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A B S T R A C T

Solar co-generation, i.e., the generation of electricity and heat in a single device by concentrating the sunbeams,
has the potential to significantly increase the overall system performance. The main challenge is related to the
cooling of solar cells. In order to do so, it is essential to reduce the thermal resistance between the cell and heat
transfer fluid. This paper features the optimization procedure of a low-cost custom concentrated photovoltaic
thermal (CPV-T) receiver for a parabolic trough collector using silicon solar cells. A finite volume model for the
thermal process has been developed. Hence, a fluid dynamic thermal simulation of the receiver is presented.
The optimized heat sink tube geometries have been manufactured and tested in a lab environment, allowing for
a comparison between modelling and experimental test results. Three possible heat sink geometries have been
designed and compared regarding their overall heat transfer coefficient with respect to the non-dimensional
pumping power, i.e. the ratio between the overall transferred heat and the energy required for pumping. The
overall heat transfer coefficient for a finned heat sink has been increased up to 60% with respect to a baseline
case without fins under similar conditions.
1. Introduction

Solar energy is one of the cheapest, cleanest, and most abundant
renewable energy sources and the only one capable of being used for
heating or cooling and electrical power generation at the same time
[1]. Concentrated photovoltaic thermal (CPV-T) systems reduce the cell
area and due cost, focusing the beam solar energy to produce electrical
power. Therefore, the thermal receiver can extract the waste heat
reducing the cell temperature and increasing the electricity generated.
The system variations and technological advances in CPV-T, together
with thermal and electrical efficiencies of various CPV-T applications,
were described by Sharaf et al. [2,3]. Ju et al. [4,5] presented a system-
atic review on CPV-T of different concentration levels (low, medium,
and high), highlighting the CPV-T systems for building integration,
poly-generation, cooling, and desalination applications. Daneshazarian
et al. [6] summarized the experimental and theoretical investigations
on CPV-T found in the literature. This reference reported the maximum
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efficiencies achieved in this technology, i.e. 70% of total efficiency
and 25% of electrical efficiency, using parabolic through collectors.
Moreover, a value of electricity cost of 2.37 $/W and 8.7 $/W for the
total electrical and thermal costs were also reported.

Moreover, Kasaeian et al. [7] reviewed CPV-T with trough/Fresnel
concentrators, identifying research gaps, as they are less developed
than parabolic CPVT. Besides, a recent publication presents CPV-T ap-
plications of parabolic trough using simple modelling and experimental
validation in [8] and experimental flow regimes and concentration
ratios analysis in [1]. These two last articles identified research needs,
mainly focused on price reduction, such as integration of components
(e.g., storage, thermal cycles -Kalina-, etc.), and also reduction of the
price through Heat transfer enhancement in the heat sink.

Concerning the heat sink design, there are many works in the
literature. Papis-Fraçzeka and Sornek [9] reviewed the heat sink de-
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Nomenclature

𝐴 Heat transfer area [m2]
CAM Cogeneration Absorber Module or receiver
CFD Computational Fluid Dynamics
𝑐𝑝 Heat capacity at constant pressure [J/kg K]
CPV-T Concentrated photovoltaic thermal system
CT Cell Tray or CPV Mounting Plate
𝐠 Gravity acceleration vector [m/s2]
HS Heat sink
HTF Heat Transfer Fluid
�̇� Mass flow rate [kg/s]
𝑁 Number of control volumes
OTS Off-the-shelf
𝑝 Pressure [Pa]
PR Plate Resistance
�̇� Total heat entering the system [W]
QC Quarter Cut
�̇�𝑓 Heat absorbed by the fluid [W]
R Rectangular Pipe without fins
RO Rectangular Pipe with off-the-shelf heat

sink
𝐒𝑡 Source term
𝑇 Temperature [◦C]
𝑇0 Reference temperature [◦C]
𝑇𝐶𝑇 Average temperature of the CT [◦C]
𝑇𝐶𝑇−𝑃𝑅 Average temperature of the CT-PR bound-

ary [◦C]
𝑇𝐶𝑇−𝐻𝑆 Average temperature of the CT-HS bound-

ary [◦C]
𝑇𝐻𝑇𝐹 Average temperature of the HTF [◦C]
𝑇𝑖𝑛 Inlet fluid temperature [◦C]
𝑇𝑜𝑢𝑡 Outlet fluid temperature [◦C]
𝑇𝑃𝑅 Average temperature of the PR [◦C]
𝐮 Velocity vector [m/s]
𝑈 Global heat transfer coefficient [W/m2 K]
𝑥, 𝑦, 𝑧 Cartesian coordinates

Greek symbols

𝛽 Thermal expansion coefficient [K−1]
𝛥𝑝 Pressure drop [Pa]
𝛥𝑇 Inlet and outlet fluid temperatures differ-

ence [K]
𝜅 Thermal conductivity [W/m2 K]
𝜌 Density [kg/m3]
𝜈 Kinematic viscosity [m2/s]

velopments for CPV-T applications. They classify the heat sinks into
(i) macro-Scale based channels/ducts, including rectangular, circular,
and triangular ducts, metal blocks with inner channels, serpentine
ducts, and other designs, including cut circular or finned tubes; and (ii)
micro-scale-based channels of different arrangements and geometries.

Concerning Heat Extraction Devices with Macro-Scale Channels/
Ducts, there is much-published research. Rectangular tubes were used
at Refs. [10–17], circular tubes in [18–25] and triangular tubes in
[26–31]. However, in all these works, only values of the overall thermal
and electrical performances of the CPVT are provided. Therefore, there
has been detected a lack of optimization studies for this type of heat
sink, as no special heat transfer enhancements were used, except in the
Refs. [32–34], in which grooved tubes were employed.
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On the other hand, the optimization studies for heat sinks have
been focused on geometries based on rectangular microchannels. [35]
perform research for a heat sink for electronics heat dissipation. They
reported an overall heat transfer coefficient of about 1600 W/K and
ratios between heat dissipated/pumping power of about 400–5000.
Moreover, the research performed by [36] reported an overall heat
transfer coefficient of about 50 W/K and heat dissipated/pumping
power ratios of about 60 000. In the particular case of [37], a chan-
nel with variable fins in the fluid direction is designed and then
experimentally assessed in [38,39]. They achieve an overall transfer
coefficient in the heat sink of 70–121 W/K, with values of heat dis-
sipated divided by pumping power of about 20 000. Their prototype
system achieved thermal and electrical efficiency in the order of 44%
and 6%, respectively (with monocrystalline silicon PV cells). In the
case of [40], a trapezoidal section of the heat sink channels is also
considered, achieving a heat transfer coefficient for the heat sink in the
range of 70–125 W/K, with a pumping power of about 0.4 W (in this
work, the heat rejected by the heat sink was not provided). A different
approach was performed by Rahmanian et al. research [41]. Their
work was focused on enhancing heat transfer by modifying the heat
transfer fluid (HTF) using PCM with nanoparticles, achieving a thermal
efficiency of 45%, an electrical efficiency near 14% (using a silicon PV
cell), at a temperature of 30 ◦C of nanofluid, and 45 ◦C for the PV
cell. In summary, most studies based on microchannel heat sinks are
focused on performance enhancement/optimization to achieve high-
performance results but are based on ad-hoc constructive solutions
independently of the final price.

The development of hybrid absorbers usually involves expensive
high-performance multi-junction solar cells. For this reason, this paper
is involved in the research of cost reduction of generating electricity by
heat co-generation via CPV-T system (see Fig. 1). Although the quan-
tification of the final price is out of the scope of this work, at the end of
this research, a competitive price of the technology is expected due to
the use of silicon-based cells and simplified construction techniques for
the reflectors, structure, and heat sink. As the temperature coefficients
of the silicon-based cells are inferior, the performance of the heat sink,
i.e., its capability of keeping the temperature difference between the
cell surface and HTF as small as possible, which means maximizing the
global heat transfer coefficient, is of particular importance. Therefore,
this work is focused on increasing the performance of a heat sink based
on finned macro-scale rectangular/circular tubes using finned surfaces
to obtain a higher amount of generated electricity while using thermal
energy with the maximum possible temperature of the HTF.

The overall low-cost CPV-T system with an integrated hybrid ab-
sorber is shown in Fig. 2, taking advantage that the absorber tubes
of thermal receivers being industrially standardized. Solar radiation is
captured in a parabolic trough concentrator based on a novel injection
moulding structure and focused on a Co-Generation Absorber Module
(CAM), where special c-Si photovoltaic (PV) cells are operated under
concentration. The heat dissipated through the cells is transferred into
a heat transfer fluid (HTF). Therefore, in combination with electricity
production, the CPV-T device can be used for various applications, such
as solar cooling or heating [42]. The electrical and thermal optimal
performances have a relevant double function: absorbing the maximum
quantity of waste heat at the highest possible temperature for the
thermal applications and minimizing the PV cell temperature, allowing
it to give the maximum electrical efficiency. In order to achieve an
optimum design of the low-cost CVP-T receiver, a CFD numerical model
is used. The numerical model is validated using experimental results of
laboratory tests of the receivers. Finally, a simple comparison is per-
formed between the most promising designs using the CFD numerical
simulation model, based on the ratio between heat transfer and pump-
ing power needed, as many mass flow rates are evaluated, allowing
easy comparison between different designs. The resulting simulations’
results show that highly significant increase in the overall heat transfer
coefficient for the finned heat sinks, from 30 to 60%, with respect to a

reference case of a heat sink tube without fins.
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Fig. 1. Co-generation CPV-T system overview.
2. Numerical model and verification

Navier–Stokes and energy conservation equations are the governing
physics of the CPV-T systems modelling. The main problem with these
equations is that an analytical solution is not known for general cases.
One powerful resource to obtain numerical solutions to the equations
is Computational Fluid Dynamics (CFD) [43]. A model was structured
to simulate the system and produce the numerical solutions using this
procedure, which are approximate solutions of the equations, whose
accuracy will depend on the methodology applied. Experimental data
was used to assess the accuracy of the model. The validated model
can, in turn, replace excessive experiments with varying conditions,
like changing inlet conditions or geometry, which can be very expen-
sive and laborious. The 3D model used in this work to simulate the
experiments was previously validated using data published in [44,45],
and [46].

This conjugate heat transfer model consists of solving (incompress-
ible) Navier–Stokes equations with the Boussinesq approximation for
fluid parts of the system, along with the energy conservation equation:

∇ ⋅ 𝐮 = 0 (1)
𝜕𝐮
𝜕𝑡

+ (𝐮 ⋅ ∇)𝐮 = 1
𝜌
∇(𝑝 − 𝜌𝐠𝐳) + 𝜈∇2𝐮 − 𝐠𝛽(𝑇 − 𝑇0) (2)

𝜕𝑇
𝜕𝑡

+ 𝐮 ⋅ ∇𝑇 = 𝜅
𝜌𝑐𝑝

∇2𝑇 + 𝐒𝑡 (3)

and conduction equation for solids:
𝜕𝑇
𝜕𝑡

= 𝜅
𝜌𝑐𝑝

∇2𝑇 + 𝐒𝑡 (4)

These equations are coupled at the solid–fluid interfaces, assuming
that the heat flux exiting one domain enters the adjacent one and the
temperature at the interface is the same for adjacent domains. Fig. 3
shows the flow chart of the numerical algorithm.

2.1. Independence of the solution regarding mesh size

OpenFOAM [47] is the code used to perform the simulations, specif-
ically the ‘‘chtMultiRegionFoam’’ conjugate heat transfer solver, based
89
Table 1
Different numerical temperature values depending on the number of control volumes
for each tested meshes.

NCV 𝑇𝑃𝑅 𝑇𝐶𝑇 𝑇𝐶𝑇−𝑃𝑅 𝑇𝐶𝑇−𝐻𝑆 𝑇𝐻𝑇𝐹

Mesh A 576 000 43.072 46.343 45.197 41.747 16.934
Mesh B 1 452 000 41.882 45.783 44.308 39.370 16.785
Mesh C 2 366 000 41.622 46.173 44.668 38.950 16.705

on a collocated finite-volume discretization of the equations. The model
is adopted to three different designs of the heat sinks, thoroughly
explained and tested. Fig. 4 is the test configuration used to test the
independence of the solution with regard to the mesh size.

In order to test the independency of the solution regarding the mesh
size, specific simulations were carried out, progressively increasing the
number of control volumes in 𝑥, 𝑦, and 𝑧 directions until obtaining an
asymptotic solution. The mesh is non-regular, i.e., the size of the control
volumes is not constant. Fig. 5 shows Mesh A at the entrance of the
rectangular pipe, and Table 1 shows the finer meshes tested for the
rectangular pipe without fins case, with a mass flow rate of 6 L∕min.

As can be observed in Table 1, results for the different selected tem-
peratures show differences up to 6% between meshes A and B, and only
differences of about 1% between meshes B and C are observed. There-
fore, mesh B has been considered optimal for the following numerical
cases due to computational power requirements.

3. Experimental test setup

The experimental setup for thermal performance testing of the
designed CPV-T solar collector receiver is given in Fig. 6. Fig. 7 shows
a schematic representation of the system.

The CPV Mounting Plate and heater are connected to the heat sink
with clamps. To reduce the contact resistance between components, a
standard thermal paste of a thermal conductivity 𝜅 = 2.9 W∕m2 K is
applied to the surfaces see Fig. 8. The temperature sensors employed
below the pipe were placed into half-way drilled thin channels on
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Fig. 2. (Top) Overview of the CPV-T system. (Bottom) Overview of the co-generation
absorber module.

the CPV Mounting Plate with metal epoxy glue, Fig. 8b. The CPV-
T pipe was enclosed by a regular Polypropylene Random Copolymer
(PPRC) water pipe to insulate it. Inlet water comes from the building’s
plumbing system. Supply pressure was enough to drive the water
through the setup, so there was no need for extra pumping. Outlet water
drained down to the building drainage system. The flow rate of the
inlet water is adjusted by a manual valve at the end and measured by
a flowmeter.

A total of 11 thermocouples AWG20 and AWG30 T-type with an
accuracy of ±1 ◦C were used in the system: two for the inlet and outlet
temperatures of the fluid, three to capture the temperature gradient
of the insulation layer and two for each following location at the
beginning, the middle and the end of the heat sink. The thermocouples
within the CPV-T pipe are placed between the heat sink and CPV
Mounting Plate and between CPV Mounting Plate and heater. The
positions of the thermocouples are shown in detail in Fig. 9.

An adjustable DC power source KEYSIGHT N8761A 300 V/17 A
5100 W provides the power for the heater. The heater is used as a heat
source entering the system by transferring heat through plate thermal
resistance instead of solar radiation. The temperature measurements by
the thermocouples are captured by a data acquisition device Agilent
34972A LXI with a measurement frequency of every 10 s.

The experiment took place in a large closed indoor environment,
with the ambient conditions stable. The water flow, measured by
90
KROHNE H250 M9, with an accuracy of ±2% under stabilized condi-
tions, follows a one-meter-long path before the inlet water temperature
measurements are carried out. Upon passing through the CPV-T re-
ceiver, the follow-up pipe is elevated about 150 mm to ensure no air
presence in the receiver. The outlet temperature measurement is placed
about one meter away from the receiver’s end to ensure that the flow
is conveniently mixed. The municipal water comes from underground
pipes with a steady temperature value, and the desired water flow rate
is achieved by manually adjusting the valve. The connected DC power
source was preset at 214.0 V and 5.15 A to the plate resistance heater,
which was then switched on, generating 1100 W. The plate resistance
provides a constant rate of heat to the system.

The water flow and heating power were maintained until the system
reached a steady-state condition, which was achieved within 40 min.
The experiment was repeated for the three designs at the three different
flow rates of 6 L∕min, 8 L∕min, and 10 L∕min. A preliminary test was
carried out with 6 L∕min, suggesting a turbulent flow regime start
(depending on the cross-section of the receiver structure), which in turn
ensured an optimal heat rejection.

4. Results

Different heat sink geometries have been designed and produced to
reach optimal heat transfer areas by adding fins along the tube. The
additional fins not only increase the heat transfer but also increase the
pressure drop. Thus, it is necessary to find an optimum distribution by
looking for the maximum global heat transfer coefficient considering
this pressure drop. Unlike the retrofit version of a conventional ab-
sorber tube mentioned in [45], the heat sinks discussed in this section
are designed as an integral hybrid absorber. Three designs have been
tested: (i) Rectangular pipe without fins; (ii) Rectangular pipe with fins,
off-the-shelf heat sink; and (iii) Quarter cut with an optimized heat sink.
They are 1160 mm in length, consisting of 200 mm circular pipe on
each end, and have a solar cell area underneath, which is 760 mm long
at its central region. Fig. 10 gives the details of the manufactured heat
sinks. The rectangular case without fins has an aluminium material Al-
6063 with thermal conductivity of about 200 W/m K; the rectangular
case with fins has the same aluminium Al-6063 for the heat sink but
aluminium Al-1050 with thermal conductivity of about 222 W/m K
for the pipe, while the quarter cat with an optimized heat sink has a
unique aluminium material Al-6061 with thermal conductivity of about
167 W/m K. A value of around 0.1 mm was selected for the thermal
paste thickness [48]. Numerical results obtained for the experimental
configurations are shown in Sections 4.1, 4.2 and 4.3, while a com-
parative discussion is presented in Section 4.4. Finally, a simulation
of the quarter cut with an optimized heat sink considering the same
aluminium thermal conductivity as the other cases are numerically
presented in Section 4.5 for comparison purposes.

In order to test the robustness of the numerical method, the three
flow rates used in the experiments were also simulated with the devel-
oped numerical model for each design.

4.1. Rectangular pipe without fins

Fig. 11 shows the temperature distribution at the steady state
condition along the central axis line of the CPV Mounting Plate/plate
resistance boundary and the CPV Mounting Plate/rectangular pipe
without fin heat sink boundary. Each graph corresponds to flow rates
of 6 L∕min, 8 L∕min, and 10 L∕min, with an HTF inlet temperature of
15.10 ◦C, 14.27 ◦C and 14.17 ◦C, respectively. They show the gradient
temperature inside the CPV Mounting Plate due to the effect of the
thermal paste. It also indicates where the maximum temperature is
located. As can be seen, the gradients of temperature are smaller at the
beginning and the end, but they become significant towards the centre.

The curves present a quick temperature grow until 0.1 m, then it
continues growing slower up to 0.65 m, and finally we find a tempera-
ture drop up to the end. The maximum difference of temperature found



Renewable Energy 211 (2023) 87–99

91

D. Santos et al.

Fig. 3. Flow chart of the numerical algorithm.

Fig. 4. Rectangular pipe configuration. Plate resistance and the Cell Tray position.

Fig. 5. Mesh A at the entrance of the rectangular pipe.



Renewable Energy 211 (2023) 87–99

92

D. Santos et al.

Fig. 6. The experimental set-up installed at the Mechanical Engineering Department of the Middle East Technical University, Turkey.

Fig. 7. General schematic representation of the experimental set-up.

Fig. 8. Schematic representation of the cross-section of the set-up (left). The slots drilled on the CPV Mounting Plate for the thermocouple installation (right).
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Fig. 9. The placement of the thermocouples on the experiment set-up. Red dots represent a thermocouple. Please note that the dimensions of the figure are not in scale.
Fig. 10. Overview of the pipes tested in the simulations including the cross-section.
Table 2
Numerical comparison of the rectangular pipe for different mass flow rates.

Mass flow rate 𝑇𝑜𝑢𝑡 exp (◦C) 𝑇𝑜𝑢𝑡 num (◦C) 𝛥𝑝 (Pa)

6 L/min 17.70 17.66 8
8 L/min 16.13 16.25 13
10 L/min 15.64 15.81 20

inside the CPV for this range of mass flow rates is similar in the three
cases, with a value of about 7 ◦C.

Table 2 shows the experimental and the numerical fluid temperature
obtained at the outlet part of the pipe. Furthermore, the pressure drop is
also included. The temperature discrepancies are between 0.04 ◦C and
0.17 ◦C. An increment of 25% of mass flow rate produces an increase
of 40% on pressure drop.

4.2. Rectangular pipe with fins (off-the-shelf heat sink)

Fig. 12 shows the temperature distributions of the steady state along
the central axis line of the CPV Mounting Plate, plate resistance bound-
ary, CPV Mounting Plate, and heat sink boundary of the rectangular
93
Table 3
Numerical comparison of the rectangular pipe with fins for different mass flow rates.

Mass flow rate 𝑇𝑜𝑢𝑡 exp (◦C) 𝑇𝑜𝑢𝑡 num (◦C) 𝛥𝑝 (Pa)

6 L/min 17.85 17.78 19
8 L/min 16.80 16.93 31
10 L/min 15.85 16.02 44

pipe with fins. Similarly, as above, each graph corresponds to different
mass flow rates of 6 L∕min, 8 L∕min, and 10 L∕min, with an HTF inlet
temperature of 15.15 ◦C, 14.85 ◦C and 14.35 ◦C, respectively.

The curves present a quick temperature grow until 0.05 m, then it
continues growing slower up to 0.4 m, showing a flat profile until 0.7 m
and finally we find a temperature drop up to the end. This flat section
was not found in the rectangular pipe without fins case. The maximum
difference of temperature found inside the CPV for this range of mass
flow rates is similar in the three cases, with a value of about 9 ◦C.

Table 3 shows the experimental and the numerical fluid temperature
obtained at the outlet part of the pipe. Furthermore, the pressure drop
is also included. The temperature discrepancies are around 0.07 ◦C to
0.17 ◦C. An increment of 25% of mass flow rate produces an increase
of 40% on pressure drop.
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Fig. 11. PR-CT and CT-HS centre axis temperature of the rectangular pipe without fins with a mass flow rate of (top) 6 L/min, (middle) 8 L/min and (bottom) 10 L/min,
respectively.
4.3. Quarter cut with optimized heat sink

Fig. 13 shows the temperature distributions of the steady state
along the central axis line of the CPV Mounting Plate, plate resistance
boundary, CPV Mounting Plate, and heat sink boundary of the quarter
cut with fins. Similarly, as in the previous case, each graph corresponds
to different mass flow rates of 6 L∕min, 8 L∕min, and 10 L∕min, with an
HTF inlet temperature of 15.4 ◦C, 16.41 ◦C and 16.41 ◦C, respectively.
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The curves present a quick temperature grow until 0.05 m, then it
continues growing slower up to 0.2 m, showing a flat profile until 0.7 m
and finally we find a temperature drop up to the end. In contrast to
the rectangular pipe with fins case, this flat profile appears before. The
maximum difference of temperature found inside the CPV for this range
of mass flow rates is similar in the three cases, with a value of about
8.3 ◦C, which is slightly lower than the value found for the rectangular
pipe with fins case.
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Fig. 12. PR-CT and CT-HS centre axis temperature of the rectangular pipe with fins with a mass flow rate of (top) 6 L/min, (middle) 8 L/min and (bottom) 10 L/min, respectively.
Table 4 shows the experimental and the numerical fluid temperature
obtained at the outlet part of the pipe. Furthermore, the pressure drop
is also included. The temperature discrepancies are around 0.10 ◦C
o 0.15 ◦C. In this case, An increment of 25% of the mass flow rate
roduces an increase of 45% on pressure drop.

.4. Conclusions of the numerical results

All numerical results shown have an acceptable agreement with the
xperimental ones, while discrepancies are always within the range of
95
Table 4
Numerical comparison of quarter cut with optimized heat sink for different mass flow
rates.

Mass flow rate 𝑇𝑜𝑢𝑡 exp (◦C) 𝑇𝑜𝑢𝑡 num (◦C) 𝛥𝑝 (Pa)

6 L/min 19.05 19.15 31
8 L/min 17.90 18.05 48
10 L/min 17.55 17.70 64
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Fig. 13. PR-CT and CT-HS centre axis temperature of the quarter cut with fins with a mass flow rate of (top) 6 L/min, (middle) 8 L/min and (bottom) 10 L/min, respectively.
he experimental measurement’s accuracy. Possible explanations for the
ifferences observed can be related to experimental aspects such as:
i) There are some short design irregularities that the simulation is not
ble to capture, i.e., welding points and/or other thickness irregularities
n the thermal paste layer; (ii) There is an imperfect homogeneous
eat distribution due to the plate resistance; or (iii) There are slight
nlet fluid temperature fluctuations not considered in the simulations.
dditionally, from the numerical work: (i) Inherent errors due to the
iscretization and numerical schemes (particularly in zones with high-
emperature gradients); (ii) Temperature comparisons have been done
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against mean steady-state values; or (iii) Thermal paste layer thickness
inaccuracy.

The uncertainty of the thermal paste layer thickness has a relevant
effect on the temperature and heat transfer distribution. In all cases, the
CPV Mounting Plate has a 3 mm thickness, and the plate resistance has
a 5 mm thickness. Therefore, a thermal paste layer of around 0.1 mm
influences the results. The equivalent thermal conductivity essentially
depends on the thermal paste layer thickness because its thermal
conductivity is very low. A small error in measuring the thermal layer
thickness, which is difficult to measure due to its size, may lead to a



Renewable Energy 211 (2023) 87–99D. Santos et al.
Fig. 14. Graph comparing the three different designs. Horizontal axis is in logarithmic. Logarithmic trend lines are included.
significant change in the thermal conductivity of the piece. In addition,
this thermal paste layer is not flat in the actual experiment, which
cannot be considered in the simulation.

4.5. Performance comparison

As it is difficult to analyse the best-performing design from the
temperature graphs, an analysis methodology has to be designed. Since
the pipes have different geometries, the Reynolds number and pressure
drop are different for each case. Based on heat exchanger design [49],
a criterion is needed to compare these three designs. For this purpose,
a global heat transfer coefficient is defined for the systems as follows:

�̇� = 𝑈𝐴𝛥𝑇𝑙𝑚, (5)

𝛥𝑇𝑙𝑚 =
(𝑇𝑃𝑅 − 𝑇𝑖𝑛) − (𝑇𝑃𝑅 − 𝑇𝑜𝑢𝑡)

𝑙𝑛 (𝑇𝑃𝑅−𝑇𝑖𝑛)
(𝑇𝑃𝑅−𝑇𝑜𝑢𝑡)

. (6)

The global heat transfer coefficient 𝑈 provides information about
the overall efficiency of the heat exchange between the system and the
water flow: the higher coefficient, the more efficient the heat exchange.
Hence, the cooling process.

𝑈 value alone is sufficient for comparison of heat transfer effec-
tiveness, but this is not enough to give information about the pressure
drop. The second option would be to change the mass flow rate of the
cases until having the same pressure drop, but this will also affect the
quantity of heat absorbed by the fluid. Therefore, by combining the
idea of both criteria by using the ratio of heat absorbed and the power
needed to pump the water, the following equality is considered:

�̇�𝑓

�̇�𝛥𝑝
=

𝑐𝑝𝛥𝑇
𝛥𝑝

. (7)

This ratio tends to 0 when the mass flow rate increases because 𝛥𝑝
will grow and 𝛥𝑇 will decrease for all cases. Thus, when this ratio goes
to 0, a comparison of the overall heat transfer coefficient with pressure
drop in consideration for all cases studied will be possible.

Fig. 14 shows the results of the global heat transfer coefficient U
as a function of the ratio between the absorber heat by the fluid and
the power needed to pump the water. The plot includes (logarithmic)
trendlines, having a regression coefficient of about 0.99.

The design with better performance is the quarter cut with a custom
heat sink in the first position, followed by the rectangular pipe with an
off-the-shelf heat sink. It is also observed that when the fins are added,
the increment in heat transfer is greater than the increment of pressure
drop for the same comparative cases.
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Fig. 14 results also indicate that within the range between double
and half of the heat absorber vs. energy pump ratio, the rectangular
pipe with fins presents an increase of around 23% of the global heat
transfer coefficient in comparison with rectangular pipe without fins;
while the quarter cut pipe shows an increase between 30% and 33%
of the global heat transfer coefficient in comparison with rectangular
pipe without fins.

5. Conclusions

The present paper aims to study the influence of the implementation
of fins in a simple tube heat sink to achieve an optimum design for
a low-cost CPV-T system. The improved heat sink pipes have been
designed using a 3D Finite Volume Method model, and then they
have been manufactured and tested experimentally in a laboratory test.
The experimental data generated in the test rig is compared with the
numerical results obtained in the simulations for validating the model,
showing a reasonably good agreement. The obtained results support the
accuracy of the previously implemented 3D model. The tested designs
show a similar temperature difference inside the CPV Mounting Plate,
within the range of 7 ◦C–9 ◦C. Then, the three heat sink designs have
been simulated using the model at different flow rates, using the same
inlet and material conditions to compare their overall performance. In
this way, a simple comparison procedure has been used in which the
overall heat transfer coefficient is plotted against the non-dimensional
pumping power, i.e. the ratio between the overall transferred heat and
the energy required for pumping. The result of this study revealed that
the quarter cut with a custom heat sink is the best performing, with
an increase of the overall heat transfer coefficient of about 60% with
respect to the unfinned square tube. It is followed by the rectangular
pipe with off the shelf heat sink, with an increase of about 30%. Within
a range of the ratio of heat absorbed by the fluid and the power needed
to pump the water between 0.7–4, the global heat transfer coefficient
obtained for the quarter cut with optimized heat sink is within the
range of 80–120 W∕K.
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