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Abstract:

The high concentration of solar light on photovoltaic cells leads to extremely high cell temperatures, leading to
decreased cell efficiency. Appropriate cooling techniques need to be integrated to sustain the high rise in
temperature and maintain a uniform temperature throughout the photovoltaic cell. This study focuses on the
cooling of photovoltaic cells with a confined jet impingement cooling technique. The major objective is to
improve cell efficiency using the confined jet impingement technique to avoid hotspots, thermal stress, and
current mismatching problem. The channels are created on the backside of the photovoltaic cell such that the
coolant strikes the cell at the center and leaves at the four corners of the cell. Water-based ZnO and Ag-ZnO
hybrid nanofluids are used as a coolant because of their high thermal conductivity and heat transfer capacity.
The results showed better cooling performance and improved cell efficiency of photovoltaic cells with
nanofluids compared to water as a coolant. In addition, sufficient temperature uniformity is maintained within
PV cells. The effect of the coolant mass flow rate and nanoparticle volume concentration is also studied.
Results showed improved cell electrical efficiency at higher coolant mass flow rates and higher nanoparticle
volume concentration.
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1. Introduction

Solar energy is considered a significant renewable energy source. The annual potential of solar energy is
1,575-49,837 exajoules (EJ), which is 1.8-58 times the estimated future world energy consumption of 860 EJ
in 2040 [1,2]. Solar energy can be used by various technologies such as photovoltaic (PV) systems,
concentrated PV systems, solar thermal collectors, efc. PV systems and solar thermal collectors can be
combined to obtain electrical and thermal energy outputs. Photovoltaic thermal (PVT) systems improve solar
cell conversion efficiency, expanding solar energy utilization. However, the flat plate PVT system generates
heat at low temperatures, which restrains the use of these systems for some high-temperature applications.
To overcome such problems, concentrated photovoltaic thermal (CPVT) systems are a better alternative.

Concentrated photovoltaic (CPV) systems utilize optics to concentrate sunlight onto PV cells. Therefore, CPV
can replace the expensive PV cells with cheaper concentrator optics to enable harnessing the same amount
of solar radiation but with fewer PV receivers. Despite several advantages of a CPV system over flat plates,
CPV systems face many challenges. The main challenge is that the high concentration of solar light on
photovoltaic cells leads to extremely high cell temperatures, resulting in decreased cell efficiency. A major
portion of the available solar energy is converted to thermal energy, leading to problems such as hotspots,
current mismatching, and thermal fatigue. It is essential to have a uniform PV cell temperature to avoid current
mismatching and thermal stresses. To sustain the high rise in temperature and to maintain a uniform
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temperature throughout the photovoltaic cell, appropriate cooling techniques are required to be integrated.
Many cooling techniques, such as air-based cooling, liquid immersion, jet impingement, phase change material
cooling, heat pipe, micro-channel cooling, and thermoelectric cooling, have been employed, which were
reviewed in various literature [3]. Theristis et al. [4] reported that passive cooling is not enough to dissipate
heat from the cell under high concentration ratios. Jet impingement is an appropriate cooling method for
densely packed PV cells to achieve a uniform cell temperature [5]. Many researchers reviewed unconfined
and confined jet impingement cooling systems for PV cells. Recent studies showed that the temperature of the
PV cell can be reduced from 1360 °C to 65 °C for a concentration ratio of 1000 suns using confined jet
impingement cooling with water at a mass flow rate of 50 g/min [6]. Javidan et al. [7] reported that temperature
of the PV module decreased from 63.95 °C to 33.68 °C by using an optical set of parameters for jet
impingement cooling. Bahaidarah et al. [8] reported a temperature decrease from 69.7 °C to 36.6 °C using an
unconfined jet impingement cooling technique. Zubeer et al. [9] reported that the temperature of an uncooled
PV system and a low-concentrated (1-3 suns) PV system was 57.5 °C and 64.1 °C, respectively, which
decreased to 36.5 °C with water jet impingement cooling. Barrau et al. [10] studied the performance of hybrid
jetimpingement micro-channel cooling for densely packed PV cells, and calculated the heat transfer coefficient
as a function of pressure drop, and compared the performance of hybrid cooling to micro-channel cooling
alone. Markal et al. [11] performed experiments to investigate the effect of impinging air jets on the cooling of
PV cells. It was found that the average surface temperature of the PV cell can be decreased by 61.5%, and
the output power can be improved by 13.2%. Amanlou et al. [12] studied the effect of air diffuser geometry on
the performance of low-concentrated PV systems. Also, the effect of air mass flow rates on concentrated PV
cells' performance was studied. It is reported that by increasing the air mass flow rate from 0.0008 to 0.016
kg/s, the electrical, thermal, and overall efficiency of the PV cell was improved by 13.5, 22.75, and 22.41%,
respectively. Singh et al. [13] performed numerical modelling and experimental study for performance
improvement of PV modules with a hybrid cooling system with a thermoelectric cooler and phase change
material. It was reported that TECs provide better cooling than PCMs under similar conditions as panel
efficiency increases by 5.73%. It was observed that electrical efficiency shows a maximum increment of 19.4%
with hybrid cooling. Sabry et al. [14] studied thermoelectric generator (TEG) cooling on concentrated PV
systems. Compared to only a CPV cell on top of a heat sink, the generated power of the CPV/TEG hybrid
system increased by 7.4%, 5.8%, and 3% corresponding to using the 30 x 30 mm?, 40 x 40 mm? and the 62
x 62 mm? TEG modules, for which the number of junctions is 31, 127 and 49, respectively.

The aim is to design a highly efficient CPVT system with hybrid cooling, such as confined jet impingement and
a thermoelectric generator. Although many researchers have worked on the performance of jet impingement
cooling of microelectronics, very few studies are reported on confined jet impingement cooling of highly
concentrated PV systems. Confined jet impingement cooling provides a better uniform PV cell temperature,
eliminating thermal stresses and current mismatching. Most researchers use water as a cooling fluid for jet
impingement cooling of PV cells. Nanofluids provide better cooling than water because of their higher thermal
conductivity [15]. In this work, the performance improvement of a highly concentrated PV system under
confined jet impingement with Ag-ZnO hybrid nanofluids as a coolant is studied. The effect of volume
concentration of Ag-ZnO nanoparticles on CPV cell cooling and electrical efficiency is observed. Also, the
effect of the mass flow rate of the Ag-ZnO hybrid nanofluid on the performance of confined jet impingement
cooling of CPV cell is studied, and the performance of Ag-ZnO hybrid nanofluids is compared with water as a
cooling fluid.

2. System description

2.1 System Geometry

The solar cell used in this analysis is a multi-junction solar cell with a reference cell efficiency of 40.3% at a
reference temperature of 298 K. The dimension of the solar cell is 10 mm x 10 mm with 0.19 mm thickness.
The solar cell is supported by a board structure which consists of a copper structure followed by a ceramic and
copper board. The upper copper layer's dimensions are 24 mm x 19.5 mm with 0.25 mm thickness, followed
by a 25.5 mm x 21 mm ceramic layer and a 25 mm x 20.5 mm copper layer with 0.32 mm and 0.25 mm
thickness, respectively. An aluminium heat sink of 25.5 mm x 21 mm with 4 mm height is placed at the bottom
of the structure. An inlet is placed at the center of the heat sink, and four outlets are placed at the four corners.
The cooling fluid enters the center of the heat sink and exits through the four outlets at the corner.
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Figure 1. (a) Isometric view of the assembly (b) Solar cell layers and jet impingement channel configuration.

Table 1. Properties of solar cell layers and board structure

Solar cell layer Thermal Specific heat (C) Density (p) Emissivity (€)
conductivity (k) (J/kg.K) (kg/m?3)
(W/m.K)
Germanium 60 320 5323 0.9
Copper-1 400 385 8700 0.05
Ceramic 30 900 3900 0.75
Copper-2 202.6 871 2719 0.9

2.2 Governing equations

For solar cell layers:

The heat conduction equation between the layers of the PV cell is as follows:

V(kVT) +q, =0 (1)
where kirepresents the thermal conductivity of the i" layer.

Internal heat generation term is added for the germanium layer because heat is generated inside the
germanium layer due to solar radiation absorption.

The heat generated in the germanium layer is calculated according to the following expression:

(1-Nce1n)-G.age. A
Qge = —— 002> @)
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where G is the net concentrated solar irradiation, a is the absorptivity of the germanium layer, and A and V are
the surface area and volume of the germanium layer, respectively. neer is the cell's electrical efficiency.

The net concentrated solar irradiation is a function of the optical efficiency of the solar cell (nopt ) and the
concentration ratio (CR) of the solar cell.

G =1.CR.Mop; (3)
where [ is the solar irradiation falling on the solar cell.

The electrical efficiency of the solar cell (ncen) is a function of the operating temperature of the solar cell. As
the temperature of the solar cell increases, the cell efficiency decreases. The term (1-ncer) represents the
portion of absorbed concentrated solar irradiance converted to heat. This heat has to be dissipated or absorbed
by the coolants to keep the cell's temperature low. The solar cell's electrical efficiency is expressed in terms of
the operating temperature of the cell by the following equation:

Neett = Nref — ﬁthermal(Tcell - Tref) (4)

where cell reference efficiency nrr is taken as 40.3% at reference temperature Trer = 298K and CR = 1000,
and Brermar is the thermal coefficient and is equal to 0.047%.

For jet impingement:
Continuity equation:

V.(psV) =0 (5)
Momentum equation:

V. Wp V)= —VP + V.(u; VV) (6)
Energy equation:

V. WpsC;T) = V.(k; VT) (7)

where, p, 1 and k are the density, viscosity, and thermal conductivity of the coolant fluid, respectively. V and
P is the velocity and pressure, respectively.

2.3 Boundary conditions:

The top layer of the concentrated PV system is subjected to mixed convection radiation heat losses boundary
conditions. All of the sides of the CPV system are given adiabatic boundary conditions. For the coolant, inlet
jets are given uniform temperature and velocity normal to the inlet boundary conditions, and at the outlet, zero-
gauge pressure boundary condition was given.

For the top layer of the germanium cell layer and copper layer:

aTGe _

_kGe 9z Qrad,Ge—>S+qconv,Ge—>a (8)
0Ty

_kcu 9z - qrad,cu—>S +qconv,cu—>a (9)

where, grad,6e—s is the radiative heat loss from the Germanium layer to the sky and gconv,ce—a is the convective
heat loss from the germanium layer to the ambient.

The convective heat loss from the Germanium layer to the ambient can be calculated using the following
correlations:

Qr:onv,GEHu = hconv,wind(TGe - Ta) (10)
hconv,wind =582+ 4'07VWind (1 1)

where Tz is the ambient temperature, Tee is the temperature of the Germanium cell, hconv,wind is the convective
heat transfer coefficient, and Vwindis the wind velocity.

Radiation heat loss from the germanium layer to the sky can be calculated using the following expression:
Qrad,Ge»s = O_EGe(Tge - Ts4) (12)
T, = 0.0522T15 (13)

where ¢€ce is the emissivity of Germanium, Ts is the sky temperature in Kelvin, and T, is the ambient
temperature in Kelvin.

At the interfaces between all layers, thermally coupled boundary conditions are given. At the interface between
the germanium layer and copper top layer, the thermally coupled boundary condition is given as follows:

—keeVTge = ke Ve (14)

At the interface between the top copper layer and the ceramic layer:
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_kcuVTcu = _kCEVTCe (15)

Tey = Tee

At the interface between the ceramic layer and the bottom copper layer:

—keeVTce = —keupVTeup (16)
Tee = Teup

At the interface between the bottom copper layer and the heat sink top surface:

—kewpVTeup = —kaVTy (17)
Tewp = T

where Tee, Tou, Tee, Toup, Tarare the temperatures of the germanium cell layer, top copper layer, ceramic layer,
bottom copper layer, and aluminium heat sink, respectively. kce, kcu, Kce, Keu,b, kar are the thermal conductivities
of the germanium cell layer, top copper layer, ceramic layer, bottom copper layer, and aluminium layer,
respectively.

For heat sink inlets and outlets:

Atinlet: V; = V;, and Tin = 298K

At outlet: gauge pressure Pout = 0

All sides of the heat sink wall and the back side are adiabatic.
No slip boundary condition at the fluid-solid interface.

3. Results and discussion

3.1 Validation

The present numerical model is validated with Zahhad et al. [6]. The authors investigated the variation in cell
temperature with a mass flow rate of cooling fluid and concentration ratio. The authors studied the variation in
thermal stress along the center and diagonal lines of the cell. Zahhad et al. [6] used water as a cooling fluid.
Figure 2 shows the variation in the temperature of the Germanium cell with respect to the inlet mass flow rate
of the cooling fluid. It is observed that the cell temperature decreases with an increase in the coolant mass
flow rate. The configuration with one inlet at the center is better than multiple inlet jets because of the absence
of cross-flow. Therefore, the impingement zone develops without restrictions at the target surface of the
impinging. A reasonable agreement is found between the present numerical model and the results by Zahhad
et al. [6]. An average error of 1.68% and an average temperature difference of 1.33 K is found between the
present numerical model and the results by Zahhad et al. [6].
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Figure 2. Validation of numerical model with Zahhad et al. [6].
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The simulation is further performed for the same configuration with Ag-ZnO hybrid nanofluids as a cooling
fluid. The thermophysical properties used for Ag-ZnO hybrid nanofluids are listed below [15] :

Table 2. Thermophysical properties of Ag-ZnO hybrid nanofluids

Volume Density (kg/m?®) Specific heat Thermal Viscosity (Pa-s)
concentration (%) (J/kg-K) conductivity ratio
(an/Kb)

0.02 1000.932 4186.264 1.08 0.0031

0.04 1001.864 4185.527 1.145 0.0035

0.06 1002.796 4184.791 1.185 0.0042

0.08 1003.728 4184.054 1.25 0.0045

0.10 1004.66 4183.318 1.29 0.0052

Figure 3 shows the cell temperature at varying volume concentrations of Ag-ZnO nanoparticles at a mass flow
rate of 25 g/min. The cell temperature decreases with an increase in the volume concentration of nanoparticles.
This is because of the enhanced thermophysical properties of nanofluids at a higher volume concentration of
nanoparticles. The thermal conductivity of nanofluids increases due to the Brownian motion of nanoparticles.
Nanoparticles move through the liquid, and convection is induced due to the Brownian motion of nanoparticles.
This leads to an increase in nanofluid thermal conductivity. Also, the ballistic phonon transport of nanoparticles
helps increase the thermal conductivity of nanofluids. Due to the increase in the thermal conductivity of
nanofluids, the amount of heat transferred from the bottom copper layer to the coolant increases.
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Figure 3. Variation in cell temperature with Ag-ZnO volume concentration.

Figure 4 shows the cell electrical efficiency with a varying volume concentration of Ag-ZnO nanoparticles at a
mass flow rate of 25 g/min. It is evident that the electrical efficiency increases with increasing nanoparticle
volume concentration. Since the cell temperature decreases with an increasing volume concentration of
nanoparticles, the cell’s electrical efficiency increases.
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Figure 4. Variation in cell electrical efficiency with Ag-ZnO volume concentration.

Figure 5 shows the effect of the mass flow rate of Ag-ZnO nanofluids at 0.1% volume concentration on the
average cell temperature and compares it with water as a coolant. The minimum mass flow rate is 25 g/min to
avoid flow boiling. It is observed that Ag-ZnO hybrid nanofluids cool the cell better because of their enhanced
thermophysical properties. Therefore, the cell's electrical efficiency will be higher with nanofluids as a cooling
fluid.

Although cell temperature decreases at higher coolant mass flow rates, the pressure drop also increases with
the increase in the coolant mass flow rate. The net power gained is affected by frictional pressure drops. To
use waste heat from highly concentrated PV system applications, the coolant mass flow rate should be low.

Cell temperature variation on the cell surface is also evaluated. It is observed that the maximum temperature
difference at the surface of the cell is 2.06 °C for a mass flow rate of 25 g/min at 0.1% volume concentration
of Ag-ZnO nanoparticles. It shows that temperature uniformity can be achieved using a confined jet
impingement cooling technique on the surface of the PV cell. This will eliminate the problems associated with
thermal stresses and current mismatching.
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Figure 5. Variation in cell temperature with mass flow rate of coolant.
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4. Conclusions

It is found that Ag-ZnO hybrid nanofluids can perform a better cooling of the cell than water because of the
enhanced thermophysical properties of nanofluids. The thermal conductivity of nanofluids increases compared
to base fluid, which increases heat transfer from the bottom copper layer to the coolant. The higher the
nanoparticle volume concentration, the better the cooling effect. Also, nanofluids will increase cell electrical
efficiency. It is observed that numerically there is only a slight increase in cell efficiency with nanofluids
compared to water. Experiments with the proposed system will be performed in the future. Surely, the cooling
of CPV cells and cell electrical efficiency will be improved in experimentation since the effect of Brownian
motion and ballistic transport phonon of nanoparticles will be observed in experiments.

Nomenclature

A area of the solar cell, m2

CR concentration ratio

G concentrated solar irradiance, W/m?2
h convective heat transfer coefficient, W/(m? K)
| direct normal irradiation, W/m?

k thermal conductivity, W/(m K)

L length, m

m mass flow rate of coolant, kg/s

q heat flux, W/m?

T temperature, °C

\% volume of solar cell, m®

Y velocity, m/s

w width, m

Greek symbols

n Viscosity, Pa s

a absorptivity

Btermal  sOlar cell temperature coefficient
A difference

o) thickness, m

n efficiency, %

p density, kg/m®

c Stefan-Boltzmann constant, 5.67x10% W/(m? K*)
Subscripts and superscripts

a ambient

b base fluid

cell for cell layer

conv  convection

cu copper layer

f fluid

Ge germanium layer

in inlet

nf nanofluid

opt optical

out outlet

rad radiation

ref reference

Abbreviations

CPV  concentrated photovoltaic

CPVT concentrated photovoltaic thermal
HCPV high concentrated photovoltaic
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PV photovoltaic
TEC  Thermoelectric coolers
TEG  Thermoelectric generator
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