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A B S T R A C T   

High concentration photovoltaic thermal hybrids are expected to play an important role in meeting growing 
energy demands. When approaching concentrations over 1000 suns, a cooling system is needed to maximise both 
the thermal and electrical performance of the multi-junction solar cell without producing excessive parasitic 
losses. 

This study develops a novel simulation model to provide an in-depth understanding of the functionality of a 
concentrated photovoltaic thermal hybrid system with serpentine-based cooling systems. An ultra-high 
concentrator photovoltaic optic irradiance profile (peak effective concentration ratio: ~1500 suns) is consid-
ered within the simulation model, which has been validated through indoor experimentation. The effectiveness 
of cooling is also evaluated through maximum thermal stresses generated in the multi-junction solar cell. The 
double serpentine design was deemed the highest performing, primarily because of the single serpentine’s 
excessive pressure drop. Copper as the heat sink material yielded superior performance because of its higher 
thermal conductivity. The maximum total exergetic efficiency achieved by the receiver was ~ 10.9% with this 
configuration. Compared to some examples in the literature this value may seem low, however, it is more ac-
curate due to the inclusion of a specific irradiance profile. All serpentine-based cooling systems could maintain 
the recommended operating temperature.   

1. Introduction 

With a growing interest in renewable energy, it is vital to improve 
the performance and applicability of renewable energy generators. The 
use of concentrated photovoltaic thermal (CPV/T) hybrids has a lot of 
potential in this area. The use of relatively cheap optics to focus light 
onto more expensive, and more efficient multi-junction (MJ) solar cells 
can yield higher electricity production. The consequential heat flux 
caused by the intense solar irradiance can be extracted for later appli-
cation, further improving the potential of the system. As CPV/T tech-
nology reaches ultra-high (UH) concentrations, highly effective cooling 
systems are needed which can maintain somewhat uniform temperature 
profiles whilst maximising the waste heat capture. Pairing a serpentine- 
based cooling geometry with a high concentration 5.5 × 5.5 mm2 MJ 

solar cell can lead to new records in concentrated photovoltaic (CPV) 
systems power outputs without substantial detriment to system lifetime. 
From a previous literature review, cooling systems with centralised in-
lets are the most promising for point focused systems [1,2]. Previous 
researchers have suggested that solar cells under concentrations greater 
than 400 suns can reach temperatures substantially higher than rec-
ommended for operation (greater than110 ℃) with no heat sink [3,4]. 

Ahmed et al. [5] conducted a theoretical investigation into the 
effectiveness of serpentine cooling schemes for MJ cells under high 
concentration, specifically the side inlet serpentine and the central inlet 
serpentine. It was found that the central inlet serpentine was superior 
and showed higher exergetic efficiencies. The power input is set as a 
uniform heat source within the germanium layer of the solar cell. The 
manufacture tolerance is 0.5 mm throughout the channels. Pumping 
power is excessive due to the long flow path. At 1500 suns, the solar cell 

Abbreviations: CPV/T, Concentrated photovoltaic/thermal; MJ, Multi-junction; UH, Ultra-high; CPV, Concentrated photovoltaic; SS, Single serpentine; DS, Double 
serpentine; HTF, Heat transfer fluid; DNI, Direct normal irradiance. 

* Corresponding author. 
E-mail address: wc303@exeter.ac.uk (W.J. Cameron).  

Contents lists available at ScienceDirect 

Applied Thermal Engineering 

journal homepage: www.elsevier.com/locate/apthermeng 

https://doi.org/10.1016/j.applthermaleng.2023.121183 
Received 14 July 2022; Received in revised form 17 May 2023; Accepted 16 July 2023   

mailto:wc303@exeter.ac.uk
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2023.121183
https://doi.org/10.1016/j.applthermaleng.2023.121183
https://doi.org/10.1016/j.applthermaleng.2023.121183
http://creativecommons.org/licenses/by/4.0/


Applied Thermal Engineering 234 (2023) 121183

2

efficiency reached 35.7% and the total system exegetic efficiency 
reached 35.0% when modelled with uniform irradiance. Alamri et al. 
[6,7] combined COMSOL Multiphysics’ Ray Optics and Heat Transfer in 
Solids and Fluids physics packages. The cooling system is simple as the 
focus is placed on the ray tracing section. No exergetic efficiency is 
calculated, however, the thermal energy is applied to an organic 
Rankine cycle. Coupling physics packages directly in COMSOL suggests 
the heat generated is a flux over the surface of the cell, rather than a 
volumetric heat source which is preferred. Electrical efficiencies vary 
between 38.8 and 39.3% under a geometric concentration ratio of 400 
suns. Gao et al. [8] simulated and experimentally validated a low con-
centration (4 suns) CPV/T with a non-MJ bifacial solar cell, an exergy 
analysis is also included. The heat sink has a central inlet, but the ge-
ometry has a relatively small convective heat transfer area, meaning it 
would likely not yield good performance at higher concentration ratios. 
Hamdy et al. [9] conducted an exergoeconomic investigation for a 
parabolic trough solar collector and found that high exergy outputs 
yielded the most economic system, unless there is a large difference in 
investment cost. Felsberger et al. [20] found low electrical efficiencies at 
first but found that calibration of the optic and cell position gave a boost 
from the feasibility test. Several studies have used the uniform heat 
source germanium approach within the literature [10–16], others have 
approximated using gaussian distribution [17,18], few have used 
coupled ray tracing. Uniform heat sources neglect heat generated by 
irradiance peaks which are vital considerations for heat sink design. 
Gaussian distributions are much easier to model in comparison to irra-
diance distributions based on ray tracing, it is important to compare 
these options and the resultant error each cause. It is important to link 
the irradiance distribution to the heat flux to precisely design micro-
channel geometry through computational thermo-fluid dynamics. 
Removal of broad assumptions leads to more realistic performance in-
dicators, particularly lower efficiency values. Studies with theoretical 
focus need to use experimental data for validation to ensure accuracy, 

preferably this will be specific to the experimental set up as in [19–21]. 
When this is not possible, several studies use literature data to validate 
the model when set to the same boundary conditions ([22,23]), although 
this adds less certainty. Papis-Frączek and Sornek [2] warned against 
directly comparing efficiency values for actively cooled CPV/Ts due to 
the misleading effect of different operating conditions. 

The objective of the present study is, firstly, to understand the in-
fluence on the performance of a CPV/T with a peak concentration ratio 
up to ~ 1500 suns equipped with various serpentine-based cooling 
schemes. For this study, serpentine cooling systems consist of central 
inlet microchannels which spiral outwards from the centre of the heat 
sink. These can maximise the heat transfer area between fluid and metal 
while introducing the lowest temperature section of the fluid to the 
point of maximum heat flux. Thus, guaranteeing a high heat transfer 
rate. Single and double configurations are included, where the name of 
the configuration describes the number of flow paths within the chan-
nels. Secondly, considering each part of the CPV/T, and integrating 
optical simulation through ray tracing to electrical power and heat 
generation, allowed the creation of a thorough simulation method which 
has been experimentally validated. The novelty of this study is found in 
the specific design of the heat sinks presented, the validation of the 
simulation method, and the evaluation of the performance and specific 
UH concentration conditions. The full system simulative model is used 
to explore the effect of the heat sink configurations, mass flow rate, and 
irradiance profile on different performance indicators. These include: 
the maximum solar cell temperature, cell temperature non-uniformity, 
thermal stress generation, as well as the electrical and thermal energy 
and exergy efficiencies. 

Nomenclature 

H Height 
R Radius 
d/D Diameter 
d Depth 
t Thickness 
L Length 
W Width 
Al Aluminium 
Cu Copper 
η Efficiency 
ln Natural logarithm 
I Short circuit current 
C Concentration factor 
β Temperature coefficient 
ρ Density 
cp specific heat capacity 
k Thermal conductivity 
μ Dynamic Viscosity 
T Temperature 
P Power 
A Area 
Q̇ Energy rate 
ΔT Change in temperature 
R Resistance 
E Exergy 
ξ Exergetic efficiency 
E Young’s modulus 

ν Poisson’s ratio 
α Coefficient of thermal expansion 
V̇ Volumetric Flow rate 
p Pressure drop 
ṁ Mass flow rate 

Subscripts 
ch Channel 
wall Wall 
in Inflow 
out Outflow 
cell Relating to solar cell 
top Top 
ref reference 
sc Solar cell 
opt optical 
heat Thermal 
max Maximum 
min Minimum 
f Fluid 
pump Pump 
tot total 
sys System 
elec Electrical 
sun/s Solar 
a Ambient 
eff Effective 
conc Under concentration 
bare Not under concentration (normal irradiance)  
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2. Physical model and theoretical approaches 

2.1. Physical models 

Building on the original serpentine cooling scheme by Ahmed et al. 
[5], new designs have been developed with notable changes. Firstly, all 
designs have been scaled to an AZURE SPACE 5.5 × 5.5 mm2 MJ-CPV 
cell ADDIN CSL_CITATION [24] rather than the 10 mm2 CPV cell used 
in the original system. Secondly, the expected concentration ratios and 
illumination profiles are based on specific optical systems rather than 
scaled volumetric energy inputs. The manufacture tolerance has been 
changed to make construction easier. In this case the channel width is 1 
mm, but the channel walls remain 0.5 mm. From the literature it is clear 
that maximising the convective heat transfer area is beneficial to pro-
mote cooling ability. Generally, this is achieved by maximising the 
number of channels and minimising the thickness of channel walls. 
Hence, the manufacture tolerance is chosen to produce the smallest 
channels without needing highly specialised equipment. The dimensions 
are detailed in Table 1 and Table 2. Additionally, two heat sink materials 
are evaluated. Namely, aluminium, which is used in the original pro-
posal, and copper. Material properties are shown in Table 3, data from 
[15]. The schematic diagrams of the proposed heat sinks are presented 
in Fig. 1 and Fig. 2. 

The original single channelled central inlet serpentine has been 
converted into the single serpentine (SS), to counter the dead-zone of 

fluid flow observed in the central cavity, a double serpentine (DS) has 
been proposed. The DS shortens the flow path length which reduces the 
pressure drop as well as the average fluid temperature. Both designs can 
be seen in Fig. 1. Corner holes without countersink attach to fasteners 
which hold the CPV cell module in place. The inlet for the heat transfer 
fluid (HTF) is directly beneath the cell, as is shown in Fig. 2. The same 
dimensions are used in both, where applicable. The depth of the slot for 
the solar cell within the top heat sink layer is half the depth of the 
bottom two layers of the solar cell circuit board, to prevent short cir-
cuiting and to maintain the cell position. The flow rate is evaluated in 
the laminar range for each cooling system geometry where the tem-
perature profile converges, between 40 and 300 g/min. The SS heat 
sink’s maximum flow rate is 250 g/min due to the substantial pressure 
drop, which limited the flow range during experimentation. 

Two concentrator optics are investigated. A 21 cm2 square Fresnel 
lens with an optimal focal length of 43 cm, where the material, silicon- 
on-glass, has a refractive index of 1.45. An UH concentration irradiance 
profile is simulated based on the UH-CPV optic developed by the Uni-
versity of Exeter’s solar energy research group [25]. The optimal focal 
image of each optic is used. The indoor experimental analysis is used to 
validate the theoretical model, outdoor conditions are then estimated 
using this methodology. 

2.2. Mathematical approach 

This mathematical model uses an iterative solver with the general-
ised residual method at tolerance 103 in COMSOL 5.6. The electrical 
efficiency is based on the cell temperature and the reference efficiency 
for a concentration ratio. The reference efficiency value as a function of 
concentration can be roughly represented by a second-degree poly-
nomial, the effect of the temperature is linear and can be added leading 
to the following equation: 

ηsc = − 0.0000023C2 + 0.00323354C + 41.42 −
(
βref (Tsc − 25)

)
(1) 

Where βref is 0.046% for the 2014 AZUR SPACE 5.5 × 5.5 mm2 solar 
cell ADDIN CSL_CITATION {“citationItems”:[{“id”:“ITEM-1″,”item-
Data“:{”abstract“:”Sun Concentration Isc [A] Voc [V] IMPP [A] VMPP 
[V] PMPP [WMPP] FF [%] Ŋ [%] Version MC/Air Grid optimized for 
medium concentration + Antireflective Coating adapted to air X 250 
Sun Concentration Isc [A] Voc [V] IMPP [A] VMPP [V] PMPP [WMPP] 
FF [%] Ŋ [%]“,”author“:[{”dropping-particle“:”“,”family“:”AzurSpace“, 
”given“:”“,”non-dropping-particle“:”“,”parse-names“:false,”suffix“:”“}], 
”id“:”ITEM-1″,“issued”:{“date-parts”:[[“2014″]]},”title“:”Enhanced Fres 
nel Assembly-EFA Type: 3C42A-with 5,5x5,5mm2 CPV TJ Solar Cell 
Application: Concentrating Photovoltaic (CPV) Modules Typical Aver 
age Electrical Data“,”type“:”article-journal“},”uris“:[”https://www.me 
ndeley.com/documents/?uuid = b7043ad0-7f7b-3f07-bbb7-df409f8e3 
83f“]}],”mendeley“:{”formattedCitation“:”[24]“,”plainTextFormatted 
Citation“:”[24]“,”previouslyFormattedCitation“:”[23]“},”properties“: 
{”noteIndex“:0},”schema“:”https://github.com/citation-style-language 
/schema/raw/master/csl-citation.json“}[24]. The efficiency across con 
centration and temperature can be seen in Fig. 3. This is used to predict 
the performance of the solar cell at concentration ratios where no 
experimental data is available. 

The following assumptions are made within the theoretical model:  

• Heat is generated in the germanium layer of the cell [26]. Light 
incident on the non-photovoltaic surface directly generates a heat 
flux.  

• Physical properties of the HTF (water) vary with temperature as in 
the following equations (where Tf is in K) [14]: 

ρ(kg/m3) = − 0.003Tf
2 + 1.505Tf + 816.781 (2)  

cpf (J/kgK) = − 0.0000463Tf
3 + 0.0552Tf

2 − 20.86Tf + 6719.637 (3) 

Table 1 
Dimensions of various layers of the CPV/T.  

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

GalnP  5.5  5.5  0.07 
GalnAs  5.5  5.5  0.07 
Ge  5.5  5.5  0.07 
Copper-I  15.0  16.6  0.25 
Al2O3-Ceramic  18.0  19.6  0.32 
Copper-II  18.0  19.6  0.25 
Thermal Paste  18.0  19.6  0.30 
Heat sink 

(Top plate)  
36.0  36.0  4.8 

Heat sink 
(Bottom plate)  

36.0  36.0  3.0  

Table 2 
Detailed dimensions of cooling system geometries.  

Parameter Value (mm) Parameter Value (mm) 

Hch  3.0 Rch  0.5 
din  2.0 Rwall  0.4 
din,2  4.0 Wout  3.0 
Wch  1.0 dout  2.0 
tch  0.5 Lin− ch  2.5 
Ltop− ch  1.5 dcell  0.3  

Table 3 
Material thermophysical properties of the CPV/T.  

Material Specific 
heat (J/kgK) 

Thermal 
conductivity (W/ 
mK) 

Density 
(kg/m3) 

Emissivity 

GaInP 370 73 4470  0.9 
GaInAs 550 65 5316  – 
Ge 320 60 5323  – 
Copper 385 400 8700  0.05 
Al2O3- 

Ceramic 
900 27 3900  0.75 

Aluminium 900 160 2700  0.05 
Thermal 

Paste 
800 10 4000  –  
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kf (W/mK) = − 0.000007843Tf
2 + 0.0062Tf − 0.54 (4)  

μf (Pas) = 0.00002414 × 10(247.8/Tf − 140) (5)    

• Natural convection and radiative heat losses are considered over all 
exposed surfaces of the module. Convective heat transfer coefficient: 
15 W/m2K [16].  

• The HTF is assumed to be steady, weakly compressible, and laminar.  
• Cross flow between the channel walls does not occur.  
• Effect of gravity and viscous dissipation have been ignored.  

• The fluid inlet temperature is 25 ◦C.  
• The pressure at the outlet is considered atmospheric.  
• The optical concentrator is perfectly aligned to the solar cell and the 

irradiance profile is not affected by the Fresnel lens temperature.  
• Direct normal irradiance (DNI) is 1000 W/m2, simulating relatively 

extreme conditions. Light rays are monochromatic, with a wave-
length of 660 nm [27].  

• Losses caused by nonuniformities in the irradiance profile are 
insignificant as the peak to average ratio is well below 4 [28,29].  

• The parasitic losses for cooling the circulating fluid are excluded  
• The energy flux over the receiver is: 

Fig. 1. Single serpentine CPV/T module (left), and double serpentine CPV/T module (right).  

Fig. 2. Vertical (X-Y) cross section through the centre of the double serpentine module.  
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Popt = AoptDNIηopt (6)   

Consequently, the input heat rate is:  

Q̇heat = Popt − Psc,elec (7) 

Where Psc,elec is found by evaluating the following equation over the 
mesh of the germanium layer of the solar cell: 

Psc,elec = Popt × ηsc (8) 

The system performance is evaluated in several ways, after 
measuring the maximum and minimum solar cell temperature we can 
find the cell temperature non-uniformity: 

ΔTsc = Tsc,max − Tsc,min (9) 

The heat sink’s thermal resistance (K/W) is calculated as: 

Rth =
Tsc,max − Tf ,in

Q̇heat
(10) 

Where a heat sink is preferred to have a low value. Pumping power is 
estimated as: 

Ppump = V̇Δp (11) 

Net electrical efficiency is evaluated over the germanium layer mesh, 
multiplying this by the light power volumetrically gives the electrical 
power produced. The system’s net electrical efficiency (which differs 
from the specific cell electrical efficiency) considers all irradiance inci-
dent on the CPV module. This is defined as: 

ηsys,elec =
Psc,elec − Ppump

Popt
(12) 

Thermal power is found by integrating the following equation over 
the module outlet: 

Q̇th = ṁcpf (Tf ,out − Tf ,in) (13) 

By integrating the equation across the outlet, a more accurate value 
is attained than would be when using the average temperatures. The 
thermal efficiency is found by: 

ηth =
Q̇th

Popt
(14) 

Naturally, the total system efficiency (excluding parasitic losses for 
sun tracking and pumping power outside the cooling system) is: 

ηsys,tot =
Q̇th + Psc,elec − Ppump

Popt
(15) 

Note that this value describes the efficiency of the CPV module based 
on the irradiance incident on the module surface, hence, the optical 
efficiency of the concentrator is not included. Similarly, the exergy ef-
ficiencies are taken as a percentage of the solar energy incident on the 
receiver module, rather than the input aperture of the primary optic. 

2.3. Method of exergy analysis 

Exergy analysis in this study is similar to those feature in [5,8,30,31]. 
Firstly, solar exergy (where Ts is 6000 K) is defined as: 

ESun = C

[

1 −
3
4

(
Ta

Ts

)

+

(
Ta

Ts

)4
]

(16) 

Electrical exergy efficiency is therefore: 

ξElec =
PElec − Ppump

ESun
(17) 

Thermal exergy is estimated as: 

Eth = ṁcp,f

{
(
Tf ,out − Tf ,in

)
− (Ta + 273)ln

(
Tf ,out + 273
Tf ,in + 273

)}

(18) 

It follows that the thermal exergetic efficiency is: 

ξth =
Eth

ESun
(19) 

Naturally, the total exergetic efficiency is: 

ξTotal = ξth + ξElec (20) 

Note that this excludes losses for the optic, such as the transmissivity 
of the lenses, reflectivity of mirrors or the electricity used for solar 
tracking. 

2.4. Method for optical coupling 

Using the COMSOL 5.6 Ray Optics package the irradiance distribu-
tion of a 21 cm2 Fresnel lens is incorporated, as well as the irradiance 
profile of a Fresnel-based UH concentration optic. The geometric con-
centration ratio of each primary optic’s inlet aperture and the solar cell 
is ~ 1500 suns and ~ 6000 suns respectively. To save on computational 
power, the optical analysis is done separately on a copper plate. The 
irradiance applied over the cell represented as a heat source (uniform in 
cell depth but varying with focal image in × and z axes) where the total 
energy in this heat flux is the power leftover after electrical power 
generation. The electrical power is found by applying equation (8) over 
the active area of the solar cell. By separating these physics packages, 
the heat over the cell can be generated as a volumetric domain heat 
source rather than a surface heat flux. The irradiance of the focal spot 
which misses the cell is added as a surface heat flux. 

An alternative focal image based on the measured diameter has been 
produced using a Gaussian distribution to determine how valid this 
simplification is, since Gaussian ray distributions have been observed 
[32]. The power of the concentration (integrated energy flux over area) 
is the same in each case and is based on the energy flux over the con-
centrator’s exposed surface and its optical efficiency (transmissivity) 
measured using a spectrophotometer. 

Since the physical validation experiment is under a WACOM solar 
simulator [Model no. WXS-210S-20], we must consider the focal image 
when the Fresnel lens is illuminated by the divergence angle of sunlight 
(0.27◦) and the solar simulator (1.43◦). The resultant optimum focal 
spots can be seen in Fig. 4A-D, with peak concentrations of 302.17 suns 

Fig. 3. Cell efficiency as a function of concentration ratio and temperature.  
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and 87.06 suns (where 1 sun = 1000 W/m2) under outdoor and indoor 
conditions, respectively. Note the outdoor DNI value is fixed at 1000 W/ 
m2 for the theoretical study. The local concentration ratio feeds into 
equation (1) to calculate cell efficiency. The diameter of each focal 
image is 1.2 cm and 2.8 cm respectively. The solar simulator’s focal 
image diameter has been confirmed experimentally. The number of rays 
released in the model is increased until results stabilise [33]. The 
number of rays released in Fig. 4A-D and Fig. 4E-F is 110,000 and 
500,000, respectively. The light rays are monochromatic with a wave-
length of 660 nm, this is used as an approximate average for the 
wavelengths that produce a spectral response from the MJ solar cell 
(~300–1800 nm). The cell absorptivity it set to 85% [4] to account for 
the differences in global and direct irradiance produced by the solar 

simulator’s AM1.5G filter and the light reflected by the cell for wave-
lengths of 300 nm to 1850 nm. The effective concentration is defined as 
the average irradiance incident on the active area of the solar cell in 
suns. Experimentally, this is found using the ratio of short circuit current 
under concentration, Isc,conc, to short circuit current with no concentra-
tion, Isc,bare: 

Ceff = Isc,conc/Isc,bare (21) 

There is some error between theoretical and experimental values, as 
the short circuit current is affected non-linearly by the concentration 
and by the cell temperature. The UH-CPV optical image is based on a 
multistage optic which uses 4 of the same Fresnel lenses. These 
concentrate on to Reflectech mirrors (with a ηopt of 87%) which direct 

Fig. 4. (A/C) Ray tracing of Fresnel lens focusing to a copper plate using the WACOM solar simulator’s divergence angle (1.43◦) and the sunlight’s divergence angle 
(0.27◦) (B/D) Focal spots generated by each respective divergence angle over an area of 36 mm2. (E) Ray Tracing of UH-CPV optic (F) focal spot generated by UH- 
CPV optic. 
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the light to the solar cell. This ray tracing method is conducted in the 
same way as the previous images under the sun’s divergence angle. The 
maximum concentration ratio generated by this irradiance profile is 
1534.10 suns, as seen in Fig. 4E-F. Fig. 4 shows the average Ceff based on 
the concentration ratio of irradiance within the ray tracing model over 
the solar cell area. The UH-CPV optic is only considered in outdoor 
conditions. The total ηopt is 89% for the single Fresnel lens (for indoor 
and outdoor conditions), 77.4% for the UH-CPV optic. 

2.5. Thermal stress coupling 

Using COMSOL 5.6 Solid Mechanics package and Thermal Expansion 
Multiphysics, thermal stress is evaluated as in [34,35]. Different mate-
rials have different expansion coefficients, thus when heated, physical 
stress will be generated between different materials. To interpret effect 
on the lifetime we shall investigate the thermal stresses generated be-
tween the cell and the top copper layer of the cell’s circuit board. This 
will be evaluated in terms of the von Mises stress (MPa) where a lower 
stress is preferrable. The structural properties of the materials in this 
section of the study are detailed in Table 4. 

3. Validation of numerical solution 

3.1. Theoretical validation 

A mesh independence study has been conducted. The number of 
mesh elements has been varied to determine how the number of ele-
ments affects the solution. This study and the meshed model for the 
Aluminium SS model are presented in Fig. 5. To balance computational 
time and solution accuracy, 6.44 × 105 elements was chosen with 
relatively little error. 

Table 4 
Structural properties used in stress analysis.  

Layers Young’s 
modulus (E, 
GPa) 

Poisson 
ratio (ν) 

Coefficient of thermal 
expansion (α, 1/◦C) 

Copper  110.0  0.35 1.7 × 10-5 

GaInP, 
GaInAs, & 
Ge  

102.7  0.28 6.1 × 10-6  

Fig. 5. (A) Mesh independence analysis in terms of solar cell temperature (B) Mesh of single serpentine model using 6.44 × 105 elements.  

Fig. 6. Predicted temperature profile solar cell with no cooling aid assuming: (A) uniform illumination (B) gaussian illumination. (C) comparison to other studies.  
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The focal spot under outdoor conditions has been compared to other 
theoretical studies for a 10 mm2 solar cell with no heat sink under a 
geometric concentration ratio of 500 suns, Aldossary et al. [3] assumes 
uniform illumination as is standard within the literature, Alamri et al. 
[7] use COMSOL’s Ray Optics physics package. As is seen in Fig. 6, good 
agreement is found when using the same boundary conditions. 

3.2. Experimental validation 

The serpentine cooling modules under a single Fresnel lens were 
exposed to a class AAA WACOM solar simulator with a Xenon short-arc 
lamp with a UV filter and an AM1.5G filter to emulate a solar irradiance 
approximating 1000 W/m2. AM1.5D is preferred when evaluating 
concentrator photovoltaics, hence the factor of 85% has been applied to 
account for the light scatter [4]. Test samples can be seen in Fig. 7. 

A Fluke PTi120 thermal imaging camera was used to find the peak 
experimental temperatures over the surface of the solar cell, type K 
thermocouples were used to determine the fluid inlet and outlet tem-
peratures. The uncertainty of these are ± 2% and ± 0.75%, respectively. 
An EKO mp-160 IV tracer was used to track the maximum power point 
value with an error of ± 0.5%. To combat the effect of the flicker of the 
solar simulator arc lamp, several IV tracer measurements were taken and 
averaged. A likely cause of error is cross flow occurring between the 
channels, shortening the flow path. This is more likely to occur at higher 

flow rates due to the added pressure of the fluid. The power loss through 
wires between the IV tracer and the solar cell contribute to error in the 
power values, as well as the discrepancy between AM1.5G and AM1.5D. 
Fig. 8 shows the maximum temperature found through indoor experi-
mentation of each module over a range of flow rates with a comparison 
to the different simulation models. The maximum error found in the 
peak cell temperature for the ray trace-based study was 3.17%. The 
experimental Ceff was 82.88 suns, which fits closely to the ray traced 
image with an average Ceff of 85.59 suns. The gaussian method produced 
an average Ceff of 255.78. 

Physical validation experiments revealed that while the gaussian 
distribution of irradiance resulted in relatively accurate values for the 
temperature profile (with error of ~ 12%), the electrical power output 
was higher than expected. This is because of the steep shape of the peak; 
excessive energy is converted into electrical power. Across all Gaussian- 
based models, the lowest electrical power produced was 2.7 W. For cases 
where a significant proportion of the light spills past the solar cell, the 
gaussian irradiance cannot guarantee accurate results, hence ray tracing 
is recommended for this study. Fig. 9 shows the electrical power pro-
duced by the solar cell for each module over a range of flow rates, with 
comparison to the different simulation models. The maximum error 
found in the electrical power was 0.37% for the ray trace-based study. 

The outlet temperature was lower than the simulation predicted. 
This is because the simulation considers the module as fully insulated 

Fig. 7. (A/B) Models of serpentine cooling modules used in physical experiments, from left to right: SS Al, DS Al, SS Cu, DS Cu. (C) CPV module connected to pump 
and IV tracers with thermocouples (D) testing apparatus underneath WACOM solar simulator. 
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after convection and radiation whereas in reality, there are losses due to 
conduction, where the module is held by a stand. The simulation results 
can be tuned using the experimental results. By applying the loss factor 
in the following equation, the expected experimental outlet temperature 
can be estimated: 

Tf ,out = {0.0011(ṁ)+ 0.5158 }ΔTf +Tf ,in (22) 

Following this tuning, the error is<1% in all cases. The outlet tem-
perature was affected by flow rate and irradiance but was not signifi-
cantly changed by the specific serpentine geometry or material 
deployed. Comparison to state-of-the-art CPV systems is based on the 
current commercial reference point [36,37], key parameters are shown 
in Table 5. 

4. Results and discussion 

4.1. Temperature profile of CPV/T module 

The temperature profile for aluminium and copper, SS and DS over 
various flow rates (40–300 g/min) and concentrations are shown in 
Fig. 10. As expected, the maximum temperature of the solar cell drops 
sharply with an increase in flow rate, and then only slightly with further 
increases. The maximum cell temperature is consistently lower in the SS 
designs for the same flow rate. However, the DS module is not as limited 
in the maximum achievable flow rate and can therefore achieve a lower 
maximum cell temperature if needed. Notably, both designs could 
achieve a maximum volumetric temperature lower than maximum 
operating temperature (<110 ℃) at the lowest flow rate even at UH 
irradiance (average Ceff of ~ 1150 suns). At higher flow rates recom-
mended operating temperatures were easily reached (<80 ℃), with cell 
temperature is only slightly higher than the commercial reference 

(Table 5) for UH conditions. Both the outlet temperature and the tem-
perature nonuniformity are primarily affected by the irradiance incident 
on the module. The outlet temperature reduces with increased flow rate, 
as is commonly seen in CPV/T systems, as there is less time for heat 
transfer to occur. Unexpectedly, the temperature non-uniformity re-
mains more or less stable regardless of flow rate. How this and the 
maximum temperature of the solar cell affect the thermal stress gener-
ated will be discussed in Section 4.4. The temperature distribution was 
similar across all modules, with a slight shift highlighted by the 
maximum value. The temperature profile of the aluminium DS module 
under the UH optic can be seen in Fig. 11. 

4.2. Energy efficiency of CPV/T module 

Pumping power measures the amount of energy required by the fluid 
to overcome the pressure drop. This power use will be a parasitic power 
loss within the CPV/T system. While slightly dependent on the fluid 
temperature (and hence density), the heat sink geometry is the primary 
influencer of pumping power. The pumping power for the SS is sub-
stantially higher than the DS despite producing only slightly lower 
values of thermal resistance, highlighted in Fig. 12. This highlights the 
flaw of the SS design in the substantial pressure drop produced by the 
long single channel geometry. This also explains why the experimental 
setup could not achieve a flow rate greater than 250 g/min, as the 
pressure drop was too great for the pump to overcome. The material 
choice does not affect pumping power but drawing heat away from the 
solar cell with a higher thermal conductivity, consistently lead to lower 
thermal resistances. Thermal resistance was much lower than the com-
mercial reference, this is expected given active cooling is not frequently 
deployed commercially. 

Fig. 8. Maximum cell temperature from indoor experimental analysis and simulation from both ray tracing and Gaussian-based study for (A) Aluminium Double 
Serpentine (B) Aluminium Single Serpentine (C) Copper Double Serpentine (D) Copper Single Serpentine. 
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Fig. 13 depicts the efficiencies of the CPV/T modules over various 
conditions. Specifically, the cell efficiency, the net system electrical effi-
ciency (which differs by including parasitic losses from HTF pumping and 
optical loss where concentrated light has missed the solar cell’s active 
area), thermal and total system efficiency. As is typically seen in CPV/T 
systems, higher flow rates led to higher thermal and cell electrical effi-
ciencies. This can be explained by the additional transfer of thermal en-
ergy out of the system by the HTF. The detriment of the pumping power is 
again highlighted in this section. While the solar cell efficiency rises with 
flow rate, the net electrical efficiency rises and then falls in some cases. 
This is because, at high flow rates, the additional pumping power to in-
crease flow rate is more than the additional power generated by a lower 
cell temperature. The SS suffers from this effect more because of its added 
pressure drop. This effect is more notable at the lower concentration 
irradiance profile where the temperature of the cell stabilises with lower 
cooling levels. Since the range of the thermal efficiency is greater, the net 
electrical power does not detract enough to stop its upward trend. To 
determine the optimum operation, we must therefore consider the exer-
getic efficiency. Compared to the commercial reference, the lower cell 
efficiency can be explained by the effect of higher irradiance levels. This 
along with the light missing the cell, and the lower optical efficiency 

brings the net electrical efficiency down. The total efficiency is much 
higher, showing the benefit of waste heat capture. 

4.3. Exergetic efficiency of CPV/T module 

Exergetic efficiencies are presented in Fig. 14. Electrically, the trend 
found is similar to the energy efficiency, where increased flow rates lead 
to higher electrical exergy efficiency until the added pumping power is 
greater than the additional electrical exergy gained by further cooling. 
Again, this effect is more consequential at lower concentrations where 
the maximum cell temperature is already relatively low. The thermal 
exergetic efficiency takes the opposite trend to that found in the previ-
ous section. With the higher efficiencies found at higher outlet tem-
peratures, the trend found is similar to that found in Fig. 10C. In every 
case the DS module yields superior performance due to its high perfor-
mance and relatively low parasitic losses. As has been consistently found 
throughout, copper is seen to be the superior material for this purpose, 
owing to its higher thermal conductivity. Given the highest exergetic 
efficiency is found at the minimum flow rate, one may choose to operate 
the CPV/T under this condition, where the SS design yields the highest 
performance. Under UH conditions, achieving a longer lifetime would 
require higher flow rates to maintain the recommended operating 
temperature. This would be at a flow rate where the DS design yields a 
higher exergetic efficiency. Compared to other exergy analyses in the 
literature, these values are relatively low. These values can be taken as 
more realistic due to the consideration irradiance distribution, including 
the light which misses the solar cell. With an assumption of uniform 
illumination, the exergetic efficiency is expected to be over 30%. Due to 
the lack of significant difference in cost to manufacture each configu-
ration, the configurations with the highest exergetic efficiencies are 
expected to be the best performing economically. A full thermo- 
economic analysis is planned by the authors. 

Fig. 9. Electrical power output from solar cell under from indoor experimental analysis and simulation from ray-trace based study for (A) Aluminium Double 
Serpentine (B) Aluminium Single Serpentine (C) Copper Double Serpentine (D) Copper Single Serpentine. 

Table 5 
Key parameters of commercial state-of-the-art cpv [36,37].  

Parameter Value 

Geometric Concentration Ratio 800 
Optical Efficiency 85.0% 
Rth 9.81 K/W 
Operating Cell Temp 60 ◦C 
System Efficiency 36.4% 
Cell Efficiency 42.8%  
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4.4. Thermal stresses 

The peaks of the thermal stress generated within the solar cell are 
found around the sides, at the boundary between the germanium and 
copper layers. The profile of the stress generation was similar in every 
module, with the differences highlighted by the difference in peak value. 
Fig. 15 shows the distribution of von Mises stress generated between the 

germanium and top circuit board copper layers for the aluminium DS 
module. 

The trends depicted in Fig. 16, show that the main contributor to the 
thermal stress generated is the maximum cell temperature. Fig. 10D 
showed the temperature nonuniformity to vary very slightly in the flow 
rate, so it is unknown how much this parameter affected the thermal 
stresses generated. The lowest thermal stress is achieved at the highest 

Fig. 10. Temperature profile of each serpentine module over various flow rates: (A) Maximum cell temperature under one outdoor Fresnel lens (B) Maximum cell 
temperature under UH-CPV optic (C) Fluid outlet temperature under each irradiance profile (D) Cell temperature non-uniformity under each irradiance profile. 

Fig. 11. Surface temperature of the Aluminium DS module at minimum and maximum evaluated flow rate under the UH optic.  
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flow rate, with the copper DS module. When comparing the same flow 
rates, the SS design leads to a slight reduction in stress because of the 
lower cell temperature. Unless minimal flow rates are required, rec-
ommended operation would be with the DS-based modules. 

5. Conclusions 

In this study, a novel method of evaluating a CPV/T system is 
explored and experimentally validated. By considering multiple 

COMSOL physics packages simultaneously, insights can be gained into 
all parts of the system. Ray tracing has been used to generate the specific 
irradiance profiles that the cooling system must be equipped to operate 
under. Physical validation via extended outdoor experimentation with 
both optics is the next step of this research. This will add certainty into 
the method and allow more consideration to non-uniform irradiance and 
further characterisation of the flow (such as calculating the average 
Nusselt number). The UH optic shall also incorporate a 4-domed optic to 
the cell in the hopes of achieving even higher levels of concentration, 

Fig. 12. (A) Pumping power of each serpentine module across flow rate and each irradiance profile (B) Thermal resistance of each serpentine module across flow rate 
and each irradiance profile. 

Fig. 13. Solar cell efficiency and thermal efficiency under irradiance profile of (A) Outdoor Fresnel, (B) UH-CPV optic. System net electrical efficiency and the total 
efficiency for irradiance profile of (C) Outdoor Fresnel, (D) UH-CPV optic. 
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testing of which is underway by the authors [38]. The major conclusions 
are as follows:  

• All serpentine-based cooling systems could maintain the UH-CPV/T 
within recommended operating temperatures.  

• The DS design is superior in performance compared to the SS design 
owing to its low parasitic losses. The SS could only be considered 
superior if an absolute minimal flow rate is needed or if parasitic 
losses are not within the system design considerations.  

• Copper is a better choice for the heat sink material when compared to 
aluminium, there was no substantial addition in difficulty for 

manufacture for these modules. How much the added weight will 
affect tracking power is yet to be investigated. 

• The main contributor to thermal stress is the maximum cell tem-
perature. In this case, cell temperature non-uniformity did not vary 
heavily under operation changes, so its true influence is uncertain.  

• Ray tracing is notably superior in modelling irradiance profiles than 
Gaussian profiles or uniform heat sources which can substantially 
overestimate the power and maximum cell temperatures, 
respectively. 

Fig. 14. Electrical and thermal exergetic efficiency of the serpentine modules under irradiance profile of (A) Outdoor Fresnel, (B) UH-CPV optic. Total system 
exergetic efficiency for irradiance profile of (C) Outdoor Fresnel, (D) UH-CPV optic. 

Fig. 15. Distribution of von Mises stress between the germanium layer of the solar cell and the copper layer of the solar cell’s circuit board.  
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