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Abstract 10 

Appropriate cooling techniques are required to be integrated into highly concentrated 11 

photovoltaic cells to maintain the surface of the photovoltaic cell at a uniform temperature. 12 

This study focuses on cooling photovoltaic cells with confined jet impingement to reduce non-13 

uniform temperature distribution and thermal and bending stresses to avoid hotspots and 14 

current mismatching problems, thereby improving the cell electrical efficiency. Channels are 15 

formed in an aluminium heat sink on the backside of solar cell layers such that the coolant 16 

strikes the heat sink surface at the centre and exits at the four corners of the module. Different 17 

designs of confined jet channel configurations are studied. The effect of the coolant mass flow 18 

rate on the hydrothermal performance of the concentrated photovoltaic thermal (CPV-T) 19 

system is examined for all channel configurations. The electrothermal performance of the CPV-20 

T system is at its maximum with a quadrant mini-channel with a single inlet. The net electrical 21 

power generated by the PV cell is at its maximum of 30.5 W for a mass flow rate of 50 g/min 22 

with this channel configuration. Further, the pressure loss is minimal at 163 Pa at 25 g/min, 23 

and the temperature uniformity is also maximum, with a temperature difference over the cell 24 

surface of 6.3 °C at 50 g/min. The present study will be useful in the thermal management of 25 

highly concentrated photovoltaic thermal systems and high-temperature applications.  26 
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Nomenclature 30 

A Area of the solar cell (m2) 

Cp Specific heat (J/kg·K) 

CR Concentration ratio 

E Exergy (W) 

I Direct solar irradiation (W/m2) 

G Total concentrated solar irradiation (W/m2) 

H Total thickness of the Germanium and copper layers (m) 

h Convective heat transfer coefficient (W/m²·K) 

k Thermal conductivity (W/m·K) 

ṁ Mass flow rate (kg/min) 

P Power (W) 

q Heat generation (W/m³) 

Q Energy (W) 

T Temperature (°C) 

DT Temperature difference (°C) 

𝑉"⃗  Velocity vector (m/s) 

V Volume of the solar cell (m³) 

Greek symbols 31 

μ Viscosity of water (Pa·s) 

α Absorptivity 

αT Thermal expansion coefficient (K-1) 

ν Poisson ratio 

βT Temperature coefficient of the solar cell 
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η Efficiency (%) 

σ Stefan-Boltzmann constant (W/m2·K4) 

σb Bending stress (Pa) 

σT Thermal stress (Pa) 

ρ Density of water (kg/m3) 

Subscript 32 

a ambient 

al aluminium 

cell Solar cell 

conv convection 

cu copper 

ce ceramic 

el electrical 

f fluid 

fric frictional 

Ge Germanium 

in inlet 

m mean 

opt optical 

out outlet 

rad radiation 

ref reference 

th Thermal 

Abbreviations 33 

CPV Concentrated photovoltaic 



4 
 

CJI Confined jet impingement 

HCPV Highly concentrated photovoltaic 

HCPV-T Highly concentrated photovoltaic thermal 

PV Photovoltaic 

HTC Heat transfer coefficient 

CTE Coefficient of thermal expansion 

 34 

  35 
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1. Introduction 36 

Solar energy is considered a significant renewable energy source. Solar energy has an 37 

annual potential of 1,575–49,837 exajoules (EJ), which is 1.8–58 times greater than the 38 

projected 860 EJ global energy consumption in 2040 [1, 2]. Solar energy is used to obtain 39 

electrical and thermal energy outputs by various technologies, such as photovoltaic (PV) 40 

systems, concentrated PV (CPV) systems, and solar thermal collectors. PV systems and solar 41 

thermal collectors can be integrated to obtain electrical and thermal energy outputs 42 

simultaneously. Photovoltaic thermal (PV-T) systems can be used to expand solar energy 43 

utilization by improving solar cell conversion efficiency. However, the flat plate PV-T systems 44 

are restrained for high-temperature applications since they generate heat at very low 45 

temperatures. Concentrated photovoltaic thermal (CPV-T) systems are a better alternative to 46 

overcome such problems.  47 

A CPV-T system focuses sunlight onto a small area of high-efficiency photovoltaic 48 

material. Unlike traditional solar PV cells that generate electricity from sunlight over a large 49 

surface area, CPV systems employ lenses or mirrors to concentrate sunlight onto a smaller, 50 

more efficient solar cell. This concentration of sunlight allows for the use of high-efficiency 51 

solar cells that might be more expensive but can generate more electricity per unit area. 52 

However, CPV-T systems also face several issues despite having these advantages. High 53 

concentrations of solar radiation on photovoltaic cells lead to extremely high cell temperatures, 54 

which results in decreased cell efficiency. The amount of solar energy that is transformed into 55 

electricity is quite minimal. The remaining solar energy is translated into thermal energy, 56 

resulting in problems such as hotspots, current mismatching, and thermal fatigue. A high 57 

concentration of solar light on PV cells also results in a non-uniform distribution of temperature 58 

on the cell surface, leading to thermal stresses and lower life of PV cells. Appropriate cooling 59 

techniques need to be integrated with the CPV-T systems to sustain the high-temperature rise 60 
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and maintain a uniform temperature throughout the photovoltaic cell. Many cooling techniques 61 

have been employed in various literature, such as air-based cooling, liquid immersion, jet 62 

impingement, phase change material cooling, micro-channel cooling, thermoelectric cooling, 63 

and heat pipe cooling [3].  64 

Theristis et al. [4] reported that passive cooling methods are not able to extract sufficient 65 

heat from HCPV-T systems. Jet impingement is an appropriate cooling method for densely 66 

packed PV cells to achieve a uniform cell temperature [5]. Many researchers have investigated 67 

both unconfined and confined jet impingement (CJI) cooling schemes for PV cells.  Javidan et 68 

al. [6] found that the temperature of a PV module of dimensions of 36 cm ´ 27.5 cm was 69 

reduced from 63.95 °C to 33.68 °C for a solar irradiance of 1000 W/m2 using an optimal set of 70 

parameters of multi-nozzle unconfined jet impingement cooling. The authors obtained a 71 

temperature uniformity index of approximately 0.3 °C for a nozzle number of 24, mass flow 72 

rate of 0.12 kg/s, nozzle diameter of 2 mm and nozzle-to-PV cell distance of 5. Bahaidarah et 73 

al. [7] studied the effect of the unconfined jet impingement cooling scheme on PV cells using 74 

8 nozzles with a diameter of 5 mm and nozzle-to-plate distance of 5.3. The authors observed a 75 

temperature decrease from 69.7 °C to 36.6 °C with a temperature uniformity of 1 °C with a 76 

flow rate of 1.5 L/min for a 1000 W/m2 solar irradiation. Zubeer et al. [8] performed an 77 

experimental and numerical study to assess the water-cooling effect on low-concentrated PV 78 

modules of dimensions 1968 mm × 990 mm. The temperature of an uncooled PV system and 79 

a low-concentrated (1-3 suns) PV system was found to be 57.5 °C and 64.1 °C, respectively, 80 

which was decreased to 36.5 °C with water jet impingement cooling with a flow rate of 3 81 

L/min. Markal et al. [9] conducted experiments to evaluate the effect of impinging air jets, 82 

employing 6 nozzles with a nozzle-to-plate spacing of 8, on the cooling of a PV cell with 83 

dimensions of 157 mm × 145 mm. It was found that the reduction in the cell temperature was 84 

61.5%, and the output power was improved by 13.2% with a flow rate of 300 L/min. Amanlou 85 
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et al. [10] examined the effects of air diffuser geometry and air mass flow rates on the overall 86 

performance of low-concentrated PV systems. By increasing the flow rates from 8×10-3 to 87 

16×10-3 kg/s, the electrical, thermal, and overall efficiencies of the solar PV cell of dimensions 88 

0.8 m ×1 m were improved by 13.5%, 22.75%, and 22.41%, respectively.  89 

The unconfined jet impingement needs numerous nozzles to cool PV cells; however, 90 

temperature uniformity across the cell may not be ensured at high concentration ratios for 91 

densely packed PV cells. Therefore, several researchers have proposed and investigated hybrid 92 

cooling systems comprising jet impingement and multichannel cooling. Dong et al. [11] 93 

considered only the T-shaped channel to cool a PV cell of 10 mm ×10 mm with a concentration 94 

ratio of 500. The authors found a temperature uniformity of 26 °C with a coolant velocity of 95 

0.64 m/s. Barrau et al. [12], using a numerical model, studied the effectiveness of hybrid jet 96 

impingement and microchannel cooling strategy for densely packed PV cells. The temperature 97 

uniformity of 2.01 K was obtained using a modified hybrid microchannel heat sink geometry 98 

for a flow rate of 1.8´10-4 m3/s and a concentration ratio (CR) of 458. Abo-Zahhad et al. [13] 99 

demonstrated that the cell temperature can be reduced from 1360 °C to 65 °C with water at a 100 

mass flow rate of 50 g/min for CR of 1000 suns using the CJI cooling technique. The authors 101 

found the temperature uniformity of 6 °C for CR = 1000 for a cell size of 10 mm ´ 10 mm for 102 

25 g/min. However, their study did not consider any channel in the heat sink. Tang et al. [14] 103 

studied the ultrathin micro pin-fin channel for cooling of  HCPV-T system. The cell 104 

temperature was found to be 51 °C with a temperature uniformity of 3.4 °C at CR = 1000 at a 105 

mass flow rate of 3 kg/h. The pressure drop was 2.73 kPa for circular pin-fin and 5.29 kPa for 106 

square pin-fin design at a mass flow rate of 1.5 kg/h. Shobhy et al. [15] studied the effect of 107 

trimmed fins and microchannels on the performance of the HCPV-T system. The temperature 108 

uniformity was found to be 20.6 °C with a hybrid heat sink at a mass flow rate of 200 g/min at 109 

CR = 2500.  110 
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It can be concluded from the literature review that the temperature uniformity of highly 111 

concentrated PV cells is found to be low without any cooling, which leads to problems such as 112 

current mismatching, thermal hotspots, and thermal stresses. The jet impingement cooling 113 

technique is an efficient way of cooling PV cells under high concentrations. Most of the 114 

literature in this context is limited to unconfined jet impingement cooling, which uses several 115 

nozzles to cool the PV cell.  The use of an array of unconfined jet impingement nozzles for 116 

cooling densely packed PV cells may not be possible due to space constraints. Therefore, a CJI 117 

cooling scheme could be an attractive solution that can reduce the local hot spots on the PV 118 

cell. However, few studies have been reported on the CJI cooling technique. Confined jet 119 

impingement cooling combines jet impingement and an array of micro-channels. However, this 120 

approach suffers from flow maldistribution in multiple micro-channels and significant pressure 121 

drop across the microchannel heat sinks. Therefore, a heat sink for CJI cooling is required to 122 

be designed by adopting mini-scale channels with simple inlet arrangements to dissipate high 123 

heat generated in the densely packed PV cells with reduced pressure drop. By introducing jet 124 

impingement at the centre of the heat sink and allowing the coolant to flow through mini-scale 125 

channels, the temperature non-uniformity across the PV cell could be reduced by improved 126 

convective heat transfer coefficient along the channel path. However, the heat sink channel 127 

design for CJI has not been reported in the published literature. Therefore, the present study 128 

aims to design a highly efficient CPV-T system using a CJI cooling technique with innovative 129 

channel configurations and simplified inlet design in heat sinks with minimal energy losses. 130 

The effect of different channel configurations in heat sinks on the performance and temperature 131 

uniformity of the CPV-T system has been studied. A three-dimensional, steady-state model of 132 

the solar PV cell with an integrated heat sink is developed using the finite volume approach. 133 

The variation in coolant temperature, coolant mass flow rate, and convective heat transfer 134 

coefficient along the length of the channel is investigated. Also, the effect of coolant flow rate 135 
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on the output parameters of the CPV-T system, such as electrical efficiency, thermal efficiency, 136 

electrical and thermal exergies, and thermal and bending stresses over the cell surface, are 137 

evaluated for all the channel configurations. An optimized channel configuration is proposed 138 

based on the pressure drop and net power output. 139 

 140 

2. Model description 141 

The HCPV-T system consists of a solar concentrator that concentrates the solar 142 

irradiation on the upper surface of the solar PV cell. The solar cell, direct bond copper assembly 143 

and heat sink designs used in the current numerical simulation study are shown in Figure 1. 144 

The solar PV cell taken for the current study is a 10×10 mm cell with an optical efficiency of 145 

90% [16]. The PV cell has an electrical efficiency of 40.3% under CR = 1000 at a base 146 

temperature of 25 °C [16]. The solar cell is supported by a direct bond copper assembly 147 

comprising a ceramic layer and two copper layers. The dimensions of the copper and ceramic 148 

sheets are 25×25 mm. An aluminium heat sink is integrated at the bottom of the assembly to 149 

absorb the heat generated due to solar irradiation on the PV cell, which is cooled using the CJI 150 

cooling scheme. The dimensions of the heat sink are 25×25 mm with a 4 mm thickness. The 151 

coolant temperature at the heat sink inlet is considered to be 25 °C. The upper surface of the 152 

PV cell and the top copper layer are subjected to convective boundary conditions. All sides of 153 

the solar cell, board structures, and heat sink are subjected to convective boundary conditions. 154 

The thermophysical properties and dimensions of solar cell layers and heat sink are given in 155 

Tables 1 and 2, respectively. 156 

The concentrated solar radiation incidents on the PV cell surface. Solar energy is 157 

absorbed by the solar PV cell due to its high absorptivity. A small amount of solar irradiation 158 

is transformed into electrical energy by the photovoltaic effect, a function of cell temperature. 159 

The remaining portion of the absorbed solar radiation is converted into heat, resulting in an 160 
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increase in the temperature of the solar cell. The coolant in the CJI cooling technique removes 161 

the generated heat. Some portion of heat is lost by convection and radiation heat transfer to the 162 

surroundings.  163 

In the present study, five distinct channel designs for CJI cooling are studied. The 164 

channel structures are shown in Figure 2. These channels are formed inside an aluminium heat 165 

sink to maintain a uniform temperature over the solar PV cell surface. The jet strikes the module 166 

structure at the centre and leaves at the four corners of the configurations. The channel 167 

structures are rectangular (configuration 1), circular (configuration 2), serpent (configuration 168 

3), quadrant mini-channel with multiple inlets (configuration 4), and quadrant mini-channel 169 

with single inlet (configuration 5). The channel dimensions are chosen so that the cross-170 

sectional area and the channel length remain constant. In the case of a rectangular channel, the 171 

channel cross-section is 1 mm × 2 mm, and the number of passes is 6. The outlets are located 172 

at 2 mm from the heat sink edges. The inlet and outlets have a rectangular cross-section of 1 173 

mm × 1 mm. Channel configurations 4 and 5 are studied to compare the effect of the number 174 

of inlets on the performance of the HCPV-T system. The coolant is considered as water for this 175 

study.  176 

 177 

(a) 178 
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 179 

(b) 180 

Figure 1: (a) Solar cell layers and (b) isometric view of jet impingement channel 181 

configuration 182 

   

(a) (b) (c) 

  

(d) (e) 
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Figure 2.  Channel structures: (a) channel configuration 1, (b) channel configuration 2, (c) 183 

channel configuration 3, (d) channel configuration 4 and (e) channel configuration 5 184 

Table 1: Thermophysical properties of solar cell, direct bond copper assembly and heat sink 185 

[17] 186 

Layer Thermal 

conductivity (k) 

(W/m·K) 

Specific heat 

(Cp) (J/kg·K) 

Density (r) 

(kg/m3) 

Emissivity (ε) 

Germanium 60 320  5323 0.9 

Copper-1 400 385 8700 0.05 

Ceramic 30 900 3900 0.75 

Aluminium 202.6 871 2719 0.9  

Coolant fluid 

(water) 

0.6 4182 998 - 

 187 

Table 2: Dimension of solar cell, direct bond copper assembly and heat sink 188 

Layer Thickness (mm) Length (mm) Width (mm) 

Germanium 0.19 10 10 

Copper-1 and 2 0.25 25 25 

Ceramic 0.32 25 25 

Aluminium heat sink 4 25 25 

 189 

3. Mathematical formulation 190 

A three-dimensional configuration of the solar cell, copper and ceramic structures, and 191 

aluminium heat sink are considered for studying steady-state hydrothermal performance. In the 192 

numerical model, it is assumed that a uniform solar radiation distribution exists over the surface 193 
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of the cell. The flow of the coolant in the channels is assumed to be steady and incompressible. 194 

The maximum Reynolds number based on the hydraulic diameter of the channel cross-section 195 

is 830, which is in the laminar regime. The fluid is considered as Newtonian. The thermo-196 

physical properties are taken as isotropic and temperature-independent. A heat source term is 197 

included in the energy equation since heat generation is inside the solar PV cell material, which 198 

is a function of cell temperature and electrical efficiency. 199 

A. For solar cell layers: 200 

A generalized heat conduction equation for the layers of the PV cell is as follows [18]: 201 

 𝑘!∇"𝑇! + 𝑞! = 0 (1)  

where, ki denotes the thermal conductivity of the ith layer. In all layers except the Ge layer, the 202 

heat generation, qi is set to zero. The heat generated due to solar radiation absorption in the Ge 203 

layer is estimated as [18]: 204 

 
𝑞#$ =

(1 − 𝜂%$&&) ∙ 𝐺 ∙ 𝛼#$ ∙ 𝐴
𝑉  

(2)  

where, G represents the net concentrated solar irradiation, α is the absorptivity of the solar PV 205 

cell.  The surface area and volume of the solar PV cell are represented by A and V, respectively. 206 

ηcell denotes the electrical efficiency of the cell. 207 

The net concentrated solar irradiation is a function of the optical efficiency (ηopt) and 208 

the concentration ratio (CR) of the solar PV cell, which is given as, 209 

 𝐺 = 𝐼 ∙ 𝐶𝑅 ∙ 	𝜂'()  (3)  

where, I is the solar irradiation falling on the solar cell. 210 

The solar PV cell efficiency, ηcell depends on its operating temperature. The cell 211 

efficiency is reduced with the increasing temperature of the solar cell. The term (1-ηcell) 212 

signifies the amount of absorbed solar irradiance that is translated into heat. This heat has to be 213 

dissipated or absorbed by the coolants to keep the cell temperature low. ηcell of the PV cell is 214 

expressed the following equation: 215 
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 𝜂%$&& = 𝜂*$+ − 𝛽,(𝑇%$&& − 𝑇*$+)  (4)  

where, cell reference efficiency ηref is taken as 40.3% at reference temperature Tref = 298 K and 216 

CR = 1000, and βT is the thermal coefficient and is considered as 0.047% [16]. 217 

B. For flow and heat transfer through jet impingement: 218 

Continuity equation:  219 

 𝜌+Ñ:𝑉"⃗ ; = 0   (5)  

 Momentum equation: 220 

 𝜌+:𝑉"⃗ .Ñ	𝑉"⃗ ; = 	−Ñ𝑃 + 𝜇Ñ"	𝑉"⃗  (6)  

Energy equation: 221 

 𝜌+𝐶(,+:𝑉"⃗ .Ñ	𝑇; = 	𝑘+Ñ"𝑇  (7)  

where, rf and µ are the coolant density and coolant viscosity, and kf represents the thermal 222 

conductivity of the coolant. 𝑉"⃗  is coolant velocity, and P is the pressure. 223 

3.1 Calculation of electrical and thermal energies: 224 

The total electric power, frictional power, and net electric power can be obtained as 225 

[19]: 226 

 𝑃$& = 𝜂%$&& ∙ 𝐺 ∙ 𝛼#$ ∙ 𝐴 (8)  

 𝑃+*!% =
𝑚̇
𝜌+
∆𝑃 (9)  

where, ∆P denotes the pressure drop across the heat sink. 227 

 𝑃.$) = 𝑃$& − 𝑃+*!% (10)  

The thermal power, Qth, gained by the coolant from the CPV-T system is expressed as [20], 228 

 𝑄)/ = 𝑚̇𝐶(,+(𝑇+,'0) − 𝑇+,!.) (11)  

where, Tf,out and Tf,in are the temperatures of the coolant at the outlet and inlet, respectively. 229 

The thermal efficiency of the CPV-T system is calculated as, 230 
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 𝜂)/ =	
𝑄)/

𝐼 ∙ 𝐶𝑅 ∙ 𝜂'() ∙ 𝐴
 (12)  

3.2 Calculation of electrical and thermal exergies 231 

Electrical energy can be utilized completely; hence, the net electrical power, accounting 232 

for the difference between the electrical energy produced and the frictional power loss, is 233 

considered as electrical exergy. However, the thermal exergy is associated with the temperature 234 

at which the thermal energy is obtained. The thermal exergy can be determined as [21], 235 

 𝐸)/ = 𝑚̇+𝐶+(𝑇+,'0) −	𝑇+,!.) D1 −
𝑇'
𝑇1
E (13)  

where, Tm is the logarithmic mean temperature difference (LMTD) and is obtained using: 236 

 
𝑇1 =

(𝑇+,'0) − 𝑇+,!.)

ln D
𝑇+,'0)
𝑇+,!.

E
 

(14)  

In equation (13), To is the reference temperature and is equal to 25 °C. 237 

3.3 Stress analysis 238 

The thermal expansion coefficients are different for the Germanium and copper layers, 239 

which are attached together. Hence, the thermal stresses exist because of the temperature 240 

difference. The thermal stress on the solar cell can be determined as [22,23]: 241 

 
𝜎, = 𝐸#$ ∙ Δ𝛼, ∙

(𝑇2 − 𝑇)
(1 − 𝜈#$)

 
(15)  

and, Δ𝛼, =	𝛼,,#$ − 𝛼,,30 (16)  

where, 𝛼,,#$ and 𝛼,,30 are the thermal expansion coefficients of Germanium and copper, 242 

respectively. EGe is Young’s modulus for the Germanium layer. TR is the reference temperature 243 

and is equal to 25 °C. νGe is the Poisson ratio for the Germanium layer. The values are tabulated 244 

in Table 3. 245 

Table 3: Properties of Germanium and copper layer [24] 246 

𝛼,,#$  (K-1) 𝛼,,30 (K-1) EGe (GPa) νGe 
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6.1×10-6 17×10-6 102.7 0.28 

 247 

The coefficient of thermal expansion of the copper layer is higher than the Germanium layer. 248 

This results in tensile stress in the Ge cell layer and compressive stress in the Cu layer. Since 249 

there is no slip between the Germanium and copper layer, the layers behave like beams capable 250 

of axial and bending deformations. The curvature of the bent structure can be determined as: 251 

 
Γ = 	

1
𝑅 = 	

:𝛼,,30 − 𝛼,,#$;∆𝑇
𝐻
2 +

2(𝐸#$𝐼#$ + 𝐸%0𝐼%0)
ℎ O 1

𝑤%0𝑡%0𝐸%0
+ 1
𝑤#$𝑡#$𝐸#$

R
 

(17)  

where, DT is the difference in temperature of the Ge cell with respect to the reference 252 

temperature. IGe and Icu are the moment of inertia of the Ge and Cu layers, respectively. tGe and 253 

tcu are the thickness of the Ge and Cu layers, respectively. H is the summation of the thickness 254 

of the Ge and Cu layers. wGe and wcu are the widths of the Ge and Cu layers, respectively. The 255 

bending stress in the Ge layer can be determined using the bending equation. 256 

 𝜎4
𝑦 =

𝑀
𝐼 =

𝐸
𝑅 (18)  

where, 𝜎4 is the bending stress generated in the Ge layer. M is the bending moment, and R is 257 

the radius of curvature of the Ge layer. 258 

3.4 Boundary conditions 259 

The top layer of the concentrated PV system is subjected to mixed convection and 260 

radiation heat loss boundary conditions. All side walls of the CPV-T system are given 261 

convection boundary conditions. For the coolant, inlet jets are given uniform temperature and 262 

normal velocity boundary conditions, and at the outlet, zero-gauge pressure boundary condition 263 

is given. For the upper surface of the Ge cell and Cu layer: 264 

 −𝑘#$
𝜕𝑇#$
𝜕𝑧 = 	𝑞*56,#$→8 + 𝑞%'.9,#$→5 (19)  



17 
 

 −𝑘%0
𝜕𝑇%0
𝜕𝑧 = 	𝑞*56,%0→8 + 𝑞%'.9,%0→5 (20)  

where, qrad,Ge→S is the radiative heat loss from the Ge cell layer to the sky and qconv,Ge→a is the 265 

convective heat loss from the Ge cell layer to the ambient. The convective heat loss from the 266 

Ge cell layer to the ambient can be calculated employing the following correlations [17]: 267 

 𝑞%'.9,#$→5 = ℎ%'.9,:!.6(𝑇#$ − 𝑇5) (21)  

 ℎ%'.9,:!.6 = 5.82 + 4.07𝑉:!.6 (22)  

where, Ta is the ambient temperature, TGe is the temperature of the Germanium cell, Vwind is the 268 

wind velocity, and hconv,wind is the convective HTC.  269 

Radiation heat loss to the sky can be calculated by adopting the following expression 270 

[17]: 271 

 𝑞*56,#$→8 = 	𝜎𝜖#$(𝑇#$; − 𝑇<;) (23)  

 𝑇< = 0.0522𝑇5=.? (24)  

where, εGe is the emissivity of Ge, Ts denotes the sky temperature in Kelvin.  272 

At the junctions between solar cell, DBC assembly and heat sink, thermally coupled 273 

boundary conditions are given.  274 

 −𝑘1∇𝑇1 = −𝑘.∇𝑇.	𝑎𝑛𝑑	𝑇1 = 𝑇. (25)  

For heat sink inlets and outlets: 275 

(a) At inlet: 𝑉+ = 𝑉!. and Tin = 298K 276 

(b) At outlet: gauge pressure Pout = 0 277 

(c) No-slip condition at the solid-fluid interface. 278 

The side and bottom walls of the heat sink are given convective boundary conditions. 279 

The convective HTC is calculated using equation (22) and is estimated as 9.79 W/m2·K. 280 

In the present work, the governing equations using the boundary condition are solved 281 

by ANSYS Fluent 2020 R2. The discretization of continuity, momentum, and energy equations 282 
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is performed by adopting the second-order upwind scheme using the SIMPLE algorithm. The 283 

convergence criteria of 10-3, 10-6 and 10-8 for the continuity, momentum and energy equations 284 

are assigned. The source term in the energy equation is incorporated using a user-defined 285 

function (UDF). 286 

3.4 Grid independence test 287 

The grid independence test is conducted for all channel configurations. The cell average 288 

temperature is observed for different grid sizes at ṁ = 25 g/min. Figure 3(a) shows the isometric 289 

and front view of the meshed geometry.  The number of elements chosen is 0.05, 0.1, 0.5, 1, 2, 290 

3, and 4 million. Figure 3(b) shows the variation in cell average temperature with the number 291 

of elements for channel configuration 5. The cell average temperature is observed to become 292 

independent of the grid size after the number of elements became 2 million. The temperature 293 

change is observed to be 0.05% after 2 million elements, which is quite negligible.  294 

  

(a) 
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(b) 

Figure 3. (a) Meshed geometry (b) Grid independence test for the channel configuration 5 295 

4. Validation 296 

The current numerical model is compared with the published results of Abo-Zahhad et 297 

al. [13]. The authors studied the effect of CJI on the performance of HCPV-T systems for 298 

different designs of heat sinks with various inlet configurations. Figure 4 shows the validation 299 

of the current numerical model with the results obtained by Abo-Zahhad et al. by comparing 300 

the cell average temperature for different mass flow rates at CR = 1000 suns and the ambient 301 

temperature of 25 °C. It is seen that the results of the current numerical model are in good 302 

agreement with those reported by Abo-Zahhad et al., with a maximum error of 1.8%. 303 
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 304 

Figure 4.  Validation of the current numerical model with literature 305 

 306 

5. Results and Discussion 307 

The present study investigates the influence of the CJI cooling scheme on the 308 

electrothermal performance of HCPV-T systems. A 25×25 mm aluminium heat sink is 309 

integrated at the backside of the solar PV cell and copper-ceramic assembly. Mixed convection 310 

and radiation boundary conditions are applied to the upper surface of the PV cell and copper 311 

layer, which are exposed to the environment. All sides of the solar cell, copper and ceramic 312 

assembly, and heat sink are subjected to convective boundary conditions.  313 

5.1 Uncooled condition 314 

The impact of high concentration on the CPV-T system's overall performance is 315 

evaluated for the uncooled condition. Figure 5 depicts the temperature contours over the cell 316 

top surface at various concentration ratios for uncooled conditions when the surrounding 317 

temperature is 25 °C. The maximum cell temperature reaches up to 876 °C at CR = 800, 686.7 318 

°C at CR = 500, 222.3 °C at CR = 100, and 119.4 °C at CR = 50 under no cooling conditions. 319 



21 
 

The heat transfer in the solar PV cell is governed by conduction, and heat generation in the 320 

solar PV cell is a function of available solar radiation. This leads to the high temperature of the 321 

cell at higher concentration ratios. Therefore, the maximum temperature difference on the PV 322 

cell surface is 12.45 °C at CR = 800 under no cooling conditions. At low concentration levels, 323 

a more uniform distribution of temperature is observed over the cell surface. Since the heat 324 

generation increases at higher concentration ratios and the top surface and sides of the PV cell 325 

are given convective boundary conditions, the maximum temperature at the centre of the PV 326 

cell increases. At higher concentrations, this causes non-uniformity at the cell surface and an 327 

increase in temperature. The temperature non-uniformity over the surface of the PV cell is 0.54 328 

°C at CR = 50, 1.13 °C at CR = 100, and 7.16 °C at CR = 500. A high non-uniformity of 329 

temperature over the cell surface leads to problems associated with current mismatching, 330 

leading to power losses. The high temperature of the solar PV cell leads to an increase in 331 

thermal stress over the cell surface. The maximum thermal stress is 145 MPa, 306 MPa, 1027 332 

MPa, and 1323 MPa for CR = 50, 100, 500, and 800, respectively. The thermal stress for 333 

uncooled conditions is much higher than the yield limit of Germanium. It results in permanent 334 

deformation followed by fracture of the solar PV cell. Therefore, in order to achieve a 335 

consistent temperature at higher concentration ratios, the solar PV cells must be cooled. 336 
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(a) (b) 

  

(c) (d) 

Figure 5. Temperature (°C) contour over cell top surface for uncooled conditions for (a) CR = 337 

50, (b) CR = 100, (c) CR = 500 and (d) CR = 800 338 

5.2 Cooled conditions 339 

The CJI cooling technique is applied to HCPV-T systems to keep the temperature 340 

within the safe limit. The effect of the coolant mass flow rate on the electrical and thermal 341 

performance of the HCPV-T system is studied by varying the ṁ to 25, 30, 35, 40, 45, and 50 342 

g/min. The lower mass flow rate is set to 25 g/min to avoid the flow boiling phenomenon. The 343 

current study is limited to cooling of the HCPV-T system using single-phase flow. The 344 

maximum mass flow rate is set to 50 g/min to avoid a sharp increase in pressure drop across 345 

the heat sink, which will reduce the net power output generated by the solar cell.  Channel 346 

configuration 1 is considered for this analysis for CR = 1000. At a concentration ratio of 1000, 347 

the temperature contour over the cell top surface of the rectangular channel cooling system is 348 

depicted in Figure 6. It has been noted that the maximum and average cell temperatures 349 

decrease when ṁ rises. The temperature on the cell top surface reduces from 63.55 °C for ṁ = 350 

25 g/min to 51 °C for ṁ = 50 g/min. As the mass flow rate rises, the kinetic energy of the jet 351 

increases. Higher mass flow rates cause the jet to impinge more forcefully on the heat sink 352 
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surface, increasing the convective heat transfer coefficient as more kinetic energy is 353 

transformed into pressure energy. As the coolant mass flow rate increases, the surface 354 

temperature decreases. Additionally, it has been noted that when ṁ increases, the maximum 355 

temperature uniformity significantly falls. The quantity of thermal energy that the coolant 356 

extracts from the PV cell reduces as the ṁ increases because the flow residence time is 357 

shortened. The temperature homogeneity on the PV cell surface decreases as a result. 358 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

 

Figure 6. Temperature (°C) contour over cell top surface for configuration 1 for mass flow 359 

rates of (a) 25, (b) 30, (c) 35, (d) 40, (e) 45 and (f) 50 g/min 360 

Figure 7(a) predicts the contour of velocity over the parallel mid-section plane of the 361 

fluid domain for configuration 1 at ṁ = 25 g/min and CR = 1000. The coolant velocity is 362 

maximum at the centre of the structure, where the jet enters the channel. As the jet impinges 363 

on the heat sink surface, the kinetic energy of the cooling fluid converts into pressure energy. 364 

As the coolant flows along the length of the channel, the coolant splits into two parts, and the 365 

velocity reduces. The effect of the hydrodynamic boundary layer on the coolant velocity can 366 

also be observed from the figure. Near the boundary region, the velocity of the cooling fluid is 367 

zero due to no-slip boundary conditions on the surface and is maximum at the centre of the 368 

cross-section of the channel. Figure 7(b) illustrates the velocity contour over the perpendicular 369 

mid-section plane of the fluid domain for channel configuration 1 at the same conditions. At 370 

the entrance of the inlet, the velocity of the jet is equal to the free stream velocity. As the jet 371 

enters the inlet section, the hydrodynamic boundary layer grows in the developing region. The 372 

effect of viscosity can be observed in the contour. Hence, to compensate for the total mass flow 373 
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rate of the cooling fluid, the maximum velocity in the central region of the jet increases. As the 374 

jet flows further along the inlet tube, the velocity in the central region of the jet reaches its 375 

maximum and strikes the heat sink surface.  376 

 377 

(a) 378 

 379 

(b) 380 

Figure 7. Velocity (m/s) contour on (a) parallel mid-section plane and (b) perpendicular mid-381 

section plane of the fluid domain for configuration 1 at ṁ = 25 g/min 382 

 383 
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Figures 8(a) and 8(b) show the temperature contour over the parallel and perpendicular 384 

mid-section plane, respectively, of the fluid domain for configuration 1 at ṁ = 25 g/min and 385 

CR = 1000. It can be observed that the temperature of the coolant is minimal at the centre of 386 

the heat sink due to the stagnation effect. The coolant temperature increases as it flows along 387 

the length of the channel due to the thermal energy being removed from the PV cell. The 388 

temperature of the coolant increases from 25 °C at the inlet to 49 °C at the outlet. The thermal 389 

boundary layer thickness is higher near the top surface than the bottom surface of the channel, 390 

as heat is conducted from the PV cell to the top wall of the channel.  391 

 392 

(a) 393 

 394 
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(b) 395 

Figure 8. Temperature (°C) contour on the (a) parallel mid-section plane and (b) 396 

perpendicular mid-section plane of the fluid domain for configuration 1 at ṁ = 25 g/min 397 

Figure 9 shows the variation in convective heat transfer coefficient along the length of 398 

the channel. It is observed that the value of h is at its maximum at the centre of the channel. As 399 

the jet strikes the heat sink surface at the centre, there is a stagnation point, and the HTC at the 400 

stagnation point is the highest. The thermal boundary layer starts to form from the stagnation 401 

point. Hence, the temperature gradient in the direction of heat transfer is at its maximum at the 402 

stagnation point. This leads to an enhanced surface heat coefficient at the stagnation point. As 403 

the coolant flows along the length of the channel, the HTC reduces because of the formation 404 

of the hydrothermal boundary layer. This helps in achieving a more homogeneous temperature 405 

distribution over the cell surface. 406 

 407 

Figure 9. Variation in convective HTC along the channel length 408 

5.3 Effect of channel geometry 409 
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The effects of channel geometry and mass flow rate of coolant on the electrical and 410 

thermal performance of the HCPV-T system are investigated by considering five 411 

configurations, as shown in Figure 2, for two flow rates of 25 and 50 g/min. Figure 10 depicts 412 

the temperature contours over the cell top surface for all the channel configurations for two 413 

different values of ṁ. The maximum temperature of the PV cell reduces from 975.9 °C in 414 

uncooled conditions to 63.4 °C, 69.3 °C, 64.3 °C, 68.07 °C, 69.1 °C for configurations 1, 2, 3, 415 

4, 5 respectively, with ṁ = 25 g/min at CR = 1000. The minimum cell temperature is obtained 416 

for channel configuration 1. Since the distribution of the coolant is uniform with channel 417 

configurations 1 and 3, it results in a reduction in the average temperature of the solar PV cell. 418 

Since the HTC increases with increasing coolant mass flow rate, it considerably reduces cell 419 

average temperature. 420 

ṁ = 25 g/min ṁ = 50 g/min 

 

  

(a) 
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(b) 

  

(c) 

  

(d) 
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(e) 

Figure 10. Temperature contour over cell top surface at CR = 1000 for (a) channel 421 

configuration 1, (b) channel configuration 2, (c) channel configuration 3, (d) channel 422 

configuration 4, and (e) channel configuration 5 423 

5.4 Effect of coolant mass flow rate 424 

Figure 11(a) displays the variation in cell average temperature with varying ṁ for all 425 

the channel configurations. The cell average temperature is 61.8 °C, 68.1 °C, 62.3 °C, 66.3 °C, 426 

66.9 °C at ṁ = 25 g/min, which decreases to 48.9 °C, 55.1 °C, 49 °C, 53.6 °C, 53.4 at ṁ = 50 427 

g/min for channel configurations 1, 2, 3, 4, 5, respectively. The cell average temperature is 428 

minimal with channel configurations 1 and 3 and highest with channel configuration 2. Since 429 

the effective length of contact between the coolant and heat sink is shorter with channel 430 

configuration 2, it results in an increased average temperature of the cell. The average 431 

temperature of the cell using the present cooling method is lower by 16.6 °C than that reported 432 

by Abo-Zahhad et al. [13] under the same conditions.  Furthermore, the cell average 433 

temperature reduces at higher coolant mass flow rates due to enhanced surface HTC.  434 
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(a) (b) 

  

(c) (d) 

Figure 11. Variations in (a) cell average temperature, (b) pressure drop, (c) cell electrical 435 

efficiency and (d) thermal efficiency with ṁ 436 

Figure 11(b) shows the pressure drop variation with ṁ for all configurations. The 437 

pressure drop is 301 Pa, 286 Pa, 521 Pa, 223 Pa, and 163 Pa for channel configurations 1, 2, 3, 438 

4, and 5, respectively, at ṁ = 25 g/min. The maximum pressure drop occurs with channel 439 

configuration 3. This happens due to 180° bends at each corner. The adverse pressure gradients 440 

near the outer and inner walls of the bends lead to increased pressure losses. It has been 441 

observed that the pressure losses are minimal with channel configuration 5. The flow is split 442 

into parts at each junction and mixed at the outlet. Hence, the pressure drop is minimal for 443 

channel configuration 5. It is found that the pressure drop across the heat sink is significantly 444 
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lower than that reported by Tang et al. [14] because of the mini-scale channel configurations 445 

in the present heat sink. The pressure drop across the heat sink increases for the increasing 446 

mass flow rate, since it is proportional to the flow rate of the coolant.  447 

Figure 11(c) shows the variation in cell electrical efficiency (ηcell) with ṁ for all channel 448 

configurations. The cell electrical efficiency is 38.5%, 38.2%, 38.5%, 38.3%, and 38.3% for 449 

channel configurations 1, 2, 3, 4, and 5, respectively, for ṁ = 25 g/min. The electrical efficiency 450 

of the PV cell depends on its operating temperature, according to equation 4. As the average 451 

cell temperature rises, the open circuit voltage of the cell reduces, resulting in a decrease in 452 

ηcell. Hence, ηcell is at its maximum with channel configurations 1 and 3 and is at its lowest with 453 

channel configuration 2.  454 

Figure 11(d) exhibits the variation in thermal efficiency with coolant flow rates for all 455 

channel configurations. The cell thermal efficiency is at its maximum of 55.1% with channel 456 

configuration 5 and is at its minimum of 54.8% with channel configuration 1. The cooling fluid 457 

temperature at the outlet is maximum with channel configuration 5 as the thermal energy 458 

extracted by the coolant is higher with channel configuration 5. This results in a higher ηth of 459 

the system with channel configuration 5. It is also observed that with an increased ṁ, there is 460 

a decrease in ηth of the PV cell due to a decrease in the available energy transformed into useful 461 

heat. As the electrical efficiency of the PV cell increases, the thermal efficiency decreases. 462 

A. Electrical power 463 

Figure 12(a) shows the variation in the generated electric power (Pel) for different ṁ for 464 

all channel configurations. It can be noted that the efficiency of the considered cell 465 

insignificantly changes throughout the day, as depicted in the datasheet [16]. The change in the 466 

solar irradiation from ×250 to ×1000 results in a slight variation in the cell efficiency value due 467 

to increased thermal losses within the cell; however, the produced power changes considerably. 468 

In this study, cell electrical efficiency is evaluated for different coolant mass flow rates at a 469 
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given solar irradiation, and the generated electrical power is directly proportional to the cell 470 

electrical efficiency for particular solar irradiation and CR. Hence, the Pel is maximum with 471 

channel configurations 1 and 3 and is minimal with channel configuration 2. Figure 12(b) 472 

depicts the variation in net electrical power generated by the CPVT system with ṁ for all 473 

channel configurations. At higher mass flow rates, the net electrical power is at its maximum 474 

for channel configuration 5. Since the pressure drop is minimal with channel configuration 5, 475 

the net electrical power is maximum at higher coolant mass flow rates for this case. Although 476 

Pel is at its maximum with channel configuration 1, the pressure losses increase with an increase 477 

in flow rate with channel configuration 1. This results in a reduction in net generated electrical 478 

power with channel configuration 1. Hence, channel configuration 5 is the best at higher 479 

coolant mass flow rates, producing the maximum net electrical power. 480 

 481 

(a) 482 
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 483 

(b) 484 

Figure 12. Variation in (a) cell electric power and (b) net electric power with ṁ 485 

B. Temperature non-uniformity 486 

Figure 13 shows the variation in temperature non-uniformity with ṁ for all channel 487 

configurations. The temperature non-uniformity is minimal with channel configuration 5 and 488 

is equal to 5.7 °C at ṁ = 25 g/min. The effective length of contact between coolant fluid and 489 

heat sink is less with channel configuration 2. Hence, the temperature non-uniformity is at its 490 

maximum with channel configuration 2. The temperature non-uniformity at ṁ = 50 g/min is 491 

6.8 °C, 7.6 °C, 7 °C, 6.3 °C, and 6.3 °C, respectively, for configurations 1, 2, 3, 4, and 5. As ṁ 492 

increases, the thermal energy removed by the coolant from the heat sink reduces due to a lesser 493 

residence time of the coolant in the channel. This results in a rise in temperature non-uniformity 494 

over solar PV cell surface. The temperature uniformity over the cell surface is higher in this 495 

study than that reported by Dong et al. [11] and Shohdy et al. [15], as mentioned earlier, due 496 

to the incorporation of the channel configurations in the heat sink. The variation in HTC along 497 

the channel length helps maintain a more homogeneous temperature over the solar PV cell 498 
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surface. At the centre of the PV cell, the maximum cell temperature occurs; therefore, the jet 499 

is designed to impinge at the centre of the cell to have maximum convective heat transfer. 500 

 501 

Figure 13. Variation in temperature non-uniformity with coolant mass flow rate 502 

 503 

C. Cell exergy efficiency 504 

Figure 14(a) shows variation in electrical exergy efficiency with coolant flow rates for 505 

all channel configurations. The electrical energy can be fully converted to heat energy. Hence, 506 

the net electrical power, accounting for the difference between the electrical energy produced 507 

and the frictional power loss, is considered to be electrical exergy. Hence, it follows the same 508 

trend as the net electrical power generated. At higher values of ṁ, the maximum electrical 509 

exergy of 0.365 at ṁ = 50 g/min is obtained with channel configuration 5 and is minimal of 510 

0.357 at ṁ = 50 g/min with channel configuration 3.  Figure 14(b) depicts the variation in 511 

thermal exergy efficiency with ṁ. Out of the total thermal energy, the maximum amount of 512 

work that can be obtained depends on the temperature at which thermal energy is obtained. 513 

Thermal energy is not entirely available for the production of useful work. The trend of 514 
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variation in thermal exergy with mass flow rate is similar to the variation in thermal energy. 515 

The maximum thermal exergy of 0.25 is obtained at ṁ = 25 g/min with channel configuration 516 

5. It signifies that out of 55.1% of thermal efficiency, only 25% of the energy can be converted 517 

into useful work for channel configuration 5 at ṁ = 25 g/min. 518 

 519 

(a) 520 

 521 

(b) 522 

Figure 14. Variation in (a) electrical exergy and (b) thermal exergy efficiencies with ṁ 523 
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D. Thermal and bending stresses 524 

Figure 15 shows the local thermal and bending stress distributions on PV cells for 525 

configuration 5 and uncooled conditions reaching cell temperature at 876 °C. It has already 526 

been observed that temperature gradients exist over the solar PV cell surface. Since the 527 

Germanium layer is attached to the copper layer, this leads to thermal stress generation on the 528 

solar PV cell surface. The thermal stress is maximum at the centre of the PV cell surface, as 529 

the maximum temperature difference occurs at the centre of the PV cell. As the distance 530 

increases gradually along the centre line from the centre, the thermal stress decreases because 531 

of the lower temperature difference over the solar PV cell surface. The maximum thermal stress 532 

is 49.4 MPa at the centre, and the minimum thermal stress is 42.6 MPa at the edges for 533 

configuration 5. In uncooled conditions, the maximum and minimum thermal stresses are 1323 534 

MPa and 1307.55 MPa, respectively. The yield limit of the Germanium layer is 135 MPa. The 535 

thermal stress for uncooled conditions is much higher than the yield limit of the Germanium 536 

cell. Hence, it results in a plastic deformation followed by a fracture of the PV cell. 537 

The bending stress distribution in the PV cell for configuration 5 at ṁ = 50 g/min can 538 

be observed. There is no slip between the Germanium and copper layers. This results in tensile 539 

stress in the germanium PV cell layer and compressive stress in the copper layer due to 540 

disparate values of CTE. The total strain in the Germanium layer is the summation of strain 541 

due to temperature change and the strain due to bending stress. The maximum bending stress 542 

occurs at the centre of the PV cell due to the high temperature at the centre. The maximum 543 

bending stress is 9.47 MPa at the centre, and the minimum bending stress is 8.13 MPa at the 544 

edges. The maximum deflection of 12 μm occurs at the centre of the PV cell. The bending 545 

stress is well within the yield limit of the Germanium layer. Hence, the generated bending stress 546 

is not significant. However, the bending stress is 238 MPa with a maximum deflection of 300 547 

μm at the centre of the PV cell for the uncooled conditions where the cell temperature reaches 548 
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up to 876 °C. In uncooled conditions, it results in the bending of the PV cell beyond the elastic 549 

limit and causes permanent deformation of the PV cell, affecting its working life. Therefore, 550 

the cooling of PV cells is essential to restrict the thermal and bending stresses within an elastic 551 

limit. 552 

 553 

Figure 15. Thermal and bending stresses in the PV cell of configuration 5 for ṁ = 50 g/min 554 

5.5 Effect of channel gap 555 

Figure 16 shows the effect of the gap between channels on the CPV-T system 556 

performance. The cell average temperature is 53.45 °C, 53.9 °C, and 54.4 °C with the channel 557 

gap 0.5 mm, 0.8 mm, and 1 mm, respectively. The cell average temperature increases with an 558 

increase in the gap between channels. Since the number of passes for the coolant to flow in 559 

channels reduces with an increase in channel gap, this increases the cell average temperature. 560 

This also increases temperature non-uniformity over the cell surface because the contact path 561 

length between the coolant and the heat sink reduces.  562 
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 563 

Figure 16. Effect of channel gap on cell average temperature and temperature non-uniformity 564 

6. Conclusions 565 

This paper evaluates the effectiveness of the confined jet impingement (CJI) cooling 566 

technique on the performance of highly concentrated photovoltaic thermal systems. Five 567 

different channel designs are proposed in this study. The performance of the HCPV-T systems 568 

is observed at different inlet mass flow rates for each of the channel configurations. All the 569 

channel configurations achieve the cell average temperature within permissible limits of 110 570 

°C. Channel configuration 1 reaches the minimum cell average temperature. However, the net 571 

electrical power is reduced for higher mass flow rates with channel configuration 1 since the 572 

pressure drop increases sharply at higher mass flow rates. The pressure drop is minimal with 573 

channel configuration 5, which is a quadrant mini-channel with a single inlet. At higher mass 574 

flow rates, the net electrical power reaches a maximum with channel configuration 5. The 575 

temperature of the coolant at the outlet is the maximum for channel configuration 5, and the 576 

thermal efficiency is maximum with channel configuration 5. The highest temperature 577 

uniformity is obtained with the channel configuration 5. Hence, the thermal stress over the PV 578 
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cell surface is minimal with the channel configuration 5. Hence, the optimum channel 579 

configuration is configuration 5. The maximum and minimum thermal and bending stresses 580 

occur at the centre and edge of the cell, respectively; however, the lowest stress values are 581 

found for channel configuration 5. The bending stress of the centre of the PV cell is 582 

significantly lower with channel configuration 5 compared to the uncooled conditions. The 583 

proposed channel will be useful in cooling the highly concentrated PV-T system and achieving 584 

high electrical and thermal efficiencies with better temperature uniformity, thereby eliminating 585 

the problems associated with current mismatching and hotspots. The mini-channel 586 

configurations eliminate the problems associated with flow maldistribution and high-pressure 587 

drops. Moreover, the proposed channel configurations can be employed in the study of hybrid 588 

cooling systems such as CJI and thermoelectric cooling of CPV-T systems. The channels have 589 

been designed in such a way that the maximum cooling occurs at the highest temperature zone 590 

and then decreases along the path to achieve uniform surface temperature. 591 
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