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Abstract

Photovoltaic-thermal systems under high concentrated solar radiation suffer severe thermal
management challenges, as elevated cell temperatures degrade electrical output and material
reliability. This study evaluates the thermoelectric and photovoltaic performance of a high
concentrated photovoltaic-thermal system integrated with a spectral splitter and hybrid cooling
configuration, comprising a porous heat sink and a thermoelectric generator module. A coupled
electro-thermal-fluid model is developed to assess the various performance parameters of the
hybrid system. The effect of critical design parameters, including porosity, pore size, and inlet
velocity, is investigated. The cell maximum temperature surpasses the critical threshold of 110
°C for the porosities above 0.8. A reduction in porosity enhances the temperature uniformity
across the photovoltaic cell surface. Conversely, increasing the porosity of the heat sink leads
to an improvement in the overall exergy performance of the system. Variations in pore size
insignificantly affect the electrical output of the photovoltaic cell. However, increased pressure
drop at low pore sizes results in a sharp reduction in the overall exergy. The overall exergy
reduces from 49.29% at a pore size of 3.5 mm to 42.59% at a pore size of 1.5 mm for a porosity
of 0.66. The increased coolant inlet velocity reduces the overall exergy despite aiding in
temperature control, suggesting that operation at lower inlet velocities is optimal. The overall
exergy increases to 52.76% at 0.4 m/s from 49.29% at 0.8 m/s inlet velocity. The thermoelectric
generator modules help improve the overall exergy by converting excess waste heat into useful

electrical energy output.
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Nomenclature

<!

Solar cell area (m?)

Inertial constant

Specific heat (J/kg-K)

Concentration ratio

Pore size

Exergy (W)

Young’s modulus of the bulk solid (Pa)
Young’s modulus of the porous structure (Pa)
Failure Index

Net concentrated solar irradiation (W/m?)
Convective heat transfer coefficient (W/m?-K)
Filtered solar irradiation (W/m?)

Electric current in thermoelectric generator (A)
Thermal conductivity (W/m-K)

Permeability

Power (W)

Heat generation (W/m?)

Energy (W)

Temperature (°C)

Temperature difference (°C)

Superficial velocity

Pore velocity

Solar cell volume (m?)

Velocity vector (m/s)



Greek symbols

o

ar

oTr

T
T
Subscript

cell

Ge

el

Cu

fric
max

ref

Absorptivity

Stefan-Boltzmann constant (W/m?-K*)
Water density (kg/m?)

Viscosity of water (Pa-s)

Poisson ratio

Cell temperature coefficient
Efficiency (%)

Exergy Efficiency (%)

Thermal expansion coefficient (K)
Thermal stress (Pa)

Porosity

Wavelength (nm)

Maximum crushing stress of the bulk solid (Pa)

Maximum crushing stress of the porous structure (Pa)

PV cell
Germanium
ambient
electrical
Copper
fluid
frictional
maximum

reference
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Abbreviations
CTE
TEG
CPV
JI
HTC
CllI
HCPV
PV

HCPV-T

effective
convection
outlet

inlet
radiation
optical
thermal
mean
Ceramic
aluminium

overall

Coefficient of thermal expansion
Thermoelectric generator
Concentrated photovoltaic

Jet impingement

Heat transfer coefficient
Confined jet impingement
Highly concentrated photovoltaic
Photovoltaic

Highly concentrated photovoltaic thermal



1. Introduction
Photovoltaic (PV) cells harness the photovoltaic effect to transform sunlight into electricity.
Recognized as a sustainable and eco-friendly energy solution, PV technology is instrumental
in meeting the world's growing energy needs while helping to lower greenhouse gas emissions.
However, conventional PV systems are limited by relatively low energy conversion
efficiencies. A significant portion of incident solar energy remains unused in the form of heat,
and elevated operating temperatures further reduce electrical output. To improve the overall
energy efficiency of solar systems, photovoltaic-thermal (PV-T) technology has been
developed. Hybrid systems combine PV panels with thermal collectors to produce both
electrical power and thermal energy concurrently. By removing excess heat from the PV cells,
PV-T systems improve overall energy conversion while simultaneously reducing cell
temperatures, enhancing electrical performance and extending component lifespan.
Concentrated photovoltaic-thermal (CPV-T) systems further advance this concept by
incorporating optical concentrators such as Fresnel lenses, parabolic troughs, or compound
parabolic concentrators to focus sunlight onto a smaller PV area. This concentration increases
the irradiance on the PV surface, thereby enhancing electrical and thermal output. CPV-T
systems can deliver higher energy densities, making them suitable for high-performance solar
applications. However, the use of concentrated solar flux leads to significantly elevated
temperatures at the PV surface. Gupta et al.[1] reported that the 7.; can increase above 600 °C
above a CR of 500. Elevated temperatures negatively impact PV cell performance by lowering
the open-circuit voltage and diminishing total power generation. Under a concentration ratio
(CR) of 200, the PV module's conversion efficiency drops by about 0.098% for each 1 °C
increase in cell temperature [2]. Moreover, sustained thermal stress can cause material fatigue,
delamination, and accelerated ageing of encapsulants and adhesives within the module.

Therefore, thermal management becomes a crucial aspect of CPV-T system design. Efficient



cooling strategies are essential not only to preserve electrical efficiency but also to ensure the
long-term durability and reliability of the system.

Various cooling methods, such as thermoelectric cooling (TEC) [3][4], heat pipe
cooling [5], liquid immersion method, phase change material (PCM) cooling, nanomaterials
[6][7], micro-channel cooling [8][9], jet impingement [10], and porous materials [11], have
been used by several researchers. Passive cooling methods refer to thermal management
strategies that operate without external power input or active mechanical systems. In PV cell
cooling applications, such methods include radiative heat dissipation, natural convection, PCM
cooling, heat pipe, spectral splitting, and thermoelectric cooling. The TEGs are useful in the
conversion of waste heat into electrical power. Chen et al. [12] reported a detailed numerical
study on thermal-concentrated solar TEGs, highlighting how geometric optimization and
thermal concentration ratios influence system efficiency. Sabry et al.[13] investigated a hybrid
system combining CPV cells with TEGs to cool the PV cell and recover waste heat
simultaneously. Their study used both simulations and experiments to evaluate various TEG
configurations and demonstrated a net power gain of up to 7.4% over standalone CPV systems.
The results underscore the viability of passive cooling through TEG integration without
compromising overall energy output. Kohan et al. [3] presented a 3-D numerical model to
simulate the behaviour of a PV-TEG hybrid system. They found that although the hybrid system
can outperform a standalone PV under certain conditions, the performance gain is marginal due
to limited temperature differentials across the TEG. The study also highlighted how cooling
efficiency and TEG configuration significantly influence the overall system output, especially
under concentrated solar input. Various researchers have investigated the spectral splitting
techniques to maintain the PV cell temperature within acceptable limits. Spectral splitters

divide sunlight into distinct wavelength ranges, directing only the portions that effectively



generate electron-hole pairs toward the photovoltaic cell [14][15]. This selective transmission
enhances conversion efficiency by reducing thermal losses.

Literature shows that the passive cooling techniques alone are insufficient to maintain
optimal temperatures in CPV-T systems due to high heat fluxes generated under concentrated
sunlight [16]. Effective thermal management typically requires active or hybrid cooling
strategies to ensure efficient performance and prevent overheating. Many researchers have
investigated that jet impingement (JI) cooling improves heat dissipation in CPV-T systems by
using high-speed fluid jets, thereby increasing the convective HTC[17]. Royne et al. [18]
proposed a JI-based cooling system to manage the thermal load of closely spaced PV cells
operating under high solar concentration, demonstrating its effectiveness in maintaining high
heat transfer rates while minimizing pumping power. Gupta et al.[1] investigated various
channel designs and found that the mini-channel configuration achieved the best performance,
lowering the cell temperature to 54 °C while maintaining a pressure drop of 163 Pa under CR
1000. Various researchers have evaluated the effect of flow in a porous medium on the PV-T
system performance. Kiwan et al. [11] investigated employing porous materials to improve the
thermal management of PV panels, demonstrating that porous fins and layers significantly
enhance PV efficiency by improving heat dissipation under mixed convection conditions. Their
study highlighted the effectiveness of porous media in reducing operating temperatures, with
efficiency improvements of up to 9.19% compared to non-porous configurations. Masalha et
al. [19] investigated enhancing PV panel performance using porous media-integrated cooling
channels. The study reported a reduction in surface temperature of up to 35.7% and an
improvement in power output by 9.4%, showcasing the effectiveness of optimized porous
structures in thermal regulation. Salman et al. [20] studied using porous media flow at the rear
side of photovoltaic cells to improve thermal management. Their findings showed that

integrating porous structures led to a T.; reduction of approximately 9-14 °C, thereby



enhancing the overall performance of the PV system. Poudel et al. [21] explored the thermal
regulation of PV panels using a porous nanochannel device integrated into the rear surface. The
system achieved an average T..;reduction of 31.5 °C and enhanced electrical power output by
approximately 33%.

It can be concluded from the literature that passive cooling techniques often fall short
under high thermal loads, especially in HCPV-T configurations, where elevated temperatures
severely degrade efficiency. Therefore, active cooling becomes essential for effective thermal
management in HCPV-T systems. Incorporating a porous heat sink offers a promising solution
to maintain PV cell temperatures within safe limits and enhance overall system efficiency. The
literature shows that the HCPV-T system waste heat can be harnessed and converted into
supplementary electrical energy through the use of a TEG module. This enhances the overall
energy output without requiring extra solar input. Furthermore, the literature indicates that
spectral splitters can selectively transmit the portion of solar radiation that is effective for power
generation. Photons within the 300—-1100 nm range are primarily responsible for generating
electron-hole pairs in PV cells, while the remaining spectrum contributes mainly to heating.

[22].

Despite the numerous strategies for regulating the thermal conditions of CPV-T
systems, several research gaps persist. The current literature largely focuses on either
standalone or dual-component cooling systems limited to TEG+PCM cooling [23], heat pipe
and PCM cooling [24], CJI and TEG cooling[25], microchannels and JI cooling [26], PCM and
JI cooling [27], and heat pipe and JI cooling [28]. Most dual-component cooling strategies have
been applied to non-concentrated or low-concentrated PV systems. Hence, their applicability
under high concentration remains underexplored. The mechanical implications of thermal
stress distribution and failure mechanism are studied only briefly. There is a lack of

comprehensive parametric investigations reported in the literature to examine the impact of



pore size, porosity, and inlet velocity on the hybrid HCPV-T+TEG system performance. In
contrast, the present study introduces a triple-hybrid configuration—combining a porous heat
sink, a spectral splitter, and TEG modules for HCPV-T systems, which has not been evaluated
previously in the literature. The application of the hybrid cooling strategies in the context of
high solar concentration is reported. Thus, overcoming the current limitation where most such
methods are used only in low-concentration or non-concentrated PV-T systems. Unlike prior
studies, a comprehensive parametric optimization of the porous media (pore size, porosity, inlet
velocity) tailored to the high flux regime is performed, while simultaneously evaluating
coupled PV, TEG, and coolant performance. Furthermore, this work extends beyond existing
approaches by integrating a coupled exergy analysis and thermal stress reliability assessment,
enabling energetic performance prediction and insights into mechanical durability under
extreme conditions. Thus, the novelty of this study lies in proposing the triple-hybrid HCPV—
T configuration (porous heat sink + spectral splitter + TEG modules) at high concentration
ratios. Porous media cooling, when optimized, is demonstrated to maintain PV temperatures
below a critical threshold even at 1000 suns. Moreover, a system-level exergy—mechanical
analysis is provided, which has been largely absent in prior CPV-TEG works. This work
quantitatively links the porous heat sink design parameters with system exergy, thereby
providing practical design guidelines for reliable and efficient photovoltaic-thermal operation

under high concentration.

2. System Details
The present study investigates the performance of a hybrid HCPV-T + TEG system integrated
with an aluminium-based porous heat sink for enhanced thermal management. The
configuration comprises a PV cell, a Direct Bonded Copper (DBC) assembly, a spectral splitter,
thermoelectric generator (TEG) modules, and a forced convection cooling mechanism utilizing

a porous medium. The photovoltaic (PV) cell has dimensions of 70 x 70 mm with 90% optical



efficiency and is exposed to concentrated solar irradiance corresponding to a CR of 1000. A
150 x 150 mm copper-ceramic-copper assembly is placed beneath the solar cell to support the
structure. A porous heat sink with an area of 150 x 150 mm, fabricated from aluminium due to
its structural integrity and high thermal conductivity, is placed directly beneath the DBC
assembly. The porous aluminium structure improves heat dissipation by expanding the
effective surface area for convective HT and disrupting thermal boundary layers. A coolant is
actively circulated through this porous domain to maintain the operating temperatures of the
PV module within acceptable limits. To utilize a portion of the waste heat generated, four TEG
modules, each measuring 20 x 20 mm, are embedded within the porous aluminium heat sink.
This is achieved by providing dedicated slots in the porous structure to accommodate the TEGs.
The top surface of each TEG is placed in direct thermal contact with the rear side of the DBC
assembly. The lateral and bottom surfaces of the TEG modules are in direct contact with the
surrounding porous medium, enabling effective heat extraction from the cold side via the
circulating coolant. This configuration ensures optimal thermal coupling between the PV, TEG,
and cooling subsystems while maintaining structural integration within the porous domain. A
glycol-ZnO nanofluid-based spectral splitter is placed above the PV cell, allowing only a
fraction of concentrated solar irradiation in the 300-1100 nm wavelength range to be
transmitted [22][29]. A gap is maintained between the spectral splitter and the PV cell [29].
Hence, the effects of the temperature of the spectral splitter on the system performance are not
considered in this study. The validity of this assumption is analysed in Appendix A. It is found
that a slight increase in the maximum cell surface temperature of 0.2 °C is obtained if the
spectral splitter is attached to the PV cell.

A fraction of the transmitted solar irradiation is converted into electrical energy by the
PV cell, depending on the cell electrical efficiency. The unused portion is converted into heat

and transferred through conduction to the DBC assembly. The top surfaces of the TEGs are in
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direct thermal contact with the DBC layer. These TEGs utilize the conducted heat to generate
electricity by exploiting the Seebeck effect. The residual heat, remaining after the TEGs and
DBC assembly, is further transferred to a porous aluminium heat sink. Finally, the heat is
dissipated through convective heat transfer using a coolant fluid circulating through the porous
structure. Tables 1 and 2 present the dimensions and thermophysical characteristics of the solar

cell and its associated layers, respectively.

Fresnel lens

—— Concentrated solar radiation

: > Filtered concentrated solar radiation
Spectral splitter

PV cell

} Copper-ceramic copper
(DBC assembly)

.../ % ..// //Q.. Aluminium porous
.......'\-— .g.\ heat sink
...........e\ Thermoelectric generator
9000000000000

Coolant flow in pores

Outlet Inlet Outlet

Figure 1: HCPV-T system equipped with spectral splitter, TEG modules, and porous heat
sink

Table 1: Dimensions of the heat sink, DBC assembly, and solar cell

Thickness
Layer Width (mm) Length (mm)
(mm)
Porous heat sink 150 12 150
TEG modules 20 3 20
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Copper-1 and 2 150 0.25 150

Ceramic 150 0.32 150

Germanium 70 0.19 70

Table 2: Thermophysical properties of the system [30][31]

Layer Emissivity Specific Density (p) Thermal conductivity
Q) heat (c,) (kg/m?) (k) (W/mK)
J/kg'K)

Germanium 0.9 320 5323 60

TEG module (Bismuth- 0.66 550 4100 1.45

Telluride)

Ceramic 0.75 900 3900 30
Copper 0.05 385 8700 400

Aluminium 0.9 871 2719 202.6
Coolant fluid (water) - 4182 998 0.6

3. Governing equations

A steady-state 3-D numerical model is developed to analyze the conjugate heat transfer and
fluid flow within the system comprising a PV cell, DBC assembly, TEG modules and
aluminium porous heat sink to evaluate key performance indicators such as cell temperature,
power output from PV and TEGs, pressure drop, and exergy efficiency over a range of coolant
velocities and porous medium configurations. The model captures the absorption of solar
radiation by the PV layer, conductive heat transfer through the solid regions, convective cooling
in the porous aluminium heat sink, and thermoelectric conversion in the TEG modules. The

distribution of filtered concentrated solar irradiation is assumed to be uniform on the PV cell
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surface. This assumption is widely adopted in both numerical and experimental studies by
employing solar simulators or metal halide lamps to maintain uniform irradiation [32][33]. In
outdoor experiments, the solar irradiance varies with time and weather, which may lower the
electrical output compared to the present predictions. However, the relative performance trends
with respect to input parameters will remain valid in all conditions. A porous heat sink is
attached beneath the DBC assembly. The coolant flow within the porous structure is considered
incompressible, steady, and Newtonian fluid. The TEG modules are attached between the
porous heat sink and the DBC assembly. The constant thermophysical properties of all layers
are assumed in the current study. This assumption has also been used in previous studies of
CPV and CPV-TEG systems [3]. The validity of this assumption can be observed in the model
validation section.
3.1 Heat conduction in the PV cell and DBC assembly
The heat conduction through each layer is governed as [34],

kiV?Ti+q; =0 (1)
where, k; denotes the thermal conductivity of the i layer. ¢; denotes the heat generation in the
layers. g; is taken as zero in the DBC assembly layers. The gge 1s dependent on 7. and is given
as [34],

_ (1 - ncell) "G aget A (2)
qu - V

The total concentrated solar irradiance transmitted through the spectral splitter is represented
by G. A4 denotes the cell surface area, and V' denotes the PV cell volume. ac. is the PV cell
absorptivity. n..; denotes the PV cell electrical efficiency. The fraction (1- #cer) 1s transformed
into heat and is responsible for internal heat generation.

The total concentrated solar radiation is given as,

G=1-CR" Nopt 3)
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where, I denotes the filtered solar radiation after the spectral splitter, which is considered to be
uniformly distributed over the PV cell. The value of / is obtained by integrating the standard
AM1.5G solar spectrum (ASTM G173-03, 2012) over the specified wavelength range. CR is

taken as 1000, and 7., is taken as 0.9 in the current study.
)Lmax
I = Amin Egun () - 155 (1)dA 4)

where, Esun(4) is the spectral irradiance, and z.(4) is the spectral transmissivity of the splitter
[29].
The cell electrical efficiency (7c.n) is expressed as,

Neetr = NMref — Br(Teeu — Trey) (5)
where, 7.1 1s taken as 40.3% at CR = 1000, and 7y= 298 K. fSris the thermal coefficient and is
considered to be 0.047% [36].

3.2 Flow model and heat transfer model in porous heat sink
The flow in the porous structure is assumed to be an incompressible, steady and Newtonian
fluid. The thermophysical properties of the coolant are considered to be isotropic.
Continuity equation:

prV-(U)=0 (6)
Momentum equation:

1 - _ Lt N (By+ 5, 02 )
5or(W. V) = VP+V.[¢(VU+(|7U))] (Ku+ﬁpfu)

The Darcy-Forchheimer-Brinkman equation is used to account for the effects of porous media

on fluid flow. The Darcy term (% U ) adds a linear resistance to the flow, the Forchheimer term

(% prU 2) adds inertial resistance to the flow, and the Brinkman term [% (VU + (VU)’)]

accounts for the viscous shear stress. The porosity of the heat sink is denoted by ¢. Porosity is
defined as the void fraction of the porous heat sink medium through which the coolant flows.

U is the superficial velocity and is calculated as U = ¢ - u, where the pore velocity is denoted
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by u. prand p refer to the density and viscosity of the coolant. The permeability is denoted by

K, and Cris the inertial constant [37].

d 2
K= z )
1039 — 1002¢
0.5138 @ 5739
p
The pore size is denoted by d,,.
Energy equation:
Solid phase V- (kesVTs) + hy(Tf — Ts) + Syaa =0 (10)
Liquid phase pepsU-VTp = V- (kefVTy) + hy(Ts — Tf) (11)

where, Sy« denotes the radiation heat transfer inside the porous structure. The temperature of
the porous structure is below 100 °C. Hence, the Sy« is neglected in the current study [38]. The
ke, and ke are given as:
ker = @k (12)
kes = (1 — @)k (13)

The energy equation is coupled via a convective HTC term, 4, [39].

For 0.66 < Re <0.93 Nugr = hl;{—fp = 0.52 Re®>pr037 (14)
Reynolds number, Re = % (15)
3.3 Thermal and electrical power
The electrical power generated by the PV cell is obtained as [40],
Per = MNcen G~ atge * A (16)
The pumping power losses can be obtained as,
(17)

m
P fric = EAP
where, the pressure drop in the porous structure is denoted as AP.
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The thermal power (Ow) output and thermal efficiency () are expressed as [41],

Qn = me,f (Tf,out - Tf,in) (18)
_ Qtn (19)
Nth =
I-CR- Nopt * A

where, at the outlet and inlet, the coolant temperature is denoted by Tr.u: and Tfin, respectively.
3.4 Thermal stress in the PV cell

The thermal stress in the PV cell layer is estimated as [42],

(Tr = T)
or = Ege - Aay T=va) (20)
Aar = arge — Arcy (21)

where, ar; denotes the CTE of i layer. Eg. is the cell Young's modulus. The reference
temperature, Tr is taken as 25 °C. vg. is the Ge layer Poisson ratio.

Table 4. Properties of Ge and Cu layers[43]

AT Ge (K™ ar,cu K™ Ece (GPa) Ec. (GPa) VGe VCu

6.1x10® 17x10%® 102.7 110 0.28 0.34

3.5 Failure index (FI) of porous structure

Temperature gradients within the solid portion of the porous material can induce thermal
stresses, which, if sufficiently high, may cause structural failure of the porous medium. The F7
is estimated as the ratio of the maximum stress experienced by the porous structure and the

maximum allowable stress. The structure mechanically fails when F7 > 1.

FI = max (E> (22)

TS
The maximum crushing stress of the porous structure is estimated as [44],

= 02(1- )2 3)

R

where, 7 is the maximum crushing stress of the porous structure, and 7 is the maximum

crushing stress of the bulk solid. The Young's modulus of the porous structure is given as,
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3.6 TEG model
The heat conduction in the TEG is expressed as:

KVAT — Ppep = 0 (25)
where, Pgen represents the specific power generated by the TEG module. The Pg., can be
estimated using the following relation:

Prge = Qn — Q¢ (26)

Prgg = Rgen "Vreg (27)
where, the heat supplied to and extracted from the TEG module are represented by O, and Q.,

respectively, while Ve denotes the volume of the TEG module.

The heat supplied and extracted at TEG junctions is estimated as [45][46],

1
Qh=n-et-lg-Th+K-AT—§Ig2R (28)

1
Qc=n-et-lg-TC+K-AT+EIng (29)

where, n denotes the p-n junction pairs in the TEG module, and is considered as 128. The
average Seebeck coefficient, ¢, is taken as 282 nV/K. 7¢ corresponds to the temperatures at the
cold and hot sides of the TEG, respectively. /; represents the electric current flowing through
the TEG, and R is its electrical resistance. The temperature difference across the TEG module
is indicated by 4T.

The I,, and R of the TEG module are given as [47]:

[ = n g (Th—Tc)
g R(1+ p)

(30)

R = 10"°x (=3)(T,, — 273)? — 0.0133(T,,, — 273) + 1.542 (1)
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where, 1 represents the ratio between the external load resistance and the internal resistance of
the TEG module, while 7, denotes the average temperature between the hot and cold junctions.
The electrical efficiency of the TEG can be calculated using the following expression. [46]:

LR
Nrec = g L (32)
Qn

where, R; denotes the load resistance.
3.7 Thermal and electrical exergies
Thermal exergy represents the portion of thermal energy (heat) that can be converted into useful
work under ideal conditions, relative to a reference environment. Thermal exergy of the hybrid

HCPV-T+TEG system is written as [48],

. T,
EXgn = 1t (Tyue = Tron) (1 - 72 (33)
m
T — (Tf,out - Tf,in)
m ] (Tf,out> (34)
n _T -
f,in

where, the reference temperature, 7, is 298 K. The electrical energy is a high-grade energy. It
can be fully utilized and is considered pure exergy. Hence, the net electrical power output
from the hybrid HCPV-T+TEG system is considered electrical exergy.

3.8 Boundary conditions

The top surfaces of the PV cell and DBC assembly are exposed to the ambient. Hence, the

boundary conditions at the exposed surfaces are given as.

aT;
—k; a_Z = Qrad,i-»s T 9conv,i»a

(35)
where, qyqq ;s denoted the radiative losses from i layer and qcony,iq denotes convective
heat losses from i” layer to the ambient. The losses are calculated as [30],

Qconv,i»a = hconv,wind (Ti - Ta) (36)

hconv,wind = 5.82 + 4.07Vying (37)
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Qrad,i-s = oe (T =T (38)

T, = 0.0522T}5 (39)
where, T; represents the temperature of the top surface of the i’ layer. Vyinqis the wind
velocity and is taken as 1m/s. & is the emissivity of the i layer. T is the sky temperature.

The sides of all the layers are given convective boundary conditions. The interfaces
between all the layers are assigned thermally coupled interface conditions.

—k VT, = —k,VT,and T,,, = T, (40)

Atinlet: Tin = 298 K, and Vy = Vy,.
At outlet: Gauge pressure = 0

The numerical simulations are performed using ANSYS Fluent 2021 R2. The
governing equations for energy, momentum, and continuity are discretized using a second-
order upwind scheme, and the solution is advanced using the coupled algorithm to ensure
stability and accuracy. Convergence criteria are set to 10® for the energy equation, 10 for
momentum, and 107 for the continuity equations. To account for the temperature-dependent
heat generation within the PV cell, a user-defined function (UDF) is implemented. This UDF
introduces a volumetric source term in the energy equation based on the functional
relationships defined in Equations (2) and (4). Additionally, the thermal—electrical behaviour
of the TEG module is captured through a separate UDF. This function computes the source
term using Equations (26), (28), and (29), based on the AT7zc. During each iteration, the UDF
retrieves the face temperature of the TEG module and updates the corresponding energy source
term, enabling a dynamic, temperature-coupled solution. A flow chart of the numerical

simulation procedure and UDF compilation is illustrated in Figure 2.
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Figure 2: Flow chart of the simulation procedure

3.9 Mesh sensitivity analysis

To verify the accuracy and stability of the numerical results, a mesh sensitivity analysis is
performed for a representative case with porosity = 0.66, pore size = 3.5 mm, and inlet velocity
= 0.8 m/s. Figure 3(a) shows the meshed geometry. The study involves systematically refining
the mesh and evaluating its effect on the predicted 7ce;. The results demonstrate a consistent
convergence trend, with the variation in 7eer diminishing progressively as the mesh is refined.
Beyond 1.5 million elements, the relative change in the 7. drops below 0.09%, indicating that

further refinement has a negligible impact on the solution. This confirms that a mesh size
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corresponding to approximately 1.5 million elements is sufficient to achieve mesh-independent
results for the chosen configuration. The mesh independence is also supported by Figure 3(b),

which clearly exhibits asymptotic behaviour at higher mesh densities.

Porosily = 0.66
Pore size = 3.5 mm
Inlet velocity = 0.8 m/s
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Figure 3: (a) Meshed geometry, (b) mesh sensitivity test for porosity = 0.66, pore size = 3.5
mm and inlet velocity = 0.8 m/s

3.10 Validation of TEG model, cell model, and porous heat sink model

The numerical models for the TEG module, PV cell, and fluid flow and heat transfer in porous
structures are validated against the established literature and manufacturer datasheets to ensure
model accuracy. Figure 4(a) shows the validation of the TEG model with the module datasheet
provided by CUSTOM THERMOELECTRIC, LLC [31]. The model demonstrates a good
agreement with the module datasheet in the range of 30 °C to 80 °C with a maximum error of
less than 6%. The error increases at higher temperature differences due to the assumption of
constant thermophysical properties. In particular, the Seebeck coefficient and thermoelectric
material vary with temperature, which has a minor influence at lower A77zc, but becomes more
significant at higher AT7ec. However, in the present study, the maximum A 77zc remains below
65 °C. Therefore, the model is sufficiently accurate for analyzing the thermal management and
power generation in the CPV-TEG system. Figure 4(b) illustrates the cell model validation

with the results reported by Theristis et al. [16]. The author analyzed the temperature of a multi-
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junction solar cell under varying convective HTC on the rear side of the DBC substrate,
simulating different ambient conditions. The present model successfully replicates the
temperature trends, maintaining a maximum error of 3.9%. Figures 4(c) and 4(d) depict the
validation of the flow and heat transfer model inside a porous medium subjected to uniform
heat flux, with the results obtained by Lu et al. [39]. The comparison reveals a good agreement,
with the model predicting pressure drop and radial temperature distribution with maximum

errors of 2.7% and 5%, respectively.
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Figure 4: Validation of (a) TEG model, (b) PV cell model, (¢) flow model, (d) heat transfer

model

22



4. Results and Discussion

The thermal and electrical performance of a hybrid HCPV-T+TEG system cooled by a porous
heat sink is comprehensively analyzed in this study using a square aluminium porous heat sink
directly beneath the PV cell and DBC substrate assembly. The cooling fluid is introduced
centrally into the heat sink and exits symmetrically through four outlets located at the corners.
Four TEG modules are strategically embedded between the DBC layer and the heat sink. These
modules are arranged so that their hot sides maintain direct thermal contact with the DBC layer,
while both the lateral surfaces and cold sides interface with the porous heat sink to facilitate
efficient heat extraction. The influence of key design parameters such as the porosity of the
heat sink, pore size, and inlet coolant velocity is systematically evaluated to determine their
impact on the overall energy and exergy efficiency and thermal regulation of the hybrid system.
4.1. Effect of Porosity

Figure 5 displays the temperature distribution over the PV cell top surface for the porosities of
0.9, 0.85, 0.8, 0.75, 0.7, and 0.66, respectively. It is found that the T}, appears at the corners
of the PV cell, where the TEG modules are installed. As the TEG modules have low thermal
conductivity, the heat transfer from the bottom copper layer to the aluminium heat sink is
limited in these regions. This leads to a localized rise in temperature at the TEG positions. The
low thermal conductivity of the TEGs also contributes to a progressive increase in thermal
resistance from the centre of the cell toward its corners. The inlet is placed at the centre of the
heat sink. The kinetic energy of the coolant is converted into pressure energy at the centre,
resulting in a high HTC at the centre. Hence, the cell temperature is minimal at the centre. Also,
higher temperature gradients across the PV cell surface are observed at higher porosities of the
heat sink. It is attributed to the reduced effective thermal conductivity and diminished heat-
spreading capability of the porous medium at high porosity. As porosity increases, the

proportion of solid material within the structure decreases, leading to a lower effective thermal
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conductivity. This limits the ability of the medium to conduct heat uniformly across the contact
surface with the PV cell. It results in less uniform cooling due to uneven fluid distribution
within the porous domain. These effects combine to produce localized regions of varying

temperature, thereby increasing the thermal gradient across the cell surface.

(a) (b)

(c) (d)
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Figure 5: Effect of porosity on temperature distribution over the PV cell top surface for ¢ =
(a) 0.9, (b) 0.85, (¢) 0.8, (d) 0.75, (e) 0.7, (f) 0.66

Figure 6 shows the variation in Ty, 4P, and FI with the porosity of the medium at inlet
velocity = 0.8 m/s, and d, = 3.5 mm. The Tyax over the cell surface is 103.5 °C, 104.8 °C, 107.3
°C, 110 °C, 114.4 °C, and 120.8 °C for the porosity of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9,
respectively. It can be observed that 7y, increases with an increase in the porosity of the heat
sink. The low porosity of the medium denotes the presence of more solid material in the
medium. This results in a better thermal pathway for the heat conduction from the DBC
assembly to the porous heat sink. Hence, the thermal resistance decreases with low porosities
of the heat sink. The effective thermal conductivity of the medium increases with decreasing
porosity, resulting in better heat transfer and a reduced cell maximum temperature. It can be
observed that the 7). increases beyond the temperature constraint of 110 °C for the porosities
of 0.9 and 0.85. The 4P is 6406 Pa, 4703 Pa, 3425 Pa, 2562 Pa, 2016 Pa, and 1630 Pa for the
porosities of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively. It has been found that the pressure
drop (AP) reduces as the ¢ increases. The volume of the flow path available for fluid flow

reduces with decreased porosity. It results in a higher flow resistance for the cooling fluid in
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the flow path. The decreased porosity of the medium also results in a low permeability,
resulting in an increased AP. The failure index (F7) of the porous structure is 0.211, 0.207,
0.204, 0.197, 0.190, and 0.178 for the porosities of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9,
respectively. The failure index of the porous structure decreases as the porosity of the medium
increases. The effective Young's modulus of the porous structure increases with a decrease in
¢ as the material becomes denser and more structurally continuous with a decrease in porosity,
leading to an increase in o; generation in the structure. The yield stress limit of the structure
also increases with a reduction in porosity. However, the ratio of generated thermal stress to

yield limit, i.e., FI increases with the low porosity of the medium.
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Figure 6: Variation in Ty, AP and F1 with heat sink porosity

Figure 7 shows the variation in Tcei, fjcenr, and 5 with the porosity of the medium at
inlet velocity = 0.8 m/s, and d, = 3.5 mm. The T.e; over the cell surface is 55.25 °C, 56.18 °C,
57.8 °C, 59.66 °C, 62.53 °C, and 67 °C for the porosities of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9,
respectively. The Tc.; increases as the porosity of the heat sink increases. The high porosity
results in lower heat conduction from the bottom copper layer to the heat sink, resulting in an

increase in Tcen. The neen 1s 38.87%, 38.83%, 38.75%, 38.67%, 38.53%, and 38.32% for the
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porosity of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively. The #..; depends on the cell
operating temperature. The open-circuit voltage of the PV cell decreases with rising
temperature, resulting from the increase in intrinsic carrier concentration. The short-circuit
current increases slightly with temperature due to the lower bandgap. However, the gain in
short-circuit current is marginal compared to the loss in open-circuit voltage. Hence, the #c.u
decreases with an increase in Tcen. The #a 1s 54.54%, 54.58%, 54.66%, 54.74%, 54.88%, and
55.1% for the porosity of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively. The 7 increases with
an increase in the porosity of the heat sink. The 7. reduces with increased porosity, indicating
that a larger portion of the incident energy is transformed into heat rather than electrical power.

This results in improved thermal efficiency of the HCPV-T system at higher porosities.
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Figure 7: Variation in Tcen, yeen, and 5, with heat sink porosity
Figure 8 shows the variation in the AT7s6, Prec, and nreg with the porosity of the
medium at inlet velocity = 0.8 m/s, and d, = 3.5 mm. The ATz 1s 48 °C, 49.3 °C, 51.5 °C, 54
°C, 57.9 °C, and 63.4 °C for the porosity of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively. It
is observed that the AT7eG increases with the porosity of the heat sink. The thermal resistance

between the bottom copper layer and the heat sink is highest at the TEG locations, resulting in
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minimal heat conduction at those locations. This leads to a high temperature at the TEG hot
junction. In contrast, the TEG module’s cold junction is attached to the heat sink, leading to a
high AT7ec. As the porosity increases, the cell temperature at the TEG location also increases,
resulting in a higher 7). In contrast, the temperature of the TEG cold junction also increases
with increased porosity. However, the increase in 7. of the TEG module is marginal as
compared to the increase in 7. Hence, the temperature difference across TEG junctions
increases with increased porosity. The Preg is 4.03 W, 4.31 W, 4.87 W, 5.53 W, 6.76 W, and
8.97 W for the porosity of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively. The Przc increases
with increasing porosity of the heat sink. The Przc is a function of the current flowing in the
TEG module. The current flowing through the module also rises with an increased AT7zc,
thereby enhancing the electrical power generated. The #rzc increases from 1.21% to 1.93 %
for an increase in porosity from 0.66 to 0.9. The #7xc is the ratio of Prec and the heat input at
the hot junction of the TEG module. Both the power generation and the heat absorbed at the
hot junction increase with increasing porosity. However, the relative increase in Prec is more

significant at higher AT7zc, leading to a net increase in thermoelectric efficiency.
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Figure 8: Variation in ATrec, Prec, and nrec with heat sink porosity

Figure 9 shows the variation in the {u, (i, and {, with the porosity of the medium at
inlet velocity = 0.8 m/s, and d, = 3.5 mm. The {.; of the system is 34.31%, 35.53%, 36.41%,
36.98%, 37.3%, and 37.45% for the porosity of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively.
The {u increases as ¢ increases. Electrical energy can be considered a high-grade energy and
pure exergy. The (. accounts for the net electrical power generated from the HCPV-T+TEG
hybrid system and the electrical power loss due to the pumping of coolant fluid. Figure 7 shows
that the #cer decreases with increased porosity of the medium. Hence, the HCPV-T system’s
electrical power output also decreases with increasing porosity of the heat sink. Additionally,
Figure 6 shows that the AP decreases with the porosity of the heat sink. Hence, the pumping
power losses due to frictional pressure drop also decrease with increased porosity. In contrast,
the Prec increases with an increase in the porosity of the heat sink. Hence, the {.; shows the
overall trade-off between #cei, AP, and Preg. The (inis 14.98%, 15%, 15.04%, 15.09%, 15.17%,
and 15.28% for the porosities of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively, which depicts
that the (i increases with the porosity of the heat sink. The (i accounts for the maximum useful
work that can be extracted from the 7. of the HCPV-T system. The maximum amount of useful
work is constrained by the available temperature of thermal energy. A comparison between
Figure 7 and Figure 9 indicates that for the porosity of 0.9, only 15.28% of the total 55.1%
thermal output is effectively utilized for useful work. The {, is 49.29%, 50.53%, 51.46%,
52.08%, 52.47%, and 52.74% for the porosity of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively.
This indicates that the {, increases with the porosity of the heat sink. The {, denotes the total

useful work obtained from the HCPV-T system, combining the {.; and (.
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Figure 9: Variation in .1, {, and {, with heat sink porosity

Figure 10(a) shows the o; distribution across the cell diagonal for ¢ = 0.66. The o; is
15.42 MPa at the cell centre and increases to 121.42 MPa at 25 mm, and 90.59 MPa at 30 mm
along the cell diagonal line. The PV cell layer is directly attached to the DBC assembly. The
high-temperature gradients on the PV cell exist due to the presence of the TEG module and
uniform heat generation inside the solar cell, leading to the o; generation across the cell surface.
The o0, 1s minimal in the vicinity of the cell centre and corners. The cell temperature is lowest
at the centre due to the coolant inlet at the centre, leading to minimal thermal stress. However,
the o; increases along the diagonal line due to increased temperature gradients away from the
centre. The o; increases rapidly after 15 mm and is highest at 25 mm along the diagonal line.
The local cell temperature is significantly higher at those locations due to the lower thermal
conductivity of the TEG module.

Figure 10(b) depicts the gmax variation with the porosity of the medium at inlet velocity
=0.8 m/s, and dp = 3.5 mm. The o is 122 MPa, 124 MPa, 127.9 MPa, 132.1 MPa, 139 MPa,
and 148.9 MPa for the porosity of 0.66, 0.7, 0.75, 0.8, 0.85, and 0.9, respectively. The gmax

increases as ¢ increases. The local cell temperature at TEG locations increases with the porosity
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of the heat sink, leading to an increase in onqx. The yielding stress of the Ge cell is 135 MPa.
The omax 1s beyond the yielding limit of the PV cell for the porosities of 0.85 and 0.9. Hence,
the heat sink with porosities of 0.85 and 0.9 cannot be used to cool the current HCPV-T system

used in this study.
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Figure 10: Variation in (a) o; across the cell diagonal for ¢ = 0.66 and (b) maximum thermal
stress on the PV cell with porosity of the heat sink

4.2. Effect of pore size
Figure 11 depicts the variation in the Tyax, 4P, and FI with the pore size at inlet velocity = 0.8
m/s, and ¢ = 0.66. The T increases from 102.2 °C to 103.5 °C for the increase in dp from 1.5
to 3.5 mm, respectively. A smaller pore size provides a higher surface area per unit volume for
the heat exchange. It also allows better heat conduction through the solid matrix, leading to a
higher thermal dispersion. The convective HTC between the solid matrix and coolant fluid also
increases with a reduced pore size, leading to an enhanced heat exchange. Hence, Tinax reduces
with a decrease in the pore size of the heat sink. A comparison of T from Figures 6 and 11
shows that porosity has a greater influence on the 7y than pore size. The porosity governs the
solid-fluid conduction balance and changes the amount of fluid that can take away the heat
from the PV cell. A decrease in porosity increases the solid fraction, thereby improving the

conduction pathways. It also reduces the coolant flow volume, thereby affecting the convective

heat transfer. This dual impact of porosity on both conduction and convection makes it a more
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dominant factor in governing 7T,4x, Whereas the pore size primarily modifies the convective
surface area without substantially altering the conduction-convection balance. The AP
decreases from 15517 Pa to 6406 Pa for the increase in dp, from 1.5 to 3.5 mm, respectively.
The AP increases sharply with a decrease in pore size. Since the permeability « (pore size)?, it
leads to a sharp decline with a reduction in pore size, resulting in a higher viscous flow
resistance. The inertial resistance of the flow also increases as the flow becomes more
constricted with a reduced pore size, leading to a sharp increase in 4P. A comparison of AP
from Figure 6 and Figure 11 shows that the pressure drop is affected more by pore size than
porosity. The change in pore size produces a quadratic effect on the permeability of the
medium, while the influence of porosity on permeability is nonlinear but comparatively less
steep. It leads to a lesser effect of porosity on flow resistance. The failure index (F7) of the
porous structure increases from 0.202 to 0.211 for the increase in d, from 1.5 to 3.5 mm,
respectively. The thermal gradients in the porous structure increase as d, increases, leading to
increased thermal stress generation inside the porous structure. It results in an increase in F/

for larger pore sizes.
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Figure 11: Variation in Tonax, AP, and FI with pore size

Figure 12 displays the variation in the Tcen, cen, and s with the pore size at inlet
velocity = 0.8 m/s, and ¢ = 0.66. The Ty increases from 54.4 °C to 55.25 °C for the increase
in dp from 1.5 to 3.5 mm, respectively. The smaller pore sizes allow the disruption of the
thermal boundary layer more frequently, enhancing heat transfer. It leads to better temperature
uniformity and reduced 7cen. The #cenr decreases from 38.91% to 38.87% for the increase in dp
from 1.5 to 3.5 mm, respectively. The reduction in 7. is very marginal. The #4 increases from
54.50% to 54.54% for the increase in dp from 1.5 to 3.5 mm, respectively. The 7. increases
marginally with an increase in pore size. It is evident from Figure 12 that pore size has a very

marginal effect on #ce; and 7.
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Figure 12: Variation in Tceir, 1jcen and na with pore size
Figure 13 shows the variation in the AT7ec and Prec with the pore size at inlet velocity
=0.8 m/s, and ¢ = 0.66. The AT7rc increases from 46.96 °C to 48 °C for the increase in d, from
1.5 to 3.5 mm, respectively. The 7} and 7. of the TEG module increase with an increase in pore
size due to decreased heat transfer at larger pore sizes. However, the TEG module’s hot junction

is attached to the DBC assembly, leading to a higher rise in 7. The Prec increases from 3.79
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W to 4.03 W for the increase in d,, from 1.5 to 3.5 mm, respectively. The TEG module generates
more power when the electrical load resistance matches the internal resistance. Also, the
electrical current in the TEG module increases with an increase in A77eg, leading to more
power generation at larger pore sizes. The n7zc increases from 1.16% to 1.21% for the increase
in d, from 1.5 to 3.5 mm, respectively. The increase in A77zc results in an increased Preg,

thereby increasing thermoelectric efficiency at larger pore sizes.
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Figure 13: Variation in AT7rzG, Preg, and 7e¢ with pore size

Figure 14 shows the variation in the (o, (i, and ¢, with the pore size at inlet velocity =
0.8 m/s, and ¢ = 0.66. The {.; increases from 27.63% to 34.31% for the increase in d), from 1.5
to 3.5 mm, respectively. The {.; increases with an increase in the pore size of the medium. The
(e serves as an indicator of the balance between #c.i, AP, and Prec. The #een and Preg are
marginally affected by the pore size, as illustrated in Figures 12 and 9, respectively. However,
the AP is highly sensitive to pore size, primarily due to the sharp decline in permeability of the
medium at smaller pore sizes, as shown in Figure 11. The overall trade-off results in a sharp
decrease in {.; at smaller pore sizes. A comparison of Figure 9 and Figure 14 illustrates that the

(e 1s more affected by the pore size than by the porosity of the heat sink. The (i increases from
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14.96% to 14.98% for the increase in d, from 1.5 to 3.5 mm, respectively. The (i 1s marginally
affected by the change in pore sizes. The {, increases from 42.59% to 49.29% for the increase
in dp from 1.5 to 3.5 mm, respectively. The {, increases as the pore size increases. The {,
accounts for the combined trade-off between cell electrical power, pumping power losses, TEG
electrical power, and thermal power output. A higher overall exergy efficiency implies higher
productivity and more usable energy. Hence, larger pore sizes are recommended for the thermal

management of the hybrid HCPV-T+TEG system employed in the current study.

60

| I Electrical exerey Il Thermal exergyggggd Overall exergy‘

~
oo
)}
—
~
NeJ
3%
Ne]

o

S
N
~
W

NN

ey
v
[
—_

42.59

Exergy efficiency (%)

1.5 2 2.5 3 3.5
Pore size (mm)

Figure 14: Variation in (e, {m, and {, with pore size

4.3. Effect of inlet velocity

Figure 15 shows the variation in the Tnax, AP, and FI with the inlet velocity at ¢ = 0.66, and d,
=3.5mm. The Ty 15 110.9 °C, 108.4 °C, 106.5 °C, 105 °C, and 103.5 °C for the inlet velocities
of 0.4, 0.5, 0.6, 0.7, and 0.8, respectively, which indicates that the 7). decreases with an
increase in inlet velocity of the coolant fluid. This can be primarily attributed to the intensified
convective heat transfer within the porous structure. As the velocity rises, the convective HTC
increases, thereby improving the system's ability to dissipate heat from the solar cell through

the underlying layers, including the TEG and porous heat sink. Additionally, the increased flow
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rate lowers the overall thermal resistance of the cooling path, facilitating more effective heat
removal. Hence, the temperature gradient between the solar cell and the cooling medium
becomes steeper, promoting more efficient thermal management. It is also observed that the
Tmax reaches beyond the temperature constraint of 110 °C at an inlet velocity = 0.4 m/s. Hence,
the flow velocity below 0.4 m/s cannot be used for the thermal management of the HCPV-T
system shown in the current study.

The AP is 1568 Pa, 2381 Pa, 3364 Pa, 4515 Pa, and 6406 Pa for the inlet velocities of
0.4, 0.5, 0.6, 0.7, and 0.8, respectively. The AP increases with an increase in coolant inlet
velocity. This rise in 4P is attributed to the nonlinear relationship between flow resistance and
velocity. As the fluid velocity increases, both viscous and inertial effects become more
pronounced, particularly in porous structures where flow paths are highly tortuous. According
to the Forchheimer equation, which extends Darcy's law to account for inertial effects, the AP
is a function of the linear (viscous) and quadratic (inertial) terms of velocity. Consequently, the
inertial losses dominate at higher inlet velocities, leading to a disproportionately higher
pressure drop across the medium. The FI of the porous structure is 0.261, 0.245, 0.232, 0.222,
and 0.211 for the inlet velocities of 0.4, 0.5, 0.6, 0.7, and 0.8, respectively. The F7 decreases as
the coolant inlet velocity increases. The thermal gradients across the porous structure reduce
with increased coolant velocity due to enhanced convective HTC. As a result, the thermal

stresses across the porous structure also reduce, reducing F1.
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Figure 15: Variation in Ty, AP, and FI with inlet velocity

Figure 16 illustrates the variation in 7Teer, fjcen, and 5 with the inlet velocity at ¢ = 0.66,
and d, = 3.5 mm. The T is 61.6 °C, 59.9 °C, 57.8 °C, 56.5 °C, and 55.25 °C for the inlet
velocities of 0.4, 0.5, 0.6, 0.7, and 0.8, respectively. The T¢.; reduces with an increase in Vi,.
As the fluid velocity increases, the convective HTC rises due to improved momentum exchange
near the boundary layer, which becomes thinner and improves heat extraction. The #cen 1s
38.58%, 38.66%, 38.75%, 38.82%, and 38.87% for the inlet velocities of 0.4, 0.5, 0.6, 0.7, and
0.8, respectively. The e decreases with an increased velocity of coolant as a result of
decreased Teen. The 54 is 54.84%, 54.76%, 54.66%, 54.6%, and 54.54% for the inlet velocities
0f0.4,0.5,0.6,0.7, and 0.8, respectively. The 7 decreases with an increase in coolant velocity.
The 54 1s sensitive to the temperature gain of the coolant fluid. The increase in 7..; with inlet
velocity results in a lesser amount of heat energy available for the coolant to be carried away.
Hence, the temperature gain of the coolant fluid diminishes with an increased Vi, leading to a

marginal reduction in 7.
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Figure 16: Variation in Tces, fjcen and g with inlet velocity

Figure 17 shows the variation in the AT7e¢ and Prec with the inlet velocity at ¢ = 0.66
and d, = 3.5 mm. The AT7zG is 51.46 °C, 50.5 °C, 49.56 °C, 48.8 °C, and 48 °C for the inlet
velocities 0f 0.4, 0.5, 0.6, 0.7, and 0.8, respectively. It is observed that the ATrec decreases with
an increased Vi,. As the Vi, increases, the increased convective HTC at the cold junction leads
to a decrease in cold junction temperature. At the same time, the higher coolant velocity also
removes heat more efficiently from the adjacent heat source. This results in a reduced 7}, of the
TEG module. However, the reduction in hot junction temperature is higher, leading to a
decreased AT7rc with increased inlet velocity. The Preg 1s 5.28 W, 4.84 W, 4.51 W, 4.27 W,
and 4.03 W for the inlet velocities of 0.4, 0.5, 0.6, 0.7, and 0.8, respectively. The reduced
temperature gradient at higher coolant velocities contributes to the observed decline in power
generation from TEG modules. The #7zc also decreases from 1.44% to 1.21% for an increase

in velocity from 0.4 m/s to 0.8 m/s, respectively.
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Figure 17: Variation in AT7ec, Prec, and nrec with inlet velocity

Figure 18 shows the variation in (., {m, and {, with the inlet velocity at ¢ = 0.66, and
dp, =3.5 mm. The (. is 37.62%, 37.08%, 36.44%, 35.65%, and 34.31% for the inlet velocities
of 0.4, 0.5, 0.6, 0.7, and 0.8, respectively. The {.; decreases with an increase in coolant inlet
velocity. The P, increases with an increased inlet velocity. However, the benefits are offset by
increased pumping power losses and a drop in Przg, leading to an unfavourable trade-off. The
(18 15.14%, 15.1%, 15.05%, 15.01%, and 14.98% for the inlet velocities of 0.4, 0.5, 0.6, 0.7,
and 0.8, respectively. The (i is marginally affected by the inlet velocity of the coolant fluid. A
comparison of Figures 16 and 14 suggests that out of 54.84% of the thermal power, only
15.14% can be converted into useful work. This disparity arises because the recovered thermal
energy is available at relatively low temperatures, which limits its potential to perform useful
work. The {, is found to decrease progressively with increasing coolant inlet velocity, with
values of 52.76%, 52.18%, 51.49%, 50.66%, and 49.29% corresponding to inlet velocities of
0.4,0.5, 0.6, 0.7, and 0.8 m/s, respectively. This declining trend indicates that while beneficial
for heat removal, higher coolant velocities result in a net reduction in the system's ability to

convert available energy into useful work. Therefore, from an exergy optimization perspective,
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lower coolant velocities are preferable for the thermal management of the HCPV-T system
studied. However, as shown in Figure 15, the T exceeds the safe operational limit of 110 °C
at Vi, = 0.4 m/s. This implies that the lowest velocity, though optimal in terms of exergy, fails
to maintain the thermal safety of the system. Hence, the optimal inlet velocity must balance
both thermal regulation and exergy efficiency and lie between 0.4 m/s and 0.5 m/s at ¢ = 0.66,

and d, = 3.5 mm.
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Figure 18: Variation in (e, {m, and ¢, with inlet velocity

5. Conclusions

The performance of a highly concentrated photovoltaic-thermal (HCPV-T) system
integrated with an aluminium porous heat sink, a thermoelectric generator (TEG) module, and
a spectral splitter is evaluated in the current study. The thermoelectric module enhances the
overall exergy efficiency by converting the excess waste heat into useful electrical energy
output. The influence of key parameters, such as porosity of the heat sink, pore size, and coolant
inlet velocity, on the performance characteristics of both the Thermoelectric module and the

HCPV-T system is investigated. The proposed hybrid cooling approach can maintain the cell
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temperature under a critical threshold of 110 °C under high concentration. In particular,
porosities in the range of 0.75-0.8 achieve a favourable balance between thermal regulation
and pumping power, while porosities above 0.8 cause excessive cell temperature and thermal
stresses, making them unsuitable for thermal regulation in such systems. A minimum coolant
inlet velocity of 0.5 m/s is recommended to ensure safe operating temperatures, though very
high inlet velocities reduce the overall exergy efficiency due to increased hydraulic losses. Pore
size had a minor influence on the cell temperature and electrical efficiency; however, the
pressure drop increases sharply at smaller pore sizes. The thermal stress variation suggests that
the thermal stress maximizes at the TEG locations, while it is lowest at the centre and corners
of the cell. The maximum thermal stress exceeds the yield limit of the PV cell for the porosities
of 0.85 and 0.9. The failure index of the porous structure is also reported in the current study,
suggesting that the structure is mechanically safe for all the input parameters. Hence, in
designing the cooling strategies of such systems, one should (1) select moderate porosities
(~0.75-0.8), (2) maintain coolant velocities above 0.5 m/s but avoid excessive flow rates, and
(3) limit operating conditions to keep stress levels below the material limits. These will ensure
efficient thermal management, reliable electrical performance, and mechanical safety. The
insights of this study provide a foundational basis for the design and optimization of the HCPV-
T systems. Future work will focus on experimental validation of the integrated system,
benchmarking against alternative cooling strategies, and a multi-parameter optimization to

further establish the feasibility and competitiveness of the proposed approach.

Data Availability
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Appendix A. Effect of spectral splitter configuration on cell temperature

Al. Cell temperature without the spectral splitter

Figure Al illustrates the temperature distribution on the top surface of the PV cell in the absence
of the spectral splitter, under conditions of ¢ = 0.66, d, = 3.5 mm, and an inlet velocity of
0.8 m/s. Without the spectral splitter, the Ty rises to 139.5 °C. This increase is attributed to
the full solar spectrum directly incident on the PV cell, including longer wavelengths that
contribute significantly to thermal loading. As a result, the 7,4 exceeds the operational limit
of 110 °C, highlighting the critical role of the spectral splitter. This elevated temperature
compromises the electrical efficiency of the PV cell and raises concerns regarding material
reliability and long-term stability. The comparison emphasizes the necessity of spectral
splitting to filter out excess thermal radiation and maintain the PV cell within safe operating

limits.
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Figure A1. Temperature distribution over the PV cell top surface without a spectral splitter

A2. Cell temperature when the splitter is in direct thermal contact with the PV cell

Figure A2 illustrates the temperature distribution on the top surface of the PV cell, when the
splitter is placed in direct thermal contact with the PV cell surface under conditions of ¢ = 0.66,

dp=13.5 mm, and an inlet velocity of 0.8 m/s. This temperature distribution is shown to compare
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two cases: case 1, when a gap is maintained between the spectral splitter and PV cell, and case
2, when the spectral splitter is in direct thermal contact with the PV cell. A comparison of
Figures 5(f) and A2 reveals that the temperature distribution is nearly identical for both cases.
However, the T is observed to be 103.7 °C in case 2, which is marginally higher, i.e. 0.2 °C,
than in case 1. This slight increase is attributed to the low thermal conductivity of the spectral
splitter. As the gap between the splitter and the PV cell increases, the thermal influence of the
splitter on system performance becomes even less significant. Therefore, the assumption of
neglecting the thermal interaction between the splitter and PV cell is considered valid for the

present study.
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Figure A2. Temperature distribution over the PV cell top surface, when the splitter is

attached to the PV cell top surface
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