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Abstract

High-concentrated photovoltaic (PV) panels encounter critical challenges, such as the non-
uniform distribution of the solar spectrum and diminished efficiency, which significantly
impact their overall performance and long-term durability. This study presents a novel hybrid
cooling topology, which combines a spider network as a heat sink with jet impingement
technology. This cooling topology employs a hexagonal spider network of microchannels,
featuring several jets and four outlet manifolds, designed to ensure optimal temperature
uniformity across the PV panel. A series of multiphysics simulation activities is conducted to
ensure accurate modeling of the optical, thermal, and electrical performance, integrating
computational fluid dynamics (CFD) for thermal-electric analysis and Mote Carlo ray-tracing
techniques for optical modeling. The reliability of the simulations is measured and verified.
The overall performance of the concentrator photovoltaic/thermal (CPV/T) system is evaluated
under different solar intensities (400-1200 W/m?), coolant flow rates (0.5-1.3 kg/s), and
manifold angles (1 — 5°). The findings reveal that the lowest pumping power is achieved by a
manifold angle of 5°. Moreover, the five-degree, four-outlet manifold design achieves superior
performance with a total exergy efficiency of 9.28% and electrical energy efficiency of 8.96%
at a flow rate of 1.3 kg/s. Compared to the previous design in the literature, the advanced
cooling system enhances net electric power by 84.71%, net output power by 135.25%, reduces
pumping power by 71.67%, and lowers temperature nonuniformity by 52.89%.
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Nomenclatures

Acenr Surface area GaAs cell (m?) p Density (kg m™3)
G, Specific heat capacity (J kg~ tK™1) o Extinction coefficient (m™1)
CR Solar concentration ratio (-) © Scattering phase function (-)
E, Bandgap energy of PV cells (eV) 0 Solid angle (-)
EQE Solar cell external quantum
efficiency (%) v Operator ()
F(1) AM1.5D spectral irradiance .
W m=% nm-1) Subscript
FF Fill factor of GaAs cell (-) a Ambient
hy, Water heat transfer coefficient
W m=2 K1) b black body
Laun Total |_n20|dent solar radiation cell GaAs cell
(W m™)
Jsc Short_czlrcun current density ole Electric
(Am™%)
Joo Dark saturation current density .
(Am-2) f Fluid
k Thermal conductivity in Flow inlet
WmtK™)
kg Boltzmann's constant P
(1.38066¢~23 | K~1) oc Open circuit
m Mass flow rate (kg s~1) out Flow outlet
n Real refractive index (-) PV Photovoltaic
P Pixelation in control angles (-) s Solid
Py, Absorbed thermal energy (W) SC Short circuit
P Generated electric power (W) t Total
Qrad Rate of radiative heat transfer per
unit volume (W m=2) m=3 th Thermal
7 Direction vector (-) Greek subscript
Sh Volumetric heat source (W m™~3) 0 Divisions in the azimuthal
extent
s Position vector (-) A Certain wavelength
g Scattering direction vector Ag Split at cutoff wavelength
T Temperature (K) Divisions in the polar extent
\Y Voltage (V) Abbreviations
Viind Wind speed (m s~1) AML5D Standard spectrum for terrestrial
' direct beam
vV velocity vector (-) CFD Computational fluid dynamics
CPV Concentrator photovoltaic
Greek symbols CPV/T Concentratpr
photovoltaic/thermal system
B Scattering coefficient (m™1) DNI Direct normal irradiance
14 Manifold angle (°) DO Discrete ordinates
1) Temperature coefficient (K1) FVM Finite Volume Method
n Energy efficiency (%) MCRT Monte Carlo Ray-Tracing
Mopt (Ooz)t'cal efficiency of the system MNSPHS Modified net spider heat sink
k Absorbance rate (-) PVIT Photovoltaic/thermal
k; Absorption coefficient (m™1) RTE Radiative transfer equation
A Wavelength of photons (nm) SR Spectral response
Ag Cutoff wavelength (nm) UDF User-defined function
U Dynamic viscosity (Pa s) WHR Waste heat recovery
& Exergy efficiency (%)

1- Introduction
The importance of developing renewable energy sources has grown in recent years due to rising
environmental concerns and energy shortages. The most prominent and reliable renewable
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energy source on our planet is solar power, which has recently attracted much attention.
Photovoltaic (PV) and thermoelectric systems turn sunlight directly into electricity, while solar
thermal systems utilize solar radiation to generate heat, which is then used to generate
electricity [1]. When contrasted with more conventional methods of electricity generation, PV
systems' high price tag and poor power conversion efficiency (PCE) stand out as significant
drawbacks. By employing cost-effective concentrators such as parabolic troughs, dishes, or
Fresnel lenses, high-concentrated photovoltaic (HCPV) systems mitigate these challenges by
decreasing the quantity of costly semiconductor material required [2]. Monocrystalline,
polycrystalline, and amorphous silicon cells exhibit decreasing PCEs of 0.45%, 0.45%, and
0.25% with each degree Celsius increase, respectively [3]. Temperature increases can lead to
transient efficiency loss, localized overheating, and long-term damage, particularly in HCPV
[4-6]. Improving CPV performance and eliminating hotspots and mismatches requires
maintaining a consistent and low operating temperature using proper cooling systems [7].
Various passive cooling methods, such as heat pipes, phase change materials, and evaporation
processes, were offered for CPV systems with concentration ratios (CRs) < 20. On the other
hand, a more powerful cooling system is needed to withstand the subsequent high temperatures
in HCPV systems with higher CRs [8]. Various active cooling technologies are available for
dissipating heat; some of the most well-known include microchannel heat sinks (MCHSsS),
forced air or liquid, jet impingement, and hybrid systems [9, 10].

Liquid cooling technology benefits MCHS systems because they may act as heat sinks or liquid
cold plates when attached to HCPV and circuit surfaces. Large heat transfer area per volume
and high heat transfer coefficient enables rapid heat transfer in MCHSs with sizes ranging from
10-200 um or 1-4 mm. Several studies have investigated thermal performance and temperature
uniformity in CPV schemes concerning the geometrical effects of MCHSs. Tuckerman et al.
[11] found that the temperature profile grew more nonuniform as water ran through straight
MCHSs, suggesting that the HCPV module needs improved thermal management. Lee et al.
[12] replaced continuous fins with 26.6° oblique fins in MCHSs, disrupting the thermal
boundary layer to improve heat transfer and temperature uniformity while slightly increasing
the pressure drop near the outlet. According to Micheli et al. [13], the flat silicon wafer's
maximum cell temperature was 78.8 °C under standard conditions. Nevertheless, the cell's
temperature decreased substantially to 70.4 °C upon adding fins. Abo-Zahhad et al. [14]
enhanced the cell temperature uniformity at a 1000 g/min flow rate by employing stepwise
width modulation in microchannels, which improved HCPV performance while increasing
pressure drop. Reddy et al. [15] found that high flow rates did not reduce the cooled surface
temperature, even though microchannels that were 0.5 mm wide, 4 mm deep, and 12 mm long
gave the lowest pressure drop.

In addition to factors like channel width, channel spacing, and inlet/outlet design [16], the
cross-sectional geometry of the channels and other geometric characteristics of MCHSs are
essential for improving their cooling Performance [17]. Due to secondary flow generation and
flow variability within a preset optimal wave amplitude range, wavy MCHSs provide notable
thermal performance advantages [18]. By increasing flow turbulence and disrupting
hydraulic/thermal boundary layers, MCHSs with ribs and grooves can enhance heat
transmission [19]. When comparing the double-layer MCHS to the single-layer MCHS, the
structural optimization studies showed a modest increase in pressure drop and a decrease in
heat resistance concerning the double-layer MCHS [20]. Yang et al. [21] suggested a multiple-
layer MCHS system that effectively controls the cell's temperature, pressure drop, and
nonuniform temperature. On the other hand, CPV systems were not as productive or
economically viable when using MCHS alone because of their low heat transfer capacity,
substantial pressure drop, and inconsistent temperature profile.
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In addition, high local heat transfer coefficient applications and densely positioned PVs are
both cooled by jet impingement in high-performance circuits. As a result, the heat transfer
efficiency is restricted beyond the impingement zone due to the substantial temperature
gradient observed [22]. Abo-Zahhad et al. [23] found that single jet bed configurations had the
lowest cell temperature and most significant pressure drop, although numerous jet bed
configurations provide cross-flow problems. An increase in the Nusselt number and a decrease
in jet interaction with the wall were achieved at a maximum jet-to-jet distance four times the
jet diameter [24]. However, as the jet impinged, the heat transfer coefficient outside the
impingement region decreased, and temperature nonuniformity increased.

A cooling system that maximizes heat dissipation and temperature distribution has been
achieved by combining jet impingement with MCHS [25]. A hybrid jet impingement-MCHS
cooling system takes the best characteristics of both MCHSs and jet impingement and uses
them in a hybrid design to create an extremely efficient cooling system. As a result of its
exceptional heat-removal capabilities and ability to prevent hot patches, the cooling surface
maintains a uniformly high temperature [26]. The use of hybrid jet impingement-MCHS
systems to mitigate the operational temperatures of PV cells and resolve concerns regarding
temperature nonuniformity has been extensively investigated in research. Abo-Zahhad et al.
[27] also discovered that the peak temperatures and pressure drops are reduced when the
specified dimensions of the MCHS along the fluid path are reduced. Hosny et al. [28]
developed a less complicated and more effective system using a single or double microchannel
section with jets. Torbatinezhad et al. [29] indicated that reducing the wavy mini-channel
wavelength (the distance between two successive peaks of the wavy channel), raising jet angle,
and augmenting coolant flow rate elevates cell temperature; nevertheless, this simultaneously
raises pressure drop and fails to provide an effective solution for temperature nonuniformity.

Despite their advantages, the research highlights the limitations of jet impingement, MCHS,
and hybrid jet impingement-MCHS systems. One issue is that less efficient cooling occurs over
time because heat transfer efficiency decreases as fluid temperature increases in the direction
of flow [27]. The second issue is that the flow is not evenly distributed since the coolants are
not mixed enough between the channels [29]. The nonuniform temperatures caused by this
poor distribution over the cell surface can adversely affect the system's performance and
lifespan. Accordingly, additional research and innovation are necessary to overcome these
limits and enhance the thermal management of these cooling systems.

Bionic topology, in which the flow pattern displays certain traits indicative of biology, has
recently emerged as one of the most popular approaches to improving flow maldistribution.
Spider webs, alveoli, honeycombs, leaf veins, and snowflakes are just a few examples of the
bionic topologies that have inspired the creation of various crystal structures. Straight, ternate
veiny, lateral veiny, snowflake-shaped, spider netted, and honeycomb MCHSs were the six
varieties reviewed by Tan et al. [30]. It should be noted that hydraulic and thermal
characteristics formed the basis of their investigation. Despite its more significant pressure
drop, the results showed that spider-netted MCHSs had better thermal performance than
straight, lateral, snowflake, ternate, honeycomb, and lateral MCHSs. Although bionic
topologies are inventive in enhancing heat transfer and fluid distribution, their complex
architecture and distinctive morphologies restrict design versatility. Its adaptability to different
types and sizes of heat sources requires more development.

Based on the above literature, The current research introduces a novel hybrid jet impingement-
microchannel system featuring a four-outlet manifold spider-netted configuration designed as
a bionic topology to enhance cooling in HCPV applications, addressing existing deficiencies.
Remember that problems with heat transfer along the flow direction and insufficient coolant
cross-mixing between channels, leading to temperature inconsistencies and inadequate cooling,
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are the targets of this strategy. It also seeks to simplify the system, shorten the cooling fluid
path, and reduce pumping power requirements. Additionally, no investigation into such
systems has focused on a nonuniform heat flux profile, which is applied here, indicative of the
closeness to the actual operating conditions. In addition, there is a need to enhance thermal
management because existing cooling methods have limitations such as high surface
temperature, nonuniform temperature distribution, or high-pressure drop. So, from the point of
view of ensuring reliable cooling solutions for HCPV systems, this study closes these
knowledge gaps on a novel hybrid jet impingement MCHS with a spider-netted design.
Consequently, the hydraulic, energy, and exergy performance characteristics of the HCPV
system are evaluated by conducting a thorough analysis of the cooling scheme's design
parameters using a complicated 3D CFD numerical model. The parameters to be investigated
are the influence of DNI, manifold angle, and number of manifolds. Additionally, The spider-
netted heat sink used in the literature (reference case) [30] is contrasted with the developed
HCPV/T system, which features four-outlet manifolds at a fixed condition of 5° angle to
evaluate the efficiency of the heat sink that has been developed.

Model description

Figure 1 shows a schematic of the HCPV/T solar system, which uses a parabolic dish to focus
the Sun's rays on the receiver assembly. A rectangular dish is employed in the suggested model
to achieve consistent illumination, which guarantees that the shape of the solar collector
matches that of the highlighted area [7]. The absorber has a copper layer, a modified aluminum
net spider for the heat sink, and GaAs solar cells (see section 3-2 for more information). Using
GaAs solar cells, this process transforms solar energy into thermal energy and electricity.
Adding a copper layer lets the GaAs cell and heat sink transport heat more efficiently.
Hexagons with nested self-similarity on numerous layers form the microchannel with spider
web netting attached to the backside of the copper layer to absorb the GaAs solar cell's excess
heat. Spider webs can take many forms, including pentagons, decagons, and octagon polygons.
The hexagon cooling configuration is applied according to a detailed comparing analysis of
different microchannels topologies, provided by [30]. The water is used as a heat transfer fluid
(HTF) passes through the hexagonal spider netted heat sink to maintain the solar cells'
temperature at an appropriate level.

Most incoming radiation, particularly in the ultraviolet and mostly infrared, is transformed into
heat. The rest is turned into electricity within the bandwidth of GaAs solar cells. According to
Chemisana et al. [31], the PV-band spectrum bandwidth is determined by taking into account
the spectral response (SR) of the GaAs cell as well as the solar characteristics of the specific
incident solar spectrum (AM1.5 direct). The HCPV/T module's rear is the intended location for
the hybrid heat sink that combines jet impingement with an MCHS in a spider-netted structure.
This innovative configuration aims to recover the waste heat generated by the absorber
components effectively. The receiver and parabolic dish concentrator specifications are
presented in Table 1. A Finite Volume Method (FVM) using CFD numerical method and a
Monte Carlo Ray-Tracing (MCRT) are coupled together through numerical simulation to
overcome the time-dependent complexity of the HCPV/T conversion system in reality, as
described in section 3. All HCPV/T layers are characterized in Table 2 concerning their
thermophysical and optical properties.
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GaAs Copper Aluminum Fluid Jets
cell heat sink channel
The PV/T module receiver investigated (four outlet manifold spider- The optical system investigated
netted jet impingement MCHS) (rectangular parabolic reflector)
A

Fig. 1 Visual representation of the suggested model (A) PV/T module receiver investigated
and (B) Optical system investigated (Reflector) [32].

Table 1 Specifications for key components of the system.

Components Parameters Value

Reflector [32] Mirror number 1200
Focal length 2.05 (m)
Concentrator area 12 (m?)
Mirror Area 0.01 (m?)

Receiver GaAs solar cell [33] 0. 12 (m) x 0.12 (m) x 0.0006 (m)
Copper layer 0.12 (m) x 0.12 (m) x 0.001 (m)
Heat sink height 0.0055 (m)

Heat sink design parameter  In Table 6 (Manifold angle)

Table 2 Thermophysical and optical properties of the HCPV/T system.

Component Density  Specific Thermal Optical
(kg/m3) heat conductivity properties
(J/kg.k) (W/m.k)
GaAs cell 5320 330 55 [34]
Copper plate 8978 381 387.6 [35]
Aluminum heat sink 2719 871 202.4 [35]

3- Numerical Approaches and Validations

3-1 Hybrid HCPV/T system optical simulation and modelling
The SolTrace optical instrument simulates the parabolic dish's performance by utilizing the
efficient and versatile MCRT method, an optical simulation approach used to simulate the Sun's
rays and their interactions with different concentrators and receivers. It is used to calculate the
concentrated solar heat flux densities. The estimated densities are then introduced into the
FLUENT software as thermal boundary conditions for the receiver wall through a user-defined
function (UDF). As light travels from the Sun to the end receiver, it encounters many parts of
the optical geometry organized in stages according to a global coordinate system. There are
two types of interactions: optical (physical interactions with beams) and virtual (helpful in
determining flux maps). Elements with their unique characteristics make up one stage. A stage-
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related coordinate system characterizes each element. A cumbersome interface results from
precisely analyzing the components' shape. A spreadsheet must be utilized to construct all of
the optical geometry for each system, which includes:

o Aperture type, surface type, normal direction, optical characteristics, and coordinates

are all defined.
o The relationship between the global coordinate system and the coordinate system of
each stage is defined [36].

Several steps are involved in the execution of the model in SolTrace:

e Defining sun shape and position.
Entering the optical properties of optical elements of the system.
Defining the system geometry in terms of stages and its elements.
Choosing the number of rays.
Choosing the DNI for calculations.

o Extracting the solar heat flux intensity.
Based on the Sun's location, this setup necessitates determining the relative positions of all
optical components [37]. In the LightTools application, a light source is applied to mimic the
sun's rays, and a solid angle of 0.52 degrees is employed to simulate the sun's shape [38], as
indicated in Fig. 2. The optical properties of the reflector are assumed to be 0.08, 1, 3 mrad,
and one mrad for transmissivity, reflectivity, slope error, and specularity error, respectively
[38]. A sunbeam number of 3.0 x 10° is fixed for the conditions of light number independence,
as mentioned by S. Lokeswaran, et al. [39]. The AM1.5 direct solar spectrum is subsequently
incorporated into the software. A fourth-degree polynomial equation is fitted with the generated
solar spectra distribution over the absorber using multiple regression techniques.

In the CFD domain, the solar broadband splits into three wavebands, thermal-band1 [250-447.5
nm], PV-band [447.5-850.3 nm], and thermal-band2 [850.3-4000 nm], in Fluent software, the
non-gray DO radiation model is activated. This approach allows for the optical, electrical, and
thermal models to be reliably coupled while solving the radiative transfer equation (RTE) and
the conservation equations for mass, momentum, and energy, as mentioned in [33, 40]. Using
a UDF, the solar spectrum distribution equation imported at the PV laminates' top surface is
interpreted as a heat source boundary in each waveband. The polynomial function used in the
UDF is defined as :
F =1.687e6 + 31,657 X + 62,239Y + 4.902e8 X? — 1.869¢6 XY — 4.944e8 Y?

+ 1.008e6 X3 + 1.698e7 X?Y + 6.090e6 XY? — 3.391e7 Y3

+ 8.459e9 X* + 4.648e8 X3Y + 1.584e11 X?Y? + 1.243e8 XY3

+9.672e9 Y* 1)
Where the Sun's spectral distribution value (F) is associated with the spatial coordinates (X and
Y) of the GaAs solar cell, the fitting results show a relative error of less than 8% compared to
the optical simulation results for the Sun's spectral distribution. In the CFD domain, the
radiative transfer equation (RTE), as specified [41], is solved by activating the nongray DO
model:

41
V.(L(#E DD + 0, (7.5) = kynly, + 4’% f L(7.3) ¢(3.5)da ()
0

The probability that a ray from one direction, s, will be scattered into a specific other direction,

$is represented by the scattering phase function ¢ in the second term of the right side of Eq.
(2), which is assumed to be wavelength-independent. In contrast, the emission part is
represented by the first term on the same side, where k; is the absorption coefficient, and n is
the real refractive index. Also, the scattering part on the right side represents the second term,
where £ is the scattering coefficient. Nevertheless, the extinction coefficient (o) incorporates
the absorption and scattering of light, represented by the second term on the left side. The
radiation intensity is denoted by I;, and the re-emission term, which is the blackbody emission
in the wavelength band per unit solid angle, is denoted by 1,3, and the solid angle is denoted as



Abutalib et al./ Engineering Research Journal (2025) 184(2)

M31

Q. The variation of the re-emission term with wavelength is not accounted for in the current
model. The extinction coefficient is solely determined by the variation of the absorption
coefficient during solar illumination because the scattered spectra of the participating materials
are disregarded. Therefore, the RTE equation can be simplified to:

For each band (ultraviolet region, visible, or infrared band), the optical equations are solved in
numerical calculations in conjunction with a non-gray model in a total number of Ny, X Ny

directions. The RTE equation is computed in 8 X Ny X Ny directions for three-dimensional
calculations. In addition, pixelations are used to split these control angles. The polar extent N

and the azimuthal extent Ny are set at 3, incorporated in the structured mesh. The modelling
is conducted with a fixed number of pixelation at 3 and 3 for the azimuthal extent P, and the
polar extent Py, respectively [42].

Fig. 2 Visual representation of the parabolic rectangular reflector and receiver in SolTrace
software (A) and the ray-tracing model using SolTrace software regarding the solid angle of
the Sun (0.52°) (B).

3-2  Hybrid HCPV/T system electric modelling

GaAs cells are among the most desirable options for HCPV/T applications due to their low cost
and extensive operating temperature range. It should be noted that cell temperature is not the
sole parameter that influences electrical energy efficiency, as indicated by the literature survey
listed above. This investigation considers additional variables, including the CR and incident
radiation wavelengths (1) [43].

The cell's dark saturation current, J,,, is determined by the following formula:

13 —E
Joo = K'Tyy"exp () (4)

Where Eis the bandgap of the PV cells, T, is the temperature of the PV cell, and k, is the

Boltzmann constant, and K, m, and n are empirical parameters [44].
The following is the formula for the determination of the short circuit current J. [45]:

Ag
Jre = | eBQEp DF A ©)
280

Where the electron charge is represented by e, the parabolic dish's optical efficiency (1,,¢ (1))
is assumed constant at 85% independent of wavelength, Ag denotes the wavelength of solar
radiation and F (1) denotes the photon flux. The quantum efficiency (EQE,) of solar cells is a
wavelength-dependent ratio found in references [45, 46] and represents the ratio of carriers
gathered by the cell to photons of a particular energy incident on the cell.

Then, using the formula in [45], we can determine the open-circuit voltage, V,.:
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A'k,T CR
— b pvln( ]sc_l_

e Joo
Where the diode factor is represented by A’.
According to Reference [46], the fill factor (FF) (defined as the ratio of the maximum power
from the solar cell to the product of /. and V,.) is defined as:

elVm
Vm eXp (kapv> -1

Voc

D (6)

FF =—|1- 7
Ve e () -1 ()
kapv
Where 1/, is the voltage that is derived at the maximum power point of the I-V curve as follows:
Vn = B XV (8)

Where the value of B is often a number between 0.7 and 0.8.
The reference efficiency of solar cells, which is defined at 25 °C, denoted as 7,.¢, is determined
using the formulas given in [45, 46]:

VocJscFF

Nref = 73 9)
fzggo nopt(A)IAdA

Where I, represents the spectral intensity of solar radiation according to the AM1.5 condition.
The following equation, which takes the temperature effect into account, calculates the

electrical efficiency of solar cells:

Pele VOC ><]sc X FF

Nete = CR Aoy Ioum  CR Agoployn Nref (1 = 6(Tpy — Trer)) (10)
where the gained electric power (P,;.) at the PV cell temperature, the reference temperature
coefficient (&), which equals 0.09 % for GaAs cell, and the reference temperature (T..r) are
some of the parameters that are involved. The electrical output is determined by combining the
actual electrical energy efficiency and the received solar irradiation to accomplish the coupling
of electricity and heat [33]. The volumetric heat source term is applied in the part of the GaAs
solar cell to simulate the generated electric power with a negative sign, indicating that the
electric power is out of the system [43]. Therefore, in the computational domain, the energy
source term of the PV layer is activated using the UDF. Table 3 displays the values of the
various electrical model parameters and coefficients [43].
Table 3 Definition and value of the various electrical model parameters and coefficients.

Parameters Definition Value

K' Empirical parameter 0.03

m Empirical parameter 1.15

n Empirical parameter 0.96

A Diode factor 1.1

B Voltage factor 0.8

Acey PV area 0.0144 (m?)

3-3  Hybrid HCPV/T system thermal modelling
With the help of the present modelling technique, this multi-physics system incorporates the
thermal model alongside the optical and electric models. The CFD code initializes the RTE and
the continuity, momentum, and energy conservation equations in the CFD domain to solve the
radiative heat transfer, pressure, velocity, and temperature field in the proposed HCPV/T
system. This model is simplified based on the following assumptions:
e A steady-state, incompressible, turbulent flow in three dimensions with one phase is
considered.
e Gravitational and other body forces on the body are disregarded [47].
e The thermophysical properties of the fluid and solid domains are assumed to be
temperature-independent [20].
e The thermal contact resistances of the solar cells and the MCHS heat absorber are
neglected for all layers [48].
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The various refractive indices of the components remain constant [49].

The channel walls are subjected to a no-slip condition for temperature and velocity [47].
The cell is considered a volumetric heat source in the model [23].

The heat loss via the heat sink's rear and the HCPV/T layers' side walls are ignored
[50].

The subsequent governing equations can be constructed by implementing the previously
indicated assumptions:

Continuity:
V.V =0 (11)
Momentum:
p(V.VV) = —Vp + uv?V (12)
Energy in the fluid domain
pc,(V.VT) = kV2T (13)

Energy in GaAs cell domain:
kSVZTS + Vqrad + Sh =0 (14)
Energy in other solid domains:
kVT, =0 (15)
The radiative term q,,4defines the net loss of radiative energy from a control volume, and the
volumetric heat source is included in S;, [41]. The HTF absorbs heat and releases it as a thermal
output. This study investigates the overall performance of the CPV/T system, including all
absorber components. From the thermodynamic viewpoint, the applied concentrated solar
spectrum is the energy-in source of the stated domain (control volume). In this way, the thermal
energy efficiency of the CPV/T system turns to the relation between the outlet heat gained and
the total received energy. Therefore, the thermal energy efficiency of the HCPV/T system can
be expressed by the following equation [33]:
_ Py, _ m Cp (Tout - Tin)
et CR Acelllsun CR Acelllsun
Where the specific heat capacity (c,), flow rate (1), the fluid temperature at the inlet and outlet

(T}, and T,,,;, respectively), and the amount of solar irradiation per unit area (I,,,) are some
of the parameters that are involved.

However, the power required to circulate the coolant is substantial, and increasing the electrical
power output by cooling a PV module is not without its cost. As a result, the final net power
calculation of this study has considered the impact of pump power. Therefore, Py, the
power needed to pump the working fluid, is defined as:

P m Ap
pump — (17)
Pw

Where Ap represents pressure drop and p,, stands for water density. Finally, the investigation
of the HCPV/T system's energy performance concludes with the following explanation for net
power:

(16)

Pret = Peje — Ppump (18)
The maximum amount of output energy, or total exergy efficiency {;, can be expressed as [33]:
¢t = Sete S (19)

The values of {;;, and ., are the thermal and electric exergy efficiencies, respectively, and
can be defined as follows [51]:

o =nen (1~ ) (20)

Tout
Where T, is the ambient temperature, which is fixed at 300 K.

21
Sete = MNele ( )
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3-4  Hybrid HCPV/T system boundary conditions and simulation settings
This study used the ANSYS Fluent code to apply boundary and beginning conditions to the
three-dimensional HCPV/T model. The Sun's spectrum, which is evenly distributed as per Eqg.
1, falls perpendicularly onto the GaAs cell's top surface and contains the entire spectrum from
280 to 4000 nm. The non-grey DO model is used to separate the solar spectrum into three
separate bands of wavelengths, as mentioned in subsection 3.1. The optical properties of all
materials are averaged out over each wavelength interval to make them behave as grey media,
and the percentage of solar irradiance is added to each band. The top surface of the GaAs
material, which is subject to radiation and mixed convection, is considered perpendicular to
the incident solar radiation [52]. For the purpose of calculating the external radiation
temperature, the formula for the sky temperature, Ty, is as follows [53]:

Tory = 0.0552T, "% (22)
A convective heat transfer coefficient is calculated when air passes above a GaAs cell
according to [54]:

m
5.7+ 38 Viing 1f Viina < 5=

h,, = o7 . m (23)
6.47 + Vwind ’ lf Vwind >5 ?

Where the local wind speed, denoted as V,,;,,4, IS fixed at four m/s.The heat loss through the
rear of the heat sink and the side walls of the HCPV/T system is disregarded. The fluid domain
is subjected to the velocity-inlet boundary condition at the inlet, where the flow rate is adjusted
from 0.5 kg/s to 1.3 kg/s, considering the model design, the concentration ratio range, and the
solar intensities. The pressure-outlet boundary condition is characterized by a zero-gauge
pressure that is applied at the outlet. The fluid domain simulation is conducted using the
conventional k-epsilon turbulence model. The electric model can achieve the output power of
the GaAs cell by incorporating the source term into the energy equation by using interpreted
UDF. With second-order upwind accuracy in the spatial discretization of the governing
equations and the application of the global time step approach, the coupled scheme algorithm
is used to solve the velocity-pressure couple in the current model. The criterion for convergence
during calculation for the continuity, velocity, energy, and DO models are 1073, 107¢, 107°,
and 107°, respectively. A 16-core i7-13700 kf processor with 3.4 GHz and 64 MB RAM is
used to execute the simulations in CFD Ansys Fluent 2023 R1, with an average of 9 hours to
achieve the residual settings requirements.

4- Results and Discussions

4-1 Mesh independent study and validations

The local sizing meshing technique activates the model grid with a maximum skewness rate of
0.56, where hexahedral meshes are employed for different components, as illustrated in Fig. 3
for the reference case. The reliability of the results is ensured by applying the mesh dependence
test. As indicated in Table 4, six different grids are used to verify the pressure drop over the
heat sink, the outlet temperature, and the output electric power. The 1,822,944 elements grid
was ultimately selected for further examination because of this investigation.
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Mesh topology of the jet

Fig. 3. The grid of the modeled CPV/T system involving the four outlet manifolds at angle 5.

Table 4 Grid independence test for the reference case at DNI of 1000 W/m?, flow rate of
1.3 kg/s, and inlet temperature of 300 k.

Number of elements Outlet temperature Electric power Pressure drop
(K) (W) (kPa)
648,600 301.500 482 94.729
875,864 301.492 519 93.620
1,160,176 301.488 559 92.672
1,303,600 301.486 582 92.264
1,639,984 301.464 626 91.574
1,822,944 301.482 644 91.355

The numerical results are validated by comparing the electrical and thermal energy efficiencies
to the experimental measurements taken by Bhattarai et al. [55] from a PV/T module. The
parameters used in this validation study are detailed in Table 5. Average errors of 0.67% for
electrical energy efficiencies and 2.89% for thermal energy efficiencies are shown in Fig. 4,
indicating that the experimental and simulation results are reasonably agreeable.

Table 5 The validation study parameters [55].

Component Parameter Value Unit
Glass cover Area 2 m?
Thickness 0.004 m
Emissivity 0.88 -
Absorption coefficient 26 1/m
Refractive index 1.526 -
PV layer (polycrystalline) Area of cell 1.607 m?
Packing factor 0.804 -
Tube Outer diameter 0.00952 m
Thickness 0.0009 m
Number 10 -
Length 1.916 m
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Operating conditions Wind speed 1 m/s
Ambient temperature  303.15 K
Solar irradiance 800 W/ m?
Tilt angle 30
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Fig. 4. Validation of the thermal and electrical energy efficiencies of the PV/T module.

Through the utilization of waste heat recovery (WHR) in highly concentrated applications, this
section examines the energy and exergy efficiency of the CPV/T system. The effect of the DNI
on thermal, energy, and hydraulic performance at different flow rates (0.5 to 1.3 kg/s) is first
evaluated using a series of numerical simulations for four outlet manifolds (A). Subsequently,
the impact of the manifold angle for all outlets (B) is implemented to improve the overall
system performance since the increase in pressure drop and, consequently, pumping power for
lower angles results from fluid expansion caused by the alteration in the shape of the central
channel in such a way that the resistance in front of the flow becomes higher as the angle
decreases, increasing the pumping power required from the jets, as indicated in [30]. All
examined parameters are listed in Table 6 and Fig. 5 and will be discussed in the following
sections. Note that the optimal case for the design parameter (manifold angle) is illustrated in
Fig. 5, defined with black color.

DNI = 1000 W /m*
8 = 0 (Straight manifolds), DNI (400,600,800,1000, 1200 W/m?) f=1-5
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Fig. 5. Visual representation of the investigated parameter of the proposed system
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Table 6 Design parameters of the proposed model.
Design parameters Investigated range Remarks
Applied for solid and fluid width equal 3 mm,
(A)-DNI (400-1200 W/m?) a jet diameter which equals 1.5 mm, a jet height

which equals 7 mm, and four outlet manifolds.

Applied for solid and fluid width equal 3 mm,
(B)-Manifold angle (1-5°) a jet diameter equals 1.5 mm, a jet height
which equals 7 mm, and a DNI of 1000 W/m?.

4-2 Effect of DNI on the HCPV/T performance

Maintaining the estimated CR fixed at 833 for different DNIs, Fig. 6 (A) and (B) show the
mass flow rate versus average PV cell temperature and maximum temperature differential,
respectively. The volumetric average temperature of the solar cells increases proportionally
when the DNI increases from 400 to 1200 W/m?, as shown in Fig. 6 (A). As the DNI rises, the
solar cell receives more radiation, which causes this trend. Also, the average temperature is
inversely proportional to the increase in mass flow rate. As the m increases from 0.5 to 1.3
kg/s, the average cell temperature gradually decreases from 84.1 °C to 63.24 °C at 1000 W/mZ.
This is because the HCPV/T system dissipates more heat due to the Modified Net Spider Heat
Sink's (MNSPHS) increased heat transfer coefficient as the flow rate increases. Additionally,
the average temperature drops slowly with an increase in flow rate. The primary cause is
insufficient time for the HTF to come into contact with the heated surface of the heat sink [56,
57]. The maximal temperature difference (ATpy = Trax — Tmin) 1S the critical performance
assessment criterion for investigating temperature nonuniformity among PV cells in this study
[21]. Asillustrated in Fig. 6 (B), the maximum temperature difference increases in conjunction
with the DNI. The maximum temperature difference exhibits an inverse relationship as the
mass flow rate increases from 0.5 to 1.3 kg/s, declining gradually from 103.3 °C to 66.43 °C
at 1000 W/m2. Notably, the ambient temperature is assumed to have a minimal impact on the
performance of the HCPV/T system (CR>10). Thus, the effect of DNI at a constant ambient
temperature operation condition is investigated to focus on the impact of DNI separately. Also,
the operation temperature of this system reaches about 483 K (maximum temperature of the
PV cell at 1200 W/m?), which is pretty high compared with the ambient temperature (300 k).
Thus, in highly concentrated applications, the influence of ambient temperature is minimal

compared with other operation parameters.
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Fig. 6 The average solar cell temperature (A) and maximum temperature difference (B)
versus flow rate at different DNI at 0° manifold angle.
Figure 7 (A) and (B) show the electric and thermal power for various DNI and mass flow rates,
respectively. Figure 7 (A) illustrates a comparable increase in the electric output of the solar
cells as the DNI increases from 400 to 1200 W/m2. The relationship between electric power
and incoming spectral irradiance intensity is directly proportional, as shown in Egs. (5 and 10),
which is the primary explanation for this trend. In addition, the electric output and the increase
in mass flow rate are directly correlated. Specifically, the power generation at 1000 W/m?
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increases by 0.451 kW when the flow rate increases from 0.5 to 1.3 kg/s. Eq. (10) describes
that both electrical energy efficiency and generated electric power are influenced by incident
irradiance and operating temperature. At lower flow rates, generated electric power decreases
significantly with increasing DNI due to the sharp rise in PV cell temperature. This temperature
increase outweighs the benefits of higher DN, leading to a dominant negative effect on electric
power output. For example, at the lowest flow rate (0.5 kg/s), increasing the DNI from 600
W/mz2 to 1200 W/m?2 causes a 0.34 kW drop in electric power. This decline highlights the
substantial rise in PV cell temperature under higher DNI and lower flow rate conditions,
significantly reducing electric power output. Conversely, as the mass flow rate increases,
effective cooling mitigates temperature rise, allowing the higher DNI to enhance PV
performance. This results in the highest electric power output observed at the highest flow rate
(1.3 kg/s) and the highest DNI (1200 W/m?). The trend underscores the critical impact of flow
rate and incident radiation on system performance.

On the other hand, the thermal power increases as the DNI increases, as per Eq. (16), due to
the rise in the HTF temperature. In contrast, the thermal power experiences a minor decrease
as the flow rate increases. This trend is attributed to the reduction of the amount of thermal
energy directly converted from the solar energy received as the electric power increases with
the flow rate. Another reason the thermal power drops slightly when the flow rate rises is
because the HTF temperature drops a little as well. Specifically, at a DNI of 1200 W/m?, the
maximum thermal power is 12.263 kW at 0.5 kg/s, while at a DNI of 600 W/m?, the minimum
thermal power is 3.649 kW at 1.3 kg/s.
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Fig. 7 The electric power (A) and thermal power (B) versus flow rate at different DNI at 0°
manifold angle.
In Fig. 8, (A) and (B), the electric and thermal energy efficiencies are illustrated at varying
DNI and mass flow rates. The electric energy efficiency of the solar cells decreases when the
DNI increases at all flow rates, where the increase of DNI has more influence on the electric
energy efficiency of the PV system at low flow rate values. For instance, the electric energy
efficiency drops by 8.97% when the DNI rises from 400 to 1200 W/m? at the lowest flowrate
(0.5 kg/s), while the electric energy efficiency reduces by 5.05% by increasing the DNI from
400 to 1200 W/m2 at the highest flowrate (1.3 kg/s). This is because the higher temperature of
the cells exceeds the increased radiation that reaches them (refer to Eqg. 10). The electric energy
efficiency, on the other hand, grows significantly with increasing flow rate at all DNIs, where
the increase of flowrate has more influence on the electric energy efficiency of the PV system
at high DNI values. For instance, the electric energy efficiency increases by 5.06% and 1.15%
at 1200 W/m? and 400 W/m?, respectively, with the flow rate increase from 0.5 to 1.3 kg/s.
This is because the convective heat transfer coefficient improves when the flow rate increases,
decreasing the cell temperature. In particular, the cooling system that operates on the lowest
DNI is the most efficient overall, with electrical energy efficiencies between 11.4% and
12.55% across all coolant flow rates. In contrast, the cooling system with the highest DNI
demonstrates the lowest electrical energy efficiency, with 2.43% and 7.49%, at flow rates of
0.5 kg/s and 1.3 kg/s, respectively. Notably, according to the electric energy efficiency
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terminology, the electrical energy efficiency attains its lowest value at 0.5 kg/s and 1200 W/m?
due to the lowest electric power achieved for the above reasons.

The system's thermal energy efficiency followed a similar pattern to its thermal power,
contrasting with the electrical energy efficiency in that it declines as the flow rate increases and
increases as the DNI increases. The primary reason is that less solar radiation is converted into
thermal energy as electrical energy efficiency increases. For instance, the system attains its
maximum thermal energy efficiency of 85.4% with the lowest flow rate and highest DNI. The
thermal energy efficiency is 75.83% at its lowest point, simultaneously with the highest flow
rate and lowest DNI values.
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Fig. 8 The electric efficiency (A) and thermal efficiency (B) versus flow rate at different

DNI at 0° manifold angle.
Additionally, As illustrated in Fig. 9 (A), (B), and (C), the exergy performance of the proposed
system is evaluated by examining the variations in electrical ({,;.), thermal ({;;), and total
exergy ({:,:) efficiency across a range of flow rates for all DNI values. Electrical and thermal
energy, as well as exergy efficiency, exhibit comparable trends. Notably, the hybrid system's
total exergy efficiency is most significantly influenced by electrical efficiency. Remarkably,
the exergy content is equal to its energy content for electricity because electrical energy is a
form of high-quality energy with 100% conversion potential. So, the electric energy and exergy
efficiencies are equal for the same input for electric energy and exergy. At a maximum flow
rate of 1.3 kg/s, the DNI of 400 W/m? achieves the highest total exergy and electrical
efficiencies of 12.99 % and 12.55 %, respectively. Conversely, the maximum thermal exergy
efficiency is achieved under distinct circumstances. For instance, a maximum thermal exergy
efficiency of 1.64% can be achieved at a minimal flow rate of 0.5 kg/s with a DNI of 1200
W/m?,
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Fig. 9 Variation of (A) electric, (B) thermal, and (C) total exergy efficiencies versus flow
rate at different DNI at 0" manifold angle.

The primary factor in selecting the optimal hybrid system design is typically the net power
savings. Figure 10 shows that the net obtained electrical power for all DNI values demonstrates
an inverse relationship with the flow rate, except for 1000 and 1200 W/m? for lower flow rates.
The net gained electrical power is mainly determined by the electric power since the pumping
power remains constant regardless of the DNI value. For the reasons stated above, it follows
that an increase in DNI results in an increase in net gained power proportional to the rise in
electric power. According to Eq. (10), electrical efficiency depends solely on the generated
electric power, not the net power, leading to differing trends. Unfortunately, this design leads
to no net gained power outcomes due to the negative values of the net gained electrical power
approximately at all DNI and flow rates due to the excessive pumping power required to
operate that system. So, an urgent solution to this concern is a must, and that is what we will
discover in the following sections.
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Fig. 10 The net power versus flow rate at different DNI at 0° manifold angle.

4-3 Effect of manifold angle (y) on the HCPV/T performance

Five distinct angles (1, 2, 3, 4, and 5 degrees) are examined to achieve the best design of this
four-outlet spider-netted MCHS instead of the zero-degree design employed in the preceding
section. Table 7 lists the results of the thermal, energy, and exergy performances for the stated
effect of the manifold angle design parameter for various flow rates at a fixed DNI of 1000
W/m? and a CR of 833, contrasted with the five-degree angle of the reference case [30].

It can be observed from the results that the maximum temperature difference and volumetric
average temperature of the solar cells exhibit a slight variation across all test cases when the
manifold angle is varied. In addition, both the average temperature and the maximum temper-
ature difference are inversely proportional to the increase in mass flow rate. As the flow rate
increases from 0.5 to 1.3 kg/s, the average cell temperature decreases from 83.8 °C to 62.8 °C.
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Instantaneously, the maximal temperature differential decreases from 103 to 65.6 degrees Cel-
sius. This pattern is the result of the MNSPHS's increased heat transfer coefficient, which is
facilitated by the high CPV/T system's enhanced heat dissipation. The angle of the manifold is
typically directly proportional to the increase of the average temperature and maximum tem-
perature difference. This effect is notably apparent at low flow rates, as thermal resistance is
increased due to inadequate mixing. However, the difference becomes negligible with increas-
ing flow rate.

For electric power generated, as the flow rate increases, the trend demonstrates that electrical
energy is produced at higher rates across all manifold angles. Specifically, a 0.455 kW increase
in power generation occurs when the flow rate goes from 0.5 to 1.3 kg/s at a manifold angle of
one degree. Conversely, the electric power output rate drops slightly with different inlet and
outlet manifold angles. This phenomenon can be explained by looking at Eg. (10), which
demonstrates that the efficiency of photovoltaic cells depends on both the operating tempera-
ture and irradiance. Contrarily, heat gained from the system decreases as both the flow rate and
manifold angles increase. This effect is primarily because the higher outlet temperature in the
former instances directly results from the HTF velocity reduction, making them more efficient.
Specifically, at an angle of five degrees, the minimum power is 8.357 kW, and at an angle of
one degree, the maximum power is 9.332 kW, with a flow rate of 0.5 kg/s.

Notably, the cooling scheme that operated at the lowest degree angle (angle 1) consistently
achieved the highest electrical energy efficiency, which ranged from 5.19% to 8.99%, over the
whole range of coolant flow rates. Alternatively, the cooling scheme operating at the higher
degree angle 5 achieved the lowest electrical efficiency, with 5.02% and 8.96% values at flow
rates of 0.5 and 1.3 Kkg/s, respectively. Furthermore, unlike electrical efficiency, the thermal
energy efficiency of the MSPNHS system decreases as the flow rate rises, following a similar
pattern of the system's thermal power. The main reason is that less solar radiation is converted
into thermal energy as electrical efficiency increases.

Table 7 also shows how the electrical (&,;.), thermal (&), and total exergy (;,.) efficiency
changes for each scenario are studied to evaluate the exergy performance of the proposed sys-
tem, and this change is observed across different flow rates. Electrical and thermal energy, as
well as exergy efficiency, exhibit comparable trends. It should be noted that the overall exergy
efficiency of the hybrid system is most affected by electrical energy efficiency. Table 7 shows
that at an angle of one degree, the highest electrical energy efficiency is 8.99%, and the total
exergy efficiency is 9.39% when the flow rate is 1.3 kg/s. Conversely, the optimum thermal
exergy efficiency is achieved under distinct conditions for the same one-degree angle, resulting
in a remarkable thermal exergy efficiency of 1.14% at a minimum flow rate of 0.5 kg/s. This
differentiation emphasizes the importance of precise operating conditions in achieving optimal
results, as it uncovers the crucial effect of flow rate on thermal and electrical exergy efficien-
cies.

However, the net power gain and the system's efficiency can be significantly diminished by
pumping power, a critical metric in hydraulic analysis. The manifold angle influences the hy-
draulic efficiency considerably, as demonstrated in Table 7. Maximizing hydraulic perfor-
mance while maintaining overall system efficiency requires careful study of the relationship
between manifold angle and flow rate. It is observed that pumping power is increased in all
scenarios examined because of the increase in the flow rate as a result of higher pressure drops.
Table 7 further demonstrates that the pumping power in the MSPNHS fluid domain decreases
as the manifold angle increases. This trend is attributed to the fluid expansion caused by the
change in the shape of the central channels, leading to an increase in pumping power for lower
angles. Specifically, at a flow rate of 0.5 kg/s, a 98.9% pumping power reduction is observed
as the manifold angle increases from 1 to 5 degrees. Accordingly, the pumping power reduction
is minimal in a five-degree angle scenario.

Table 7 shows that the net power obtained from these systems is directly proportional to the
flow rate. The net power savings peak at 0.9 kg/s and then abruptly decline due to the signifi-
cant increase in pumping power required by the one-degree angle design. As the manifold angle
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Table 7 Investigating the impact of the manifold angle on thermal, energy, and hydraulic characteristics with various
flow rates at DNI of 1000 W/m?.

Effect of Flow Tav AT Pg!a Prh Ppump Pnet Nele Nen fglg frh ft
manifold angle rate
©) (kg’s) (O (O Gw)  (kw)  (kw) (kw) (%) (%) (B (%) (%)
1 0.5 83.82 103.02  0.623 9.332 0.025 0.598 519 7780 519 1.14 6.33

0.7 75.75 88.65 0.810 9.158 0.069 0.740 6.75 7630 6.75 0.79 7.54
0.9 69.94 78.35 0.933 9.041 0.147 0.787 7.78 7537 7.78  0.59 8.38
1.1 65.79 71.08 1.017 8.955 0.257 0.750 848 7466 8.48 0.48 8.96
1.3 62.75 65.52 1.078 8.899 0.440 0.638 8.99 74.18 899 040 9.39

2 0.5 84.02 103.58  0.618 8.965 0.011 0.608 5.15 74.74 515 1.05 6.20
0.7 75.87 88.94 0.807 8.790 0.029 0.778 6.73 7328 6.73 0.73 7.46
0.9 70.00 78.48 0.932 8.676 0.061 0.870 7.77 7233 777 0.55 8.32
1.1 65.83 71.14 1.017 8.610 0.111 0906 847 71.78 847 0.45 8.92
1.3 62.77 65.57 1.078 8.556 0.182 0.896 898 7133 898 037 9.35

3 0.5 84.25 104.1 0.613 8.641 .0006 0.607 5.11 72.00 5.11 098 6.09
0.7 76.00 89.23 0.804 8467 0.016 0.788 6.70 70.58 6.70  0.67 7.37
0.9 70.11 78.62 0930  8.358 0.033 0.897 7.75 69.67 7775 0.51 8.26
1.1 65.88 71.19 1.016  8.295 0.059 0957 847 69.15 847 041 8.88
1.3 62.79 65.63 1.077 8.245 0.096 0.981 898 68.73 898 035 9.33

4 0.5 84.51 104.67  0.608 8.436  0.003 0.604 507 7032 5.07 093 6.00
0.7 76.17 89.49 1.801 8.257  0.009 0.792 6.68 68.74 6.68 0.64 7.32
0.9 70.21 78.73 0.828 8.137  0.019 0909 7.74 6783 7.74 0.49 8.23
1.1 65.95 71.25 1.014  8.085 0.035 0979 846 6740 846 0.39 8.85
1.3 62.85 65.63 1.076  8.035 0.056 1.021 897 6699 897 033 9.29

5 0.5 84.79 105.00  0.602 8357  0.002 0.599 502 69.67 5.02 092 5.94
0.7 76.36 89.84  0.797 8.175 0.006 0.791 6.65 68.15 6.65 0.63 7.28
0.9 70.34 7890 0926 8080 0.012 0914 7.72 6736 7.72 0.48 8.19
1.1 66.05 71.30 1.013 8.002  0.021 0981 844 66.71 844 0.39 8.83
1.3 62.92 65.63 1.075 7.955 0.034 1.073 896 6632 896 032 9.28

5 (Reference case) 0.5 96.79 180.78  0.033 8517  0.008 0.025 027 71.00 0.27 095 1.22
0.7 89.36 16534  0.237 8.381 0.019 0.217 198 69.86 198 0.66 2.64
0.9 83.83 15473  0.381 8.258 0.041 0.339 3.18 68.85 3.18 0.50 3.68
1.1 79.48 146.43  0.493 8.163 0.073 0.419 4.11 68.10 4.11 040 4.51
1.3 75.99 13931  0.582 8.082 0.120 0462 485 6738 485 0.33 5.18

increases, this trend becomes less pronounced, as the hybrid system's generated power sur-
passes the hydraulic power's increase. The most efficient instance among all those tested is the
five-degree angle design, which obtained a net power savings of 1.05 kW.

Finally, by comparing the MNSPHS with the other spider-netted microchannel heat sink
(MSHS) [30], the modified net spider heat sink eventually outperforms the spider-netted cool-
ing system used in the literature in terms of electric power (84.71%, higher), net output power
(135.25%, higher), pumping power (71.67%, lower), and temperature nonuniformity (52.89%,
lower) at a manifold angle of 5 degrees and a flow rate of 1.3 kg/s.

5- Conclusion
A microchannel cooling system that is simple, effective, and economical has been developed
for high-concentration GaAs solar cells. A shorter fluid channel connecting four outlet mani-
folds characterizes the newly designed cooling system, in contrast to the longer fluid path in
the spider-netted cooling system used in the literature. The results show that high-concentration
GaAs solar cells can generate more power and have a higher net output when cooled using
systems with a short fluid path, improving thermal characteristics. The primary objective of
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this study is to quantify the spider-netted MCHS-jet impingement cooling as an innovative

methodology on an HCPV/T system while examining the impact of nonuniform illumination

of the heat flux distribution, which is rarely studied. To begin, we can verify the accuracy of
the results by comparing the model's numerical solution to the perior experimental data in the
literature [55]. Then, the heat sink of the new system is investigated hydraulically, energy-wise,

and exergy-wise using a manifold angle design of zero degrees and varying DNI (400, 600,

800, 1000, and 1200 W/m?). Eventually, varying manifold angles (from one to five degrees) to

enhance the overall performance of the HCPV/T system. According to the two parameters ex-

amined, the current investigations have produced significant discoveries divided into two cat-
egories. These discoveries include:

1- The system achieves its maximum thermal power of 12.263 kW at 1200 W/m2 and 0.5 kg/s,
while the electric power output rises by 0.451 kW at 1000 W/m?2 with increased mass flow
rate from 0.5 to 1.3 kg/s. Thermal energy efficiency achieves a maximum of 85.4% at the
largest DNI and lowest flow rate, while electrical energy efficiency peaks at 12.55% at 400
W/mz2 and 1.3 kg/s. The total exergy efficiency reaches its peak at 12.99% at 400 W/m2 and
1.3 kg/s.

2- The manifold angle slightly affects the maximum temperature difference and average solar
cell temperature but significantly improves the hydraulic performance as it increases,
achieving net power savings of 1.05 kW at angle 5.
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