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Abstract: The work presents a heat transfer analysis carried out with the use of COMSOL Multiphysics
software applied to a new solar concentrator, defined as the Compound Parabolic Concentrator (CPC)
system. The experimental measures have been conducted for a truncated CPC prototype system
with a half-acceptance angle of 60°, parabola coefficient of 4 m~! and four solar cells in both covered
and uncovered configurations. These data are used to validate the numerical scenario, to be able
to use the simulations for different future systems and works. The second challenge has been to
change the reflector geometry, the half-acceptance angle (60° + 75°) and the parabola coefficient
(3m~! + 6 m~!) to enhance the concentration of sun rays on the solar cells. The results show that the
discrepancy between experimental data and COMSOL Multiphysics (CM) have led to validate the
scenarios considering the average temperature on the solar cells. These scenarios are used for the
parametric analysis, observing that the optimal geometry for the higher power and efficiency of the
whole system is reached with a lower half-acceptance angle and parabola coefficient.

Keywords: Compound Parabolic Concentrator; COMSOL Multiphysics; thermal analysis; FEM
analysis; multiparametric analysis

1. Introduction

International awareness about renewable energy sources exploitation has been changing over
the last years, as a consequence of both climate changes and increasing pollution emissions [1,2].
The increasing demands of energy for industrial production and urban facilities ask for new strategies for
energy sources [3]. Many industrial and private efforts have been implemented to reduce the anthropic
impact on nature, trying to move from a petroleum-based fuel dependency to a new virtuous approach,
also based on biomass exploitation. Possible examples are the use of fuel cells [4], biomass gasification
system aimed at hydrogen production [5], combined gas conditioning and cleaning in biomass
gasification [6], waste vegetable oil transesterification [7], hydrogen production from biomass [8],
biofuel [9], biogas production from poultry manure and cheese whey wastewater [10], greenhouses
with photovoltaic modules [11], oriented to the green economy and to the sustainable development
of society [12,13]. The solar energy source should be considered as a possible solution to face the
fossil-fuel exploitation to produce thermal and electric energy [14,15], using for example photovoltaic
systems [16,17] with also energy storage [18] or solar collectors [19]. Photovoltaic (PV) systems
manufacturers are pushing the scientific research to work on solar radiation concentrators, which should
be considered as both a short-term and economic solution if compared to the production of improved
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semi-conductive layers and materials. Concentrator photovoltaics (CPV) is a photovoltaic technology
that generates electricity from sunlight. Sun rays can be concentrated on the solar cell with various
types of concentrators: lens concentrator, mirror concentrator, reflector concentrator, static concentrator,
Luminescent Solar Concentrator [20,21]. Systems using low-concentration photovoltaics (LCPV) have
the potential to become competitive in the near future with low cost. Reflector concentrators’ family
is a kind of LCPV, and the Concentrator Parabolic Compound (CPC) is one of the most studied.
The geometry of the CPC is important to convey the sun’s incoming beam and diffuse radiation in the
desired receiver as much as possible [22] to increase the power output from CPC-based photovoltaic
systems, particularly in recent years as discussed by authors of [23-30]. Over the past 50 years, many
researches have been working with CPCs to improve solar cell efficiency [23,31], studying the geometry
of most variations of concentrators [32,33] according to principles of edge-ray and identical optical path
determining the profile of its reflector [34,35]. Under non-concentrating conditions, the efficiency of the
solar cells drops slightly as the temperature of the cells gradually increases [27,36]. This temperature
increase becomes prominent under concentration and a further drop in efficiency is observed under
high solar rays concentration [37]. On the other hand, for a CPC-based photovoltaic module, the power
output should increase by a factor that depends on its geometric concentration as compared to a similar
non-concentrating PV panel [35]. In those terms, a multi-physical numerical simulation approach
should be considered very suitable for this kind of application, allowing the implementation of virtual
scenarios by which different investigation analysis could be conducted [38—42].

This work aims to define the temperature field within a Compound Solar Concentrator
(CPC) prototype for a daily operational time, by solving a 3D transient Finite Element Method
simulation scenario validated with the experimental data acquired by Trinity College Dublin (TCD).
Then, a parametrisation is used to change the geometric parameters of the reflectors (half-acceptance
angle and parabola coefficient) observing the solution with the higher radiative total heat flux through
the solar cells and efficiency of the whole system.

2. Materials and Methods

2.1. Experimental Characterisation

The aim of this work is to obtain the temperature fields on CPC solar cells surfaces, focusing on
the average temperature. The experimental campaign was conducted by considering two different
exposures to the external environment: the first acquisition was conducted by installing the CPC
provided with a side and upper cover, which define the covered configuration, on a roof as reported
in Figure 1la, where an air volume remains trapped within the closed CPC; the second acquisition
was conducted once both side and upper covers were removed (to obtain the uncovered CPC system
configuration), as shown in Figure 1b, exposing the whole components to the external convection.

(@) (b)

Figure 1. Compound Parabolic Concentrator (CPC) prototypes installation: (a) covered CPC system;
(b) uncovered CPC system.
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The whole monitoring and data acquisition system is reported in Figure 2, where some RTDs
should be noticed. The structure closed to the left side of the CPC is a reference configuration of
solar cells, where no compound parabolic concentrator was installed: such reference has been used to
define the efficiency of the solar cells when no concentrator is used. In fact, the experimental campaign
has been conducted to define the electrical behaviour of PV cells simultaneously to the temperature
acquisitions. The used MUX switching unit is an Agilent 3472A LXI data logger, installed to detect
output voltage and current from the CPC and from the reference system, to compare both electrical
efficiencies and highlight the CPC-related improvements. Twelve K-type thermocouples were fixed on
both CPC systems, and a pyranometer was used to measure the solar incident radiation. An insulated
box from Campbell Scientific Ltd. (Logan, UT, USA) was installed in order to host the electric circuit,
the data logger, and two 220 V power supply plugs.

MUX switching unit

CPC system

= Solar cells

Frame rail

PV reference system

Figure 2. Data monitoring and acquisition system setup for the experimental campaign: reference
system on the left, CPC system on the right.

The experimental campaign was conducted on the aforementioned CPC configurations in 2017 on
the roof of Simon Perry’s building at Trinity College Dublin, Ireland, South-oriented. Experimental
data for numerical scenario validation are taken by [43], considering two days of characterisation with
similar external conditions to compare the configurations. In fact, the data for the covered CPC system
are referred to 17 July 2017 while for the uncovered one to 18 July 2017. The temperature distribution
on the solar cells surfaces of the CPC systems is summarised in Table 1, for the covered and uncovered
CPC systems. Only the solar cells have been considered to validate numerical data since the acquired
temperature values from other components should not be consistent for this specific purpose due to
the adopted sampling procedure.

Table 1. Solar cells average temperature on surfaces for the covered CPC system (17 July 2017 and 18
July 2017) [43].

Measurement Time [HH:MM]
10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
17 July 2017  46°C 59°C 68°C 76°C 81°C 79°C 75°C 71°C 62°C
18 July 2017  49°C  48°C 51°C 55°C 56°C 57°C - - -

Date

The temperature on the solar cells influences its efficiency since these parameters are inversely
proportional; for the solar cell, the module efficiency decreases with temperature typically of —0.2%/K
up to —0.5%/K [15]. Therefore, it is important to check and monitor the temperature in the system.
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Furthermore, to validate the functioning of the concentrator, a comparison between a simple PV and
CPC system was conducted by Trinity College Dublin. The maximum values achieved on 17 July 2017
for different hours are reported in Table 2. The temperatures were obtained by a visual analysis of the
graphs reported by an author in [43]. The values must be considered as rounded to the nearest whole
number. Due to the numerical approximation, such resolution of temperature values is considered
as suitable for simulation purposes. The data reported in tables are those validated and used in the
numerical simulations.

Table 2. Maximum values on 17 July 2017 for photovoltaic (PV) and CPC configurations [43].

Time System Efficiency [%] Power [W] Temperature [°C]
1219 CPC 18.6 8.7 74.9
PV 13.8 6.4 63.2
12:45 CPC 18.3 8.9 76.8
PV 16.2 7.9 65.5
13:58 CPC 17.2 8.4 83.6
PV 16.6 8.1 73.0

2.2. Main Physical Phenomena Identification and Implementation

To ensure the multi-physical approach by validated interfaces, COMSOL Multiphysics (CM)
was chosen as the most suitable FEM-based software (Finite Element Method) to implement the
numerical scenario. The main phenomena analysed with CM were the heat transfer dynamics,
once a surface-to-surface radiation interface had been coupled with the convective—due to external
environment convection—and conductive—between the components in contact within the CPC
system—heat transfer modelling. Whenever radiation heat flux is significant, the emissivity ¢; of each
surface A; has to be considered, since this parameter measures the quantity of the incident radiation
that will be emitted by the target. Moreover, the emissivity itself could depend strongly upon the
wavelength of the radiation, and upon the treatment, the same surface was submitted to. The analytic
problem of the radiative heat flux is described by the following equation:

q :fo e(A) o (TH=Th,,) dA 1)

where A [m] is the wavelength from which emissivity ¢ [] depends, o [W/(m2K*)] is the
Stephan-Boltzmann constant, T [K] is the surface temperature, and T, [K] is the ambient temperature.
Referring to an example given by CM [44], let’s consider the fraction of total emitted power as a
function of wavelength for a black body at different temperatures (5800 K considering the Sun and
a 500 K reference temperature for most of the engineering cases). The wavelength of 2.5 um could
divide the solar spectral band (closely similar to that of a 5800 K black body) from the ambient one,
where the peak of 500 K black body’s emitted power is located. The solar radiation absorbed by the
grey body has a wavelength less than 2.5 pm, while re-radiation to the surroundings is emitted from a
wavelength value of 2.5 um. It highlights the need to define within the pre-processing interface the
emissivity of the generic material for the domain of the solar spectral band and for that of the ambient
spectral band. By setting up the simulation, the user should insert two values of emissivity, that is for
the solar spectral band (ep1) and for the ambient spectral band (ep). The total incoming radiative flux
at a specific point is the irradiation G [W/m?], while the outgoing radiative flux is defined as radiosity
J [W/m?], according to the COMSOL manual [45]. The radiosity should be considered as the sum of
both reflected and emitted radiations by the target surface. Considering those quantities analytically,
this is the definition:

] = pG+ eey(T) @)
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where p [], ¢, ¢ [W/m?2] and T denote the reflectivity of surface, its emissivity, the blackbody total
emissive power and the temperature, respectively. In addition to the concept of absorptivity and
emissivity, the view factor F;; [] has to be defined, as it plays an important role in defining the
exposure to radiation between the involved surfaces. This factor depends only of the radiating bodies
geometry [46] since the emitting radiation from surface i is intercepted by surface j. It follows the
definition of the view factor F;;

de, i—j
F ij =

de,i

where Qyyg, i [W/m?] is the radiative heat flux that goes from surface A; to surface A jrand Qg is

the total radiative heat flux emitted by A;. Each part of the geometry should be characterised by a
specific view factor referring to all the other parts of the geometric domain: CM assigns those factors

®)

automatically. The Sun position is computed automatically by the built-in feature in CM, once latitude,
longitude, time zone, date, and time are given. The solar radiation direction is defined by a specific
method similar to the one exposed by the author in [47]. The zenith angle (0;) and azimuth angle (¢s)
of the Sun are converted into a direction vector i; in Cartesian coordinates assuming that the north,
the west, and the up directions correspond to the x, y, and z directions, respectively (refer to Figure 3).

7 A (up)

® . ®

Figure 3. North (N), South (S), East (E), and West (W) in COMSOL Multiphysics (CM) for solar
irradiance direction.

2.3. Simulation Campaign

The strategy of the simulation campaign is based on experimental data obtained at Trinity College
Dublin with the acquisition system setup, as reported in Figure 2. Data have been conducted for
the covered and uncovered CPC systems on 17 and 18 July 2017, respectively. With these data and
geometry known, modelling and numerical simulations are carried out. Three-dimensional models are
built in CM for the covered and uncovered configurations. For the numerical scenarios, the inputs
are the environmental conditions (solar radiation and temperature in a day of the year) and general
assumptions, since the weather is considered as a random phenomenon. For each component, the
materials are assigned with a bibliography analysis to find a correct value for both solar and spectral
emissivity (main condition in solar radiation phenomenon defining). One of the critical steps for
the numerical simulation is the boundary definition, understanding how and which conditions have
to be implemented to obtain a reality-comparable scenario. The mesh is realised once the physic
phenomenon and the modelling procedure of it are known, to achieve both convergence and consistent
results. Finally, the post-processing is conducted, analysing the thermal fields in the configurations
and using the results to study the thermal response of the CPC systems. The computed scenarios
have been checked to fit experimental results. In this way, there is the possibility to understand the
behaviour of CPCs in various ambient conditions, monitoring the temperature fields and other CPCs
systems’ characteristics. The simulation campaign is resumed by the flow chart in Figure 4.
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Figure 4. Flow chart of simulation campaigns.
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The part in COMSOL Multiphysics begins with the realisation of the CPC system geometry using
the built-in model geometry builder. The measures and dimensions are referred to the prototype
realised by Trinity College Dublin as described by the author of [43], the reconstruction of the inner
components of the whole CPC system are reported in Figure 5.

In the simulation campaigns, the geometrical model is cut with a symmetry plane to decrease the

computational time and the required hardware resources. The built model is shown in Figure 6.

To solve the modelling of the CPC system, it is necessary to know the environmental conditions,
the temperature, and solar radiation for 17 and 18 July 2017 from 0:00 to 23:30. A daily temperature

trend has been obtained from the Dublin Airport Weather Station [48], as plotted in Figure 7.
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Figure 6. External components of a covered CPC system symmetry model: (a) back view; (b) symmetry

plane view.

The data of solar radiation is taken by the CMAS Radiation Service web-page [49]. For the
simulation scenario, the subdivision of the beam and diffuse radiation component is very important:
clear sky BHI (Beam Horizontal Irradiation) and clear sky DHI (Diffusive Horizontal Irradiation).
The measurement of daily solar radiation is plotted in Figure 8.
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July2017(t) (degC)

T_amb_17,
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diffuse_solar_radiation_17

Table 3. The parameters have been obtained by literature [43,50-54].
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Figure 8. Solar radiation subdivision: (a) Beam Horizontal Irradiation (BHI) on 17 July 2017; (b) BHI
on 18 July 2017; (c¢) DHI on 17 July 2017; (d) DHI on 18 July 2017.

A specific material was assigned to each component in the simulation scenario, as described in
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Table 3. Materials’ properties assigned to each domain.

Availability in CPC Thermal Properties Emissivity
. P & k
Component  Covered Uncovered Material kg/m®]  [/kgK)]  [W/mK)] epill  epoll
Aluminium
Back plate v Vv (sheet) 2700 900 238 0.14 0.14
Frame o
structure v v PVC (40% pl.) 1400 900 0.19 0.60 0.92
Foam v v PUR 33 2200 0.08 0.20 0.80
Cover v X Silica glass 2203 703 1.38 / /
Side covers v X PMMA [solid] 1190 1470 0.18 / /
Reflectors v v Aluminium (foil) 2700 900 238 0.04 0.04
Support Aluminium
S v v (sheet) 2700 900 238 014 014
Solar cells
support v v Glass (quartz) 2210 730 1.4 0.90 0.90
Solar cells v Vv Silicon 2329 700 130 0.70 0.70
Air domain v X Air p(p,T) cp(T) k(T) / /

The boundary conditions have been imposed to solve the heat transfer dynamics with
surface-to-surface radiation in the CPC systems where the external radiation source is implemented
to define the directional radiation source. The source is the Sun position, and its influence is linked
to the location of the studied system, once coordinates, date, and local time are given. On the one
hand, all the parts radiated by the sun are diffuse surfaces; they reflect radiative intensity uniformly in
all direction with a run-time computed view factor. On the other hand, the reflectors are considered
diffuse mirrors because the surfaces are characterised by emissivity values around zero. To reduce the
calculation time, the symmetry condition is applied by dividing the geometry model into two equal
parts with a cutting symmetry plane, and the thin layer condition is applied to define the solar cells
surfaces. The heat flux feature adds a convective flux to the external surfaces; the condition used is the
wind velocity. A preliminary study to validate the scenarios determines a wind velocity of 0.5 m/s.
Then the models are meshed and calculated with a transient study from 05:00 to 18:00 on 17 July 2017
and 18 July 2017 for the covered and uncovered configuration, respectively. The discretisation is shown
in Figure 9a,b, respectively.
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Figure 9. Final mesh adopted for each configuration of the CPC model: (a) covered; (b) uncovered.

Details about the implemented mesh characteristics for both CPC configurations are listed in
Table 4.
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Table 4. Mesh characteristics for both CPC configurations.

Parameter Uncovered CPC Covered CPC
Mesh vertices 7517 11,630
Tetrahedral elements 25,949 59,194
Triangular elements 14,787 19,226
Edge elements 1889 2123
Vertex elements 198 198
Estimated required RAM 11 GB (approx) 13 GB (approx)

The simulations output is the transient 3D thermal field all over the domains of the CPC,
which should be used to focus on the maximum temperatures once reached by the solar cells.
Post-processing of numerical results is conducted to calculate:

o  The efficiency of the solar cells following the examples provided by authors in [55-57];

T, Qi) = MT,f [1 - ﬁ(TSC(t) - Tref) +y loglo(QiW(t))] 4)

where T is the solar cell surface temperature and Q;;, is the solar irradiance, both time dependent,
11, is the efficiency in standard condition (17.5%), p is the temperature coefficient (0.0045 K,
and y is the solar radiation coefficient (0.12). It should be noticed that the solar irradiance term
needs to be divided by the reference solar irradiance (1000 W/m?), since Equation (4) could result
in the 17, ; once standard irradiance conditions are given (25 °C, 1000 W/m?);

e  The radiative total heat flux through the solar cell n.2, useful to understand the output power
available for the photovoltaic system;

e The efficiency of the whole system. This efficiency considers the presence of the reflectors that
convey the sun’s rays on the solar cells, increasing the solar radiation concentration. The value is
calculated by the equation derived by experimental data

Nsystem = 0.0205 W' P (5)

Once the scenarios have been validated, a parametric analysis is conducted to carry out a wider
analysis. It is possible to quickly evaluate the most suitable configuration against a much greater range
of real-word scenarios, that would be possible through physical prototyping, saving up time and costs
once using the validated simulation scenario as an investigation tool. The chosen parameters to carry
out the parametric analysis are related to the geometry of the reflectors, needed to convey incoming
beam and diffuse radiation in the desired receiver as much as possible [22]. The schematic diagram of
the CPC is shown in Figure 10. The shape of the reflectors is the same for both configurations.

The reflectors are built by a left parabola with a vertical symmetry axis (white dashed line in
Figure 10a, characterised by a coefficient of 4 m~!. By the other hand, the right reflector of the system
is built with a right parabola with the same coefficient but rotated like it is possible to see its symmetry
axis (white dashed inclined line). The angle between the symmetry axis is the half-acceptance angle:
it indicates how much the right parabola is rotated. For this specific prototype, the half-acceptance
angle is equal to 60°. The point of intersection between the left parabola and the symmetry axis of the
right parabola (the yellow circle in Figure 10a determines the height of truncation of the CPC system.
The chosen geometrical parameters are:

e a, which is the coefficient that appears in the parabola definition formula and indicates the
parabola concavity;

e  Half-acceptance angle: indicates the rotation of the right parabola, which is the angle between the
symmetry axis of the left and right parabola, as shown in Figure 10.



Energies 2020, 13, 548 11 of 26

" half-acceptance
angle

o
0.37] -
0.257) N
0.27] 1 2 N
Intersection point
o1s] Cutting line ] J il K
o Half-acceptance ": 3 £
t anglef-v : :
0,057 ,fi : E
4 L
-0.057] L
0.17] m[
W1 005 0 005 01 015 0.2 025 03 035 04 04s 05 0ss
(b)
Figure 10. Realisation of reflectors geometry: (a) main parts of reflectors construction, (b) 2D scheme

of the CPC system.

These two geometrical parameters affect the opening of the reflector and the conveying of the sun
rays on the solar cells. CM allows to carry out a parametric sweep combining the parameters chosen in
all possible combinations given by Table 5.

Table 5. Parametric sweep combination.

Parameters Values
a[m™] 3,4,5,6
Half-acceptance angle [°] 60, 65,70,75

The description of the considered values could be the following:

e The range of a chosen is from 3 to 6 m~! to compare the results with different parabola shapes, the
opening of the parabola is greater with higher values;
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e  The range of half-acceptance angle chosen is from 60° (the angle of the previously calculated
scenario) because the system has the bound of width, with a lower angle than 60°, the opening of
the parabola is greater, and the geometry construction is not feasible.

The influence of the half-acceptance angle and parabola coefficient on geometry is shown in Figure 11,
reporting the extremal geometrical parameter combinations effects on the geometry appearance.

Half-acceptance Angle

600 — 750
&
] oo
3mt .
o L 0
;
a . 1
0.1 b
6 m?!
: ,
- L

Figure 11. Influence of half-acceptance angle and parabola coefficient on geometry.

It is possible to observe that with the same parabola coefficient, increasing the half-acceptance
angle results in a decrease in terms of the CPC system height. Similar effect should be noticed while
increasing the parabola coefficient. Therefore, for each CPC system, n.16 scenarios are computed to
define the average temperature of the only solar cell n.2, since the centre area of the CPC is characterised
by a higher temperature and so is more critical. From these data, post-processing of numerical results
is conducted by plotting:

e  Maximum radiative total heat flux through the solar cell n.2, calculated for each combination of
sweep parameters;

e  Maximum efficiency of the whole system calculated for each combination of sweep parameters.
With this result it is possible to know which configuration is better to convey the sun rays on the
beam. In fact, the aim of the reflector is to obtain a higher power on the solar cell to convert it into
electricity. This efficiency considers the presence of the reflectors that convey the sun rays on the
solar cells, increasing the concentration. The value is calculated by Equation (5).

3. Results

3.1. Numerical Scenarios Validation

The first step is the validation of the scenarios comparing the results obtained by numerical
simulation (from COMSOL Multiphysics) with the ones by experimental campaigns [43].
The temperature field on the surfaces exposed to the external environment conditions is reported in
Figures A1 and A2 for the covered and uncovered configuration for the validation of the scenario,
respectively, by which the influence of external convection condition is highlighted on the frame
structures, back plate, and covers. Considering the aim of this work, a specific view of the temperature
distribution on the reflectors and the solar cells surfaces is also reported in Figures A3 and A4, for the
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covered and uncovered configuration, respectively. The temperature daily trend on the solar cells for
the covered and uncovered CPC configuration is reported in Figure 12a,b, respectively.

60 —
56
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Figure 12. Temperature trend on the solar cells: (a) covered CPC system (17 July 2017); (b) uncovered
CPC system (18 July 2017).

The maximum, average, and minimum values of the surface temperature over time are computed
for both configurations. These graphs show that it is possible to consider the average temperature on
the solar cell n.2 as a representative thermal parameter of the whole system: the difference between
maximum and minimum temperature values over time is less than 3.0 °C, which indicates a uniform
temperature distribution along the solar cell surfaces. The temperature peaks for both configurations
occur at around 15:00 with 80 °C and 55 °C, respectively. This important difference is due to the covers
that trap the air in the system, increasing the temperature. The trends follow the incident solar radiation
during the day where the extremal hours can be influenced by external factors. After obtaining
the temperature values, the post-processing analysis has been conducted to plot the efficiency of
solar cells n.1 and n.2, as reported in Figure 13a,b for the covered and uncovered configuration,
respectively, once Equation (4) has been used. It refers to the portion of energy that can be converted
via photovoltaics into electricity by solar cells, obtained from the only temperature measured on the
surfaces. Therefore, this efficiency indicates how the solar cells work, but it does not take into account
the whole electrical devices that are connected to the cells. In Figure 13, it is possible to see that the
efficiency on the solar cells in the uncovered configuration is higher because the temperature is lower
for the cooling effect of the air to which the system is exposed directly.

A complete analysis of the CPC system can be obtained studying the radiative heat flux through
the solar cell n.2, plotted in Figure 14. By this way it is possible to understand the role of the reflectors
in conveying the incident solar radiation on the solar cells, increasing then the convertible solar energy
into electrical energy.

The incident solar radiation peaks for the covered and uncovered configuration reach 9 W and
11 W, respectively, obtained both at around 13:00. The trends faithfully follow the incident solar radiant
of input where the extremal values can be influenced by external factors. The difference between
configurations is about 2 W due to the covers that attenuate the incoming rays. Then, it is possible to
obtain the efficiency of the whole system using Equation (5). In this case, the efficiency is influenced by
the presence of the reflectors while conveying the sun rays on the solar cells. The results are shown in
Figure 15. The trends are similar to the radiative total heat flux plots, reaching peaks of efficiency of
about 18% and 22% for the covered and uncovered configuration, respectively.

The validation of numerical data is conducted by comparing it with experimental data.
To validate the numerical scenarios, the percentage discrepancy parameter is used as described
by the following equation:

D =

Xrep — X,
—TC§ CM‘ -100 (6)
TCD
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Figure 13. Efficiency of the solar cells over time: (a) covered CPC system (17 July 2017); (b) uncovered

CPC system (18 July 2017).
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Figure 14. Radiative total heat flux through the solar cell n.2: (a) covered CPC system (17 July 2017);
(b) uncovered CPC system (18 July 2017).
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Figure 15. Efficiency of the whole systems: (a) covered CPC system (17 July 2017); (b) uncovered CPC

system (18 July 2017).

The temperatures are reported in Table 6 for the covered and uncovered configuration, reporting the
single discrepancies for each couple of data (experimental and numerical). The discrepancies in the
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peak of temperature (around hour 15:00) are very low; it is important this overlapped because this
value can be used in the phase of electrical analysis.

Table 6. Comparison of solar cells average temperature on surfaces for the covered and uncovered CPC
system by experimental characterisation (TCD) and numerical simulation (CM) with relative discrepancy.

Measurement Time [HH:MM]

Date
10:00  11:00  12:00  13:00  14:00 1500  16:00  17:00  18:00
17 Tul Experimental 46 °C 59°C 68 °C 76 °C 81°C 79 °C 75°C 71°C 62 °C
5 31173’ Numerical ~ 39°C  49°C  58°C  66°C  76°C  78°C  77°C 76°C  72°C
D [%] 15.2 16.9 14.7 13.2 6.2 13 2.7 7.0 16.1
18 Tul Experimental 49 °C 48 °C 51 °C 55°C 56 °C 57 °C - - -
) 31173’ Numerical ~ 39°C  44°C  45°C  52°C  56°C  57°C - - -

D [%] 20.4 8.3 11.8 5.4 0.0 0.0 - - -

Calculating the global discrepancy, the values obtained for the two configurations are: 10.4%
and 7.7% for the covered and uncovered one, respectively. The limit for the validation of the results
has been imposed by 12.0% discrepancy, due to the technical issues while implementing external
convection conditions that should be the same of real-life external environments. Under these
conditions, both systems can be validated.

Furthermore, the post-processing results are compared with the experimental ones to validate the
scenarios; the radiative total heat flux through the solar cell n.2 is shown in Table 7, the efficiency of the
whole system in Table 8.

Table 7. Comparison of the radiative total heat flux for the covered CPC system by experimental
characterisation (TCD) and numerical simulation with relative discrepancy (CM) (17 July 2017).

Measurement Time [HH:MM]

Data From
12:20 12:45 14:00
TCD 8.7W 8.9W 8.4 W
CM 87 W 8.8 W 8.7 W
D [%] 0.0 1.1 3.6

Table 8. Comparison of efficiency in the whole system for the covered CPC system by experimental
characterisation (TCD) and numerical simulation with relative discrepancy (CM) (17 July 2017).

Measurement Time [HH:MM]

Data From
12:20 12:45 14:00
TCD 18.6% 18.3% 17.2%
CM 18.0% 18.3% 17.9%
D [%] 3.2 0.0 4.1

The global discrepancies are 1.6% and 2.4% for the radiative total heat flux and efficiency of the
whole system, respectively. By that, the post-processing results validate the numerical scenarios.

3.2. Parametric Analysis

The parametric analysis is conducted changing the reflector geometry: the half-acceptance angle
and the parabola coefficient. The aim is to observe the better configuration for higher sun rays
concentration. The average temperatures of solar cell n.2 over time are shown in Figures 16a—d and
16e-h for the covered and uncovered configuration, respectively. In each graph there are different
trends of temperature for various half-acceptance angles (60° + 75°), once the parabola coefficient has
been fixed between the range 3 m~! + 6 m~!. For the covered configuration, the average temperature
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on solar cell n.2, considering different parabola coefficient, is imperceptible by an engineering point of
view, while in the same figure the trends of different half-acceptance angle are not overlapped. On the
other hand, for the uncovered configuration, the temperature has been changing, being influenced by
both the parabola coefficient and half-acceptance angle, observing that the maximum temperature
decreases while decreasing these two parameters.

Post-processing analysis is conducted to characterise the system and to identify the most suitable
solution to enhance the solar radiation concentration on the solar cells. The radiative total heat flux
through solar cell n.2 is plotted in Figure 17 for both configurations. It is used to understand how much
the reflectors geometry conveys the sun rays. The peaks of power are plotted for each parametric
combination of parabola coefficient and half-acceptance angle. The maximum values are obtained for
lower parabola coefficient and half-acceptance angle for the geometry construction, considering 3 m~!
and 60°, respectively. The difference between uncovered and covered configuration, while considering
the aforementioned combination of parabola coefficient and half-acceptance angle, is about 1.8 W
due to the presence of the covers that attenuates the incident solar radiation. For the covered one
(Figure 17a), the influence of the parabola coefficient and half-acceptance angle on the power output
appears to be similar. For the uncovered configuration (Figure 17b), the half-acceptance angle shows a
major influence on the incident heat flux (multiplied by the surface of the cells) if compared to the
influence of the parabola coefficient.

The efficiency of the whole system is calculated by means of Equation (5), referring to the portion
of energy as the sun’s incident radiation, that can be converted by means of PV plant into electricity.
The maximum values of the whole systems efficiency for each combination are reported in Figure 18 for
both covered and uncovered configuration. The system shows a higher efficiency with lower parabola
coefficient and half-acceptance angle. A difference of about 3.5%, considering the most performing
combination of the parabola coefficient and half-acceptance angle between configurations, could be
noticed in terms of whole system efficiency.
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Figure 16. Temperature on solar cell n.2 with different half-acceptance angles and parabola coefficients

for the: (a—d) covered CPC system; (e-h) uncovered CPC system.
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Figure 18. Maximum efficiency of the whole system for different half-acceptance angles and parabola
coefficients: (a) covered CPC system; (b) uncovered CPC system.

4. Discussion

The numerical temperature results fit the expected values by experimental campaigns. On the one
hand, the uncovered CPC configuration appears to reach the best performance in terms of cooling, since
a maximum temperature of around 55 °C is reached on the solar cells surface, as shown in Figure 12b.
The trend follows the sun curve of radiation, with the maximum at hour 15:00. On the other hand, the
characteristics of the solar cell structures and frames impose the installation of a cover to prevent any
damage or deposition of particles on the critical surfaces, that could lead to many losses in terms of
efficiency. However, considering the covered configuration, a temperature of around 80 °C is reached
on the solar cells surfaces, as shown in Figure 12a at hour 15:00. Once analysing the typical dependence
of PV cell electric efficiency on the semiconductor temperature, it should be noticed in Figure 13 how the
uncovered configuration guarantees higher efficiency of the solar cells than the covered one. The use of
reflector increases the solar incident radiation on the PV cell, improving the photogeneration of charge
carriers but meanwhile, increases the temperature. Another important parameter is the radiative
total heat flux through solar cell n.2 because it allows to understand the correct conveying of the sun
rays. Higher incoming solar radiation power corresponds to major conversion into electricity by the
photovoltaic effect. The difference between the covered and the uncovered configuration should be
highlighted by the power peaks of about 9 W and 11 W, respectively, as shown in Figure 14. The trend is
like the solar radiation, with the maximum at hour 13:00. The reason of difference between values is the
presence of an internal air domain that attenuates the solar radiation in the case of covered configuration.
Furthermore, the maximum efficiency of the whole system has been estimated around 18.3% and 22.0%
for the covered and uncovered configuration, respectively, as plotted in Figure 15. The validation of the
scenarios is conducted calculating the discrepancy for temperature, power, and efficiency of the whole
system data. In all these cases the values are below the imposed limit (12%); therefore, the numerical
simulations can be considered validated. Additionally, the discrepancies during the peaks (around
hour 15:00) are very low, these values are used to characterise the system. To optimise the concentration
of the sun rays on the solar cells, the parametrisation of the geometrical reflectors has also been
conducted. For both configurations (covered and uncovered) the reflector shape influence on CPC’s
thermal response has been investigated: the varying parameters are the half-acceptance angle (60° +
75°) and parabola coefficient (3 m~! + 6 m™!). The chosen parameters are bounded by the width of the
system because a bigger system leads to higher costs of fabrication and more encumbrance for the
installation. The results show that for the covered configuration (Figure 16a—d) the combination trends
of the average temperature on the solar cell n.2 are overlapped because of the air volume presence,
which remains trapped between the covers. The same air volume seems to influence the whole system
efficiency negatively, since it attenuates the effect of the enhanced solar radiation concentrator on
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electricity production. Furthermore, for the covered configuration the curves of efficiency remain very
similar for different angles and coefficients. For the uncovered configuration it is possible to see in
Figure 16e-h how the higher temperature is reached for the lower half-acceptance angle (60°) and
parabola coefficient (3 m~!). Post-processing analysis is used to understand the functioning of the
reflector. For the power analysis, the covered configuration reaches lower values than the uncovered
one because of the presence of the covers that attenuates the solar radiation. Moreover, analysing
the parametric sweep, the output power increases with a lower half-acceptance angle and parabola
coefficient (trend similar to the temperature one), reaching about 9.2 W and 10.9 W for the covered and
uncovered configuration, respectively, as shown in Figure 17. A similar analysis is conducted observing
the higher value of efficiency, obtained with a lower half-acceptance angle and parabola coefficient
reaching about 18.9% and 22.4% for the covered and uncovered system, respectively, as plotted in
Figure 18. Therefore, by using the global efficiency, it is possible to identify the better solution, that is a
reflector built with a half-acceptance angle of 60° and a parabola coefficient of 3 m~! for the uncovered
configuration, achieving also a lower temperature on the solar cell if compared to the covered one. It
leads to an improvement in terms of photogeneration of charge carriers.

5. Conclusions

The convenience in using Compound Solar Concentrators is strictly related to the improvements
in terms of efficiency of the whole system. In this manuscript, the type of concentrator studied is the
Compound Parabolic Concentrator (CPC) that conveys the sun rays on the solar cells. The characteristics
of the prototypes realised by TCD are with the half-acceptance angle of 60° and parabola coefficient
of 4 m~!. The analysis shows that the 3D transient Finite Element Method simulation scenarios for
the covered and uncovered configuration can be considered validated with the experimental data
acquired by Trinity College Dublin in terms of temperature, power, and efficiency of the whole system.
The method used for the validation is the calculation of the average discrepancies between data:
the values are below the imposed upper limit of 12%. The results show that the best performing
configuration is the uncovered one since the temperature on the solar cells is lower for the effect of
cooling by air. Furthermore, without covers, the incoming solar radiation on the cells is higher, not
being attenuated. Then, a parametrisation of the reflectors is conducted to obtain a geometry that
conveys as many rays as possible. The studied combinations are solved for a half-acceptance angle 60°
+75° and for the parabola coefficient 3 m~! + 6 m~!. The results show that the optimal geometry for
the higher power and efficiency of the whole system is reached with a lower half-acceptance angle and
parabola coefficient. It is the first step for further works to improve this technology. Further studies
and works on this technology of solar concentrators should be related to:

e Simulative campaigns conducted through a virtual laboratory, to check the influence of varying
conditions on the CPC efficiency and to find a right matching of geometrical parameters to achieve
the optimisation of the whole system;

e  Numerical analysis and simulation of integrated cooling systems. The goal is to decrease the
temperature in the system, improving the efficiency of the CPCs, removing the produced heat
by means of different possible solutions. The heat should be re-used in various applications
as a trigenerative ORC (Organic Rankine Cycle) system, to generate domestic hot water, for an
HVAC (Heating, Ventilation, and Air Conditioning) plan or for general-purpose heating systems,
according to the reached temperature value;

e  The validated scenario with experimental data should be used for new CPC numerical simulations,
involving different geometry, components, and a number of solar cells, avoiding the production
of any physical prototype of a compound solar concentrator.
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Appendix A

The figures in the Appendix show the temperature distribution on all and part of the CPC
systems, for the covered and uncovered configuration. These results are obtained with the same
simulation campaign of the manuscript. Referring to the boundary conditions, the temperature fields
in Figures A1-A4 are obtained by the same simulations discussed above. They could be helpful to
visualise the thermal response of the system while exposed to the time-dependent conditions reported
in Figures 7 and 8, where temperature and solar radiation are given, respectively. Figure A3 reports the
temperature field on the critical surfaces of the system, that is solar cells and reflectors. As discussed
before, the maximum temperature reached by the covered scenario is higher than the one reached by
the uncovered system because of the presence of the trapped air volume. Convection phenomena are
much more relevant on the uncovered system since it improves the cooling of the whole structure,
exposed to the external environment, directly.
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Figure Al. Temperature field on the whole surfaces of the assembly for the covered CPC scenario (17
July 2017) at the following times: (a) 10:00; (b) 11:00; (c) 12:00; (d) 13:00; (e) 14:00; (f) 15:00.
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Figure A2. Temperature field on the whole surfaces of the assembly for the uncovered CPC scenario
(18 July 2017) at the following times: (a) 10:00; (b) 11:00; (c) 12:00; (d) 13:00; (e) 14:00; (f) 15:00.
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Figure A3. Temperature field on solar cells and reflectors surfaces for the covered CPC scenario (17
July 2017) at the following times: (a) 10:00; (b) 11:00; (c) 12:00; (d) 13:00; (e) 14:00; (f) 15:00.
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Figure A4. Temperature field on solar cells and reflectors surfaces for the uncovered CPC scenario (18
July 2017) at the following times: (a) 10:00; (b) 11:00; (c) 12:00; (d) 13:00; (e) 14:00; (f) 15:00.
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