
factor of 0.66 are marginally better than those obtained with other designs. The electrical exergy
of JIBPVT with 36, 49, and 64 holes is 39.70-42.21 W, 39.55-42.08 W, 39.42-41.97 W,
respectively, when solar irradiance is 900 W/m? and mass flow rate is 0.014-0.035 kg/s. As
mentioned in the last sub-section for the thermal exergy, higher heat transfer rate was observed in
JIBPVT with 36-holes. The bifacial PV module operated in lower temperature and produced
higher electricity, which contributed to higher electrical exergy. The electrical exergy of JIBPVT
with packing factors of 0.22, 0.33, and 0.66 is 17.13-17.76 W, 24.10-24.17 W, 39.70-42.21 W,
respectively, under equivalent working conditions. Higher electricity generation was observed in
JIBPVT with 0.66 packing factor due to larger area of light absorption and higher electricity

generation. [12] reported similar observations in their experiments.

Overall exergy

The effects of solar irradiance on thermal and electrical exergies are shown in

Figure and
Figure , respectively. Highest thermal exergy of 7.92 W is observed at the highest solar
irradiance of 900 W/m? while lowest thermal exergy of 0.62 W is observed at the lowest solar

irradiance of 300 W/m?. For electrical exergy, the highest and lowest values are 42.2 W and 14.7

12
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W, which can be found at highest and lowest solar irradiance of 900W/m? and 300 W/m?,
respectively. Increased solar irradiance increases the collector's and bifacial PV module heat gain,
which led to higher temperature within collector and PV temperature. Thus, thermal exergy will
increase, and the PV module will operate at a higher temperature, which led to a reduce in its
electrical exergy output. However, increased solar irradiance increases the PV module electricity
generation, raising the electrical exergy output. Therefore, due to solar irradiance being the
primary significant factor to electrical exergy output, reducing electrical exergy due to the
temperature of PV module increases has been overcome. These observations were also supported
by earlier reported study [12].

The variations of exergy efficiency versus Reynolds number and solar irradiance are
illustrated in Figure . The exergy efficiency of the system improves up to a Re of 3537, which is
within the transition flow region, then begins to fall owing to higher exergy destruction. From
Figure , it is confirmed that the improvement potential and exergy destruction correspondingly
increase as the Reynolds number increases. The optimum operating Reynolds number for this
system is 3537 or mass flow rate of 0.025 kg/s to produce maximum exergy efficiency. The highest
exergy efficiency of JIBPVT is 11.88 %, with bifacial PV module of 0.66 packing factor and jet
plate reflector with 36-holes, at 900 W/m? solar irradiances and a Re of 3537. Moreover, higher
solar irradiance improved the exergy efficiency of the system by increasing the thermal and
electrical exergy gain. From the figure, the highest exergy efficiency can be observed at the highest
solar irradiance. In general, exergy efficiency is directly proportional to solar irradiance. A similar
pattern of results was observed in the study of [18].

The exergy of the system is plotted against the solar irradiance in Figure . The highest total

exergy output of JIBPVT is 47.87 W when bifacial PV module with 0.66 packing factor are used

13
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in conjunction with a 36-hole jet plate reflector, solar irradiance of 900 W/m?, and a Re of 3537.
Thus, it can be demonstrated that JIBPVT's electrical exergy contributes the most to its total exergy
output. The total exergy input is directly proportional to the total solar irradiance input at the
surface of the collector. The highest total exergy input for this investigation is 402.8 W. In the
second law of thermodynamics, the total exergy destruction, also known as the dissipated power
for irreversible process, can be calculated from the entropy generation rate and ambient
temperature. The highest dissipated power went up to 345 W/m? at highest solar irradiance. While
the exergy destruction of the irreversible process is minimized, the exergy efficiency improvement
is maximized. Therefore, the concept of exergetic "Improvement Potential" (IP) may be a handy
tool for analyzing systems or processes more efficiently. From the results, it can be observed that
the highest IP achieved 304 W. Overall, the input, output, destruction exergies and improvement
potential of the proposed system is directly proportional to the solar irradiance. This pattern of

observation has been shown in previous works [22].

Data comparison

The overall exergy efficiency observed in the present work are compared with earlier

reported studies in

14
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Table 0. Among all the air based solar system compared, the present study has achieved
the highest exergy efficiency of 11.88 %. By comparing findings from previous research that
employed a comparable bifacial PV panel [12], the efficiency of total exergy has been increased

by 3.48 %.

Recommendations for future work

The current study goal is to evaluate experimentally and numerically the influence of jet
air impingement on the thermal and electrical performance of a solar thermal collector. However,
there are many critical heat transfer enhancement characteristics of jet impingement in solar
thermal collectors that need to be studied, and a few recommendations for additional research were
made:

e Different types of bifacial PV cells such as poly-crystalline silicon and thin film can  be
used as only mono-crystalline silicon PV cell was used in this research. It is ideal to find
the best type of bifacial PV cells for optimum performance.

o External reflector or Fresnel lens can be used to reflect or concentrate the solar radiation at
the front side of the bifacial PV module. However, the increment of the PV temperature
must be noticed to prevent the PV module operates at high temperature, which led to

lower electrical efficiency.

15
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e Phase change materials (PCM) could be used as an effective method of storing thermal
energy from solar. The PCM could be attached at the rear part of the solar collector, below

the backplate.

Conclusion

The exergetic performance of JIBPVT solar air collector with different packing factors and
jet distributions was evaluated experimentally. On the performance of the JIBPVT, the impacts of
mass flow rate, solar irradiation, types of jet plate reflector, and packing factor of the bifacial PV

module were examined and discussed. The following are the key findings of this research:

e Bifacial PVT modules with a higher solar irradiance and packing factor provide higher
thermal and electrical exergies.

e The 36-hole jet plate reflector has a wider spacing between jet holes, which reduces jet
interference and the crossflow effect, resulting in a faster heat transfer rate.

e Increased mass flow rate reduces the thermal exergy but increase electrical exergy output
of the system.

e Under 0.66 packing factor of bifacial PVT module with 36-holes jet plate reflector, the
maximum thermal, electrical and total exergy output of JIBPVT are 7.9 W, 42.2 W, and
53.4 W, respectively.

e The highest exergy input, exergy destruction and improvement potential of the proposed

system are 403 W, 346 W and 305 W, respectively.

16
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e The input, output, destruction exergies and improvement potential of the proposed system
is directly proportional to the solar irradiance.

e A comparison of JIBPVT's total exergy efficiency with that of earlier research was also
made. The JIBPVT outperformed other air-based PVT systems, with an exergy efficiency

of 11.88%. As a result, the proposed system is a very efficient solar collector.

17
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Nomenclature

A

Ac

Dn

D;
Exelectrical
Exd
Exinput
Exoutput

E Xthermal

I

IP
JIBPVT
m

n

nx

P

Pmax

cross-sectional area of the pipe

the total surface area of the collector (m?)

temperature coefficient

specific heat of the air (J/(kg. K))

compound parabolic collector

duct depth for each channel

the hydraulic diameter of the air channel (m)

the diameter of jet holes (m)
electrical exergy

exergy destruction

total exergy input

total exergy output

thermal exergy

solar irradiance (W/m?)
improvement potential

jet impingement bifacial PVT
air mass flow (kg/s)
efficiency

exergy efficiency

packing factor of PV cell

electrical power generated

18
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PV photovoltaic

PVT photovoltaic-thermal
Qs total solar energy absorbed
Qu useful heat gain (W)
r radius of pipe

Re Reynolds number
Sgen entropy generation rate
SAC solar air collector
Si-C silicon carbide

T temperature (K)

|4 outlet air velocity

w width of collector

X streamwise pitch (m)
Y spanwise pitch (m)
Greek Symbols

v air viscosity (kg/ms)
o absorptivity

p air density (kg/m?)

T transmissivity

) uncertainty
Subscripts

19
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a ambient air
c collector
1 inlet air
] jet hole
l lamination
out outlet air
P bifacial photovoltaic panel’s average temperature
pv bifacial pv cell
R reflectivity of jet plate reflector
ref reference condition
sun the sun
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Table 1 Variable and fixed design & operating parameters

Parameters Base values

Variable design & operating parameters

Air mass flow rate, m 0.014 - 0.035 kg/s

No of PV cells 4,6,12

Number of jet holes, N 64, 49, 36

Packing factor, P 0.22,0.33, 0.66

Solar irradiance, I 300 - 900 W/m?
Spanwise pitch, Y 0.081, 0.0945, 0.01134
Streamwise pitch, X 0.09, 0.105, 0.126

Fixed design & operating parameters

Absorptivity of lamination, ; 0.1
Absorptivity of PV cell, ay, 0.91
Diameter of jet holes, D; 0.003 m
Duct depth for each channel, d 0.025m

Electrical efficiency at a reference condition, nrer | 0.16

Temperature coefficient, B 0.0045 K!
The reflectivity of jet plate reflector, ng 0.7

The temperature at a reference condition, Trer 298 K
The temperature of the sun, Tsun 5778 K
The thickness of the jet plate reflector 0.001 m
The transmittance of lamination, 7; 0.85
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Width of collector, W 0.684 m
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Table 0 Relative uncertainty during measurements of the parameters.

Parameters Fractional Uncertainty
Ambient air temperature 0.0016

Outlet air velocity 0.0021

Radius of pipe 0.005

Solar intensity 0.035
Temperature difference 6.55x107°
Mass flow rate of air 1.03%
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Table 0 Comparison of prior research' exergy efficiency

Types of solar collector Nexergy (%0) References
Bifacial PVT SAC with jet plate reflector 11.88 Present Study
The unglazed air-based PVT system 10.75 [26]

The (glass-to-glass) air-based PVT system 10.45 [26]
Bifacial PVT air collector with semi-mirror 8.40 [12]
reflector

Double-pass jet impingement SAC with arc 4.36 [7]
roughness absorber plate

Unglazed air-based PVT system integrated 4.00 [26]
greenhouse
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Figure 1 The direction of airflow of JIBPVT
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Figure 6 Indoor experiment setup for JIBPVT
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