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Abstract: The need of clean energy is constantly increasing, and Building Integrated PhotoVoltaic
(BIPV) technologies represent valuable assets to expand even further the photovoltaic market. Thanks
to BIPVs. a new concept of local electric microgrid will probably emerge as this kind of technology
can turn buildings from energy wells to energy sources. Luminescent Solar Concentrator (LSC)
panels are perfect to achieve this goal, indeed, contrary to standard flat PhotoVoltaic (PV) modules,
they can be exploited in transparent or semi-transparent building façades. Thus, the purpose of
this work was the optimization of the performance of LSC panels for BIPV applications. Being an
application-oriented study, we paid particular attention to the scalability of the assembling process
and the use of LSC slabs functionalized only with widely available organic commercial dyes and
high-performance commercial silicon solar cells. The electrical and optical performance of the LSC
panels were firstly simulated and then, once the most promising configurations were identified,
the respective prototypes were assembled to compare the simulation results with the experimental
measurements. These analyses were performed both under uniform illumination and in some relevant
shading configurations typical for BIPV devices in operating conditions. The obtained results show
that LSC panels that employ PV cells coupled with reflective films can yield a higher efficiency than
a traditional system with cells placed along four sides.

Keywords: luminescent solar concentrators; buildings integrated photovoltaics; shading; energy
harvesting; solar energy; concentration systems

1. Introduction

The goal 7.2 of the 2030 Sustainable Development Agenda testifies that now, more than
ever, it is necessary to satisfy the growing need for energy using renewable sources [1,2]. In
particular, considering the amount of energy that strikes Earth’s surface every day, Photo-
Voltaic (PV) technology could be one of the most relevant energy sources. This is confirmed
by the considerable size reached in these years by PV technologies market, which nowadays
amount to 7.6% of the energy produced by renewable non-combustible sources [3]. Among
all PV technologies, Luminescent Solar Concentrators (LSCs) represent a promising way to
widen the field of application of PV systems and increase the amount of energy produced
by solar technologies [4]. The performance of standard PV technologies are highly affected
by shading and, if bypass diodes or other bypass devices are not installed, the PV modules
can suffer of permanent damage when shaded [5]. This is particularly true for high power
modules, employed in solar power plants, or for high performance solar cells employed in
aerospace applications [6–8]. LSC panels are instead extremely tolerant to shading, as they
can exploit both direct and diffuse radiation [9]. Therefore, they are perfect candidates for
Building Integrated PhotoVoltaic (BIPV) applications, especially in the countries with a
high population density or in which diffuse solar radiation is dominant [10,11]. LSC panels
are based on the coupling of a semi-transparent glass or plastic slab with PV cells. The
slab is functionalized with fluorophores able to absorb a portion of the impinging light and
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then re-emit it as fluorescence light. Each time that the light is emitted by the fluorophores
three different phenomena can occur: total internal reflection, escape-cone losses, and
self-absorption (see Figure 1). Indeed, the fluorescent light is isotropically emitted and
just a portion of it undergoes total internal reflection, the remaining one is lost through
the so-called escape-cone. Both the escape-cone losses and the amount of light entrapped
in the LSC depend on the slab material and then can be expressed as a function of the
slab refractive index [12]. The self-absorption phenomenon is due to the partial overlap
between the luminophores absorption and emission spectra, in fact if the Stokes shift is too
small the luminophores inside the slab can absorb also fluorescence light, thus increasing
the number of absorption events and the probability of escape-cone losses. The light that
thanks to total internal reflection is trapped inside the slab is waveguided to its edges
where usually PV cells are mounted. This configuration allows the conversion of light
into electricity and minimize the area of the solar cell needed, thus leading to a potential
reduction of the panel overall cost. The slab can be manufactured with various shapes and
be functionalized by using different luminophore types like organic or inorganic dyes as
well as quantum dots. Their optical properties affect the absorption and emission spectra
of the LSC, changing its characteristic color [12]. LSC panels show a high PV conversion
efficiency, as fluorophores realize a down-shifting of wavelengths that cross the slab, which
guarantees an efficient filter against the solar UV radiation, and ensures to expose silicon
(Si) solar cells to a wavelength range in which their External Quantum Efficiency (EQE)
is higher [13,14].
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Figure 1. Graphical representation of an LSC panel. The semi-transparent slab is depicted in red,
whereas the PV cells are schematized in blue. When a ray of light is absorbed by the dye of an LSC
three phenomena can occur: (1) the fluorescence radiation is trapped inside the slab until is absorbed
by the cell, (2) the re-emitted radiation is lost through the escape-cone and (3) the fluorescence
radiation is absorbed by another dye molecule (self-absorption).

The intrinsic optical transparency of LSC panels opens the possibility to install them
where traditional PV technologies would not be suitable, exploiting the solar radiation
not only for electrical energy production, but also to optimize the building thermal bud-
get. Moreover, if installed on the roof of greenhouses, they can both contribute to sup-
ply the power needed by the greenhouse and increase the amount of light available
for photosynthesis [15].

Considering the aforementioned properties, LCS panels are ideal to be installed in
semi-transparent façades of new type of buildings, which could take advantage of BIPV
technologies and could autonomously produce all or part of the energy they need. This
could allow an increase of electricity generated from renewable sources, shifting the role of
buildings form consumer to pro-sumer (producer and consumer) of energy [16,17].
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In literature, there are many examples in which LSC panel characteristics are modified
to increase the Optical Efficiency (OE) or the concentration factor of the system. Several
are the studies in which each component of the LSC module is optimized to improve the
system efficiency: the luminophores employed [18–20], the dimensions and shape of the
luminescent slabs [21–24], and the types of solar cells used in the PV arrays [25–27]. Despite
there is a clear understanding of the optimal solution combining all these features to lead to
the highest efficiency, the industrial scalability and the availability of low-cost components
is a key factor to unlock the potential of this technology. Presently, the price-to-watt ratio
of commercial BIPV technologies range from 1.2 €/Wp, for glass-glass PV panels designed
for architectural integration, to 8 €/Wp for PV glass based on a-Si technology [28].

Rafiee et al. work [29] shows that the LSC panels that are more scalable, and so
suitable for BIPV applications, are based on organic dyes and Si solar cells. Based on
this evidence the LSC panels presented in this research activity were functionalized with
organic commercial dyes and coupled with commercial Si solar cells, as the purpose of
this work was to develop devices that can be integrated in building semi-transparent
façades. Therefore, all the configurations considered were designed to be as similar as
possible to semi-transparent panels. As a further step towards industrial scalability, we
studied different configurations where cell arrays were substituted with optical reflectors
to minimize the overall system cost. Indeed, the reduction of the PV arrays number has a
significant impact on the whole module cost. As a matter of fact, for the configurations
presented in this work we estimated a price-to-watt ratio ranging from 13 €/Wp, for the
configuration with the arrays along the four sides, to 7 €/Wp for the configuration with
just one PV array. This estimation was done assuming a 30% margin on the direct costs, as
there is no evidence of commercially available PV panels based on LSC technology. We
present here the results we obtained for LSCs with cell arrays on four sides, on two sides
and on just one side.

The LSC panel properties were first simulated to identify the configuration with the
best efficiency/scalability trade-off, as the latter is an important feature that should be
considered in view of a technology transfer from research to industrial scale. The panels
performance was evaluated by analyzing different shading conditions, as they were tested
not only under an ideal sunlight exposure (full lighting conditions), but also in real working
conditions (partial shading). In fact, while the shading of standard PV flat modules has
been widely investigated, literature lacks an in-depth analysis concerning this topic for
LSC devices. Finally, some prototypes were assembled considering the simulation results
and selecting the most promising designs.

2. Materials and Methods
2.1. Numerical Simulations

To evaluate how the concentrator geometry affects the power production, numerical
simulations of light transport inside the LSCs were performed. The results presented in
Appendix A guided us to simulate square-shaped LSC panels with an area of 25 × 25 cm2

as smaller dimensions would still have spectral components of light affected by auto
absorption, thus making obtained results difficult to project to larger size devices. In
LSC panels with dimension of 25 × 25 cm2 or wider, the spectral components affected
by auto absorption reaching the solar cells become negligible with respect to the longer
wavelengths showing no auto absorption, and thus these components of the fluorescence
light can be assumed to undergo free propagation within the LSC slab. Therefore, in the
optical simulation, a ray of light was considered lost only when it was absorbed by an
absorbing surface or when it escapes through the escape-cone.

The relative values of the irradiance on the LSC side were obtained with a Montecarlo
raytracing technique, and the relative short circuit current produced by each cell was
given by the integral of the irradiance distribution over the cell length. Rays of light were
generated inside the LSC with a uniform spatial and angular distribution; therefore, the
path of each ray of light was a straight line that ended on a surface of the LSC. The variance
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in panel performance due to the light incidence angle was neglected as incidence angle
modifier was already studied by Kanellis et al. [30]. Three different configurations of LSC
panels were simulated, with four, two, and one PV arrays, respectively. The PV arrays were
simulated along the LSC edges and in the configurations with one or two PV arrays, the
missing ones were replaced by reflective surfaces. The basic PV array was 25 cm long and
was composed by 10 photovoltaic cells connected in series, however, in this study were
evaluated also configurations in which the number of cells per PV array has been reduced.
The flow chart shown in Figure 2 summarizes the complete simulation procedure.
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Figure 2. Scheme and concept of the presented Montecarlo simulation model.

2.1.1. Simulated Electrical Performance

To evaluate LSC panel electrical performance, three types of surfaces were considered:
refractive, reflective, and absorbing. Refractive surfaces represent the LSC-to-air interfaces
where, depending on the LSC refractive index, the rays of light can undergo total internal
reflection or exit from the slab surfaces. The reflective surfaces were used to simulate the
LSC sides covered by the mirror films. When a ray of light struck a reflective surface, a
random number between 0 and 1 was generated and, if it was higher than the surface reflec-
tivity, the ray of light was considered as absorbed by the surface. Differently, the absorbing
surfaces were representative of the solar cells, which were simulated as perfect absorbers.
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The selected parameters for the simulations were the LSC refractive index, the mirror
reflectivity, and the ray flux. The first was set at 1.488 at 650 nm [31], and the second was
set at 0.95 according to the reflection properties of the dielectric mirror film used for the
prototypes [32]. The ray flux was set to 1.6 × 108 rays of light/m2, thus ensuring a trade-off
between the computational time and smoothing of the cell irradiance profile.

When a ray of light was absorbed or lost through the escape-cone, the software saved
the path data, which consisted of the source point, the direction cosines, the points where
the ray of light was reflected, the outgoing direction after each reflection, and the surface
nature (reflective or absorbing). By analyzing these data, it is possible to generate the
irradiance profile on each surface as well as to evaluate the number of rays of lights lost
because of the escape-cone losses or the absorption by the reflective surfaces.

2.1.2. Simulated Impact of Shading

To evaluate LSC losses in efficiency because of the partial shading, irradiance profile
on the PV cells array was simulated with the same parameters and methodology described
in the Section 2.1.2, but under relevant shading conditions.

The reference design consists in the square LSC with PV arrays along the four sides,
and without any reflective surface. This design has been taken as a reference because it
represents the most common and spread LSC panel configuration used in transparent
façades. As described in Section 2.1, the other simulated setups consist of LSC panels with
cell arrays on one or two sides.

Depending on the arrangement of the cells in the LSC panels, it is possible to identify
different shading situations. In the reference system equipped with four PV cell arrays,
being symmetrical on two axes, any shading mode is equivalent. In the system with two
PV arrays on opposing sides, two shading options are possible: across the arrays, and
parallel to the arrays, because, due to system symmetry, it is not important which array is
being shaded. In the system with only one PV array, three options are possible: the first
one involves the shading across the array, whereas in the second one the shading is parallel
to the PV array on the half of the slab opposite to the PV cells. The third shading mode
involves the shading of the half surface that includes the PV array (Figure 3).
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Figure 3. (a) Graphical representation of the possible shading configurations with two PV arrays: shading across and
parallel to the arrays. (b) Graphical representation of the possible shading configurations with one PV array: shading across
the PV array, shading along the PV array on the mirror side and shading along the cells on the receiver side.

Obviously, the most critical situation is the shading across the PV array because
the difference in the irradiance profile would lead to a strong current mismatch and,
consequently, to a loss in the system efficiency.
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2.2. Prototype Assembly Process

The modules consist of square slabs of PMMA (PolyMethylMethAcrylate) doped
with a concentration of 300 ppm organic dye developed by BASF Corporation, and thus
belonging to the commercial Lumogen® F family: Violet 570, Green 850, Yellow 083,
Orange 240, and Red 305. The latter four dyes are perylene-based, while Violet 570 is a
naphtalimide-based one. The slabs (5 mm thick) were laser-cut with a size of 25 × 25 cm2.

The LSC slabs were coupled with monocrystalline Passivated Emitter Rear Contact
(PERC) silicon solar cells (SunPower C50) with dimensions of 23 × 8 mm2, which were
obtained by the mechanical cutting of 156 × 156 mm2 area wafers [13]. The cells were
arranged in arrays of 10 cells, connected in series, and soldered onto a Printed Circuit
Board (PCB) 244 mm long.

The assembly of the cells soldered on the PCB represents the modular PV array.
Further information about the electrical characterization of both the bare solar cells and
the PV arrays can be found in the Supplementary Material (Figure S1). The modules were
assembled mounting the PV arrays along the edges of the slabs, by using an optical UV glue
(Delo Photobond GB368) and placing a high efficiency dielectric mirror film (DF2000MA,
manufactured by 3M) along the sides without cells. The film consists in a dielectric mirror
deposited on plastic layer with an overall thickness of 104 µm and a contact adhesive
applied on it. The main feature of the mirror film is the high specular reflectivity. It
shows a reflectivity higher than 90% in the 400–775 nm range, at an angle of incidence
between 0 and 80◦ that helps to minimize the absorption losses even in case of multiple
reflections [32]. The glue is a one-component UV-curing adhesive, specifically formulated
to bond optical devices made of glass, plastic, or metal. This glue has a refractive index of
1.506 in the visible range, slightly higher than PMMA, but close enough to achieve a good
optical coupling between the slab and the cells [33]. Figure 4 displays the pictures of the
assembled prototypes in the different configurations.
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(b) Picture of the prototype with two PV arrays, configured to measure the power produced by the module. (c) Picture of
the prototype with one PV array, configured to measure the power produced by the module.

2.2.1. Prototype Electrical Performance

The prototypes were placed on a dual-axis sun tracking system equipped with a
pyranometer DeltaOhm LP Pyra 03 AV. The pyranometer was used to measure the inci-
dent global irradiance on the plane of the module. The I-V and P-V characteristic curves
were measured by mean of a Keithley 2400 SourceMeter controlled by a custom Virtual
Instrument written in LabView. The software automatically calculates all the parameters of
the curve, such as the short circuit current, the open circuit voltage, the maximum power
point, the voltage and current at maximum power point, and the Fill Factor (FF). The
software saves automatically the I-V curve data and performs batch and periodic 4-wires
measurements. The efficiency of the prototypes was obtained analyzing both the I-V curves
and the irradiance data, which was measured by the pyranometer.
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The assessment of the electrical performance of the panels was carried out by mea-
suring the I-V curves of the LSC panels under natural sunlight. Thus, to guarantee that
the LSC performance were not affected by the sunlight incidence angle the panels were
placed on a sun tracking system, which also allows to maximize the irradiance received
by the prototypes.

As reported in the SunPower C50 datasheet [13] the EQE of the PV cells mounted on
the prototypes is almost constant from 400 nm to 1000 nm, thus the current produced by
the cells can be considered directly proportional to the intensity of light that strikes the cells.
Therefore, the OE of the LSC panel can be expressed as defined by Inman et al. [21], namely
as the short circuit current produced by the LSC panel, ISCLSC, divided by the product be-
tween the same quantity produced by the bare PV array, ISCPV, and the geometric factor G:

OE = ISCLSC [A]/(ISCPV [A] · G), (1)

G is the ratio of the illuminated LSC top surface area to that of the edges covered by
PV cells, so its value is a function of both prototype configuration and shading condition.
In this way, the OE includes the dependence of PV cells Quantum Yield (QY) from the
different wavelengths.

Another quantity used to define the performance of an LSC panel is the Power
Conversion Efficiency (PCE), which can be expressed by Equation (2), and compares the
electrical power, which is supplied by the LSC panel, to the radiative power striking on it:

PCE = (IMPP [A] · VMPP [V])/(GNI [W/m2] · cos(θ) · A [m2]), (2)

where IMPP, and VMPP are respectively the maximum power point current and voltage,
GNI is the Global Normal Irradiance; namely the total irradiance that reaches a surface
perpendicular to the line joining the Earth and the Sun. A is the area of the LSC top surface,
and θ is the angle between the surfaces used to compute the GNI and the LSC top surface.
The prototype electrical performance was tested under a GNI equal to 630 W/m2.

2.2.2. Impact of Shading on the Prototypes

In order to study a maximized effect of shading, the tests were performed by covering
half of the concentrator with black absorber. This precaution is needed to avoid that the
light emitted by self-absorption and lost from the escape-cone could be reflected by the
shading surface. The covering of the half of the system is obviously a situation of extreme
shading, which should be avoided by a proper installation of the modules. Nevertheless,
modules working fairly in this situation could be used on purpose when partial shading is
unavoidable, and when the installation of other systems is economically infeasible. The
symmetry conditions, which led to different shading configuration, are the same presented
in Section 2.1.2.

3. Results and Discussion
3.1. Simulated Electrical Performance

The first simulated LSC had four arrays, one for each side, with 10 cells per array. As
mentioned above, such a configuration represents a reference to evaluate the effectiveness
of the others. The arrays on each side allow the maximum absorption but as shown in
Figure 5a, the irradiance profile is uneven, and seems to follow a cosine-like function. This
irregularity led to a mismatch in current production, approximately equal to 33%, between
the central cells and the ones at the ends of the same array (Figure 5b).
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cells as a function of the position along the LSC side, which ranges from 0 mm to 250 mm. (b) Normalized current produced
by each PV cell.

Therefore, if the cells are connected in series, this configuration turns to be unprof-
itable unless bigger cells are employed at the array ends. Differently, cells of equal size
could be used if connected in parallel, since their operating voltage is barely affected by
such mismatch [34].

Unfortunately, the use of cells of various sizes would make impractical the scaling
up of the concentrator to larger areas. In fact, to correctly fit the different irradiance
levels across the same side, the larger cells should be 50% longer than the smallest ones,
making them extremely fragile. Moreover, the maximum size that can be handled by the
assembling machines is limited. Thus, if the largest cell size is limited, an approach with
cells of different sizes requires the use of more cells to cover the same length. Using a
large number of cells, also the option to connect all the cells in parallel would be equally
not convenient. It would result in an output with a high current and low voltage, which
requires the use of conductors with large cross section and leads to significant losses in
dc-dc or dc-ac conversion [34]. Removing one cell per array and replacing them with
reflective films have a dramatic effect on the irradiance profile, as depicted in Figure 6.
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each PV cell.

The irradiance profile shows high variations—greater than 35%—among the different
surfaces, which is even worse than the reference. Therefore, this strange design has hardly
a practical interest.

In Figure 7, are displayed the results concerning an LSC panel with four arrays, each
one with 8 cells. Covering the corners of the LSC with reflective mirrors can be considered
an advantageous alternative for several reasons: the number of cells used for each module
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is decreased, the corners represent the areas with lowest irradiance, and configuration
symmetry is restored. The coverage of the LSC corners presents a couple of problems.
The former is the small current mismatch among the cells, around 6%. The latter, and
most concerning one, is represented by the cells to mirror junction, which make this
configuration extremely sensitive to assembly errors. In fact, any error would result in a
significant current loss, as testified by the sharp peaks at the cell-mirror interface. Therefore,
also this configuration is of limited practical interest.
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After these, a configuration in which two PV arrays were replaced by reflective films
was tested. The addition of the reflecting film on two sides has a great impact on the
irradiance profile (see Figure 8a). In fact, the difference in irradiance between the center
and the ends becomes less than 3%, with respect to the 50% shown by the reference
configuration. This close-to-ideal irradiance profile comes at the cost of absorption that is
caused by the reflective surfaces, whose reflectivity have been estimated around 95%. This
means that photons undergoing multiple reflections on the sides are likely to be lost due
to absorption by the reflective films. Figure 8b shows that the current mismatch among
the cells is minimal: this small variation in current production is probably less noticeable
than the statistical variation between the cells and the effect of small assembly defects. The
uniformity of the current profile results in a higher efficiency of the module.
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each PV cell.

Looking at the good performance of the configuration with two reflective sides, a
configuration with two arrays with eight cells each was simulated. The intention was,
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as before, to reduce the number of cells employed in the LSC panel. The reflective sides
help to even out the irradiance profile, but this process results again in a higher current
mismatch between the cells (Figure 9). The widening of the peak at the cells-to-mirror
junction causes an increase in the current produced by the extreme cells which results in an
increased mismatch between the cells.
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Finally, a configuration with three sides covered by a reflective film and one by an
array with 10 cells was simulated. There is no noticeable improvement of the irradiance
profile with respect to the configuration with two PV arrays (Figure 10), but it can be
observed a higher absorption that makes this design less efficient than the one displayed in
Figure 8. This configuration anyway requires only a fourth of the cells employed in the
reference and hence represents the most affordable if the price-to-watt ratio is considered.
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Figure 10. Unshaded LSC panel with one 10-cells PV array: (a) Normalized number of rays of light collected by the PV cells
as a function the position along the LSC side, which ranges from 0 mm to 250 mm. (b) Normalized current produced by
each PV cell.

3.2. Simulated Impact of Shading

The LSC panels shading performance was simulated just referring to the configuration
with four, two and one PV arrays, having 10 cells each. Indeed, considering the results pre-
sented in Section 3.1, these seems to be the most interesting and promising configurations.

In Figure 11 are displayed the results for the configuration with four PV arrays, which
was taken as a reference. In addition to the irradiance profiles on the PV arrays, the rays of
light lost from the escape-cone, and the rays of light absorbed by the reflective surfaces
are shown.
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Because of the symmetry, the half-shaded arrays collect the same irradiance profile,
which presents very large variations. As predicted, this led to a strong current mismatch
and consequently to a loss in the system efficiency. The unshaded side presented an
irradiance profile identical to the completely unshaded condition. Surprisingly, the lowest
irradiance values are located on the half-shaded arrays, while the completely shaded one
shows a relatively uniform irradiance profile. Therefore, the limiting factor for the system
power output is not the completely shaded array.

As expected, looking at the irradiance profiles, the current produced by each cell
shows the highest value for the cells 5 and 6 of surface 4, which represents the unshaded
array. The lowest values are the ones registered for cell 10 of surfaces 2 and 3, which
represent the half-shaded arrays. With this configuration, the best cells produced four
times the current of the worst ones, leading to a dramatic power loss.

When two arrays are replaced by the mirrors, and the shading is parallel to them, the
mismatch seen in the last case is effectively mitigated (Figure 12). The irradiance peak
is located at the illuminated end of the arrays and the difference between the maximum
and minimum values is 2.4 times. With a reflectance of 0.95, the absorption caused by the
reflective surfaces is negligible, and its effect becomes acceptable if the increased flatness
of the irradiance profile is considered. Looking at the expected current production, the
mismatch reduction is evident: in this case, the difference is reduced to 2.4 times, leading
to a significant improvement in system efficiency.
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Figure 12. Shaded LSC panel with two 10-cells PV arrays, shading across the PV arrays: (a) Number of rays of light collected
by the PV cells as a function of the position along the LSC side, which ranges from 0 mm to 250 mm. (b) Normalized current
produced by each PV cell.
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Shading simulation along the arrays does not seem to significantly affect the perfor-
mance of this system. Indeed, a difference in irradiance between the two sides is anyway
present but is not as dramatic as in the previous configuration of shading across the arrays.
The irradiance profiles on the two surfaces hosting the cells show the same difference of 3%
between the highest and lowest values previously seen without the shading. In this case,
the mismatch between the arrays is limited to 10%, as displayed in Figure 13. This result
testifies an efficiency loss reduction and allows the system to maintain good performance
even under partial shadowing.
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produced by each PV cell.

The results for the configuration with one array are shown in Figure 14. For the
simulation in which the shading is applied across the array, the addition of a third reflective
surface results in a further flattening of the irradiance profile. In this case, the difference
between the highest and lowest irradiance values is limited to 50%: a remarkable result for
such an extreme shading pattern. As expected, looking at the irradiance profile, the current
mismatch among the cells is the lowest seen so far for this shading pattern, with the best
performing cells producing 1.5 times the current of the cell with the lowest current.
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As displayed in Figure 15, the configuration with one receiver presented a remarkable
tolerance to shading, especially when it is along the array on the mirror side. The regularity
of the irradiance profile reflects on a negligible mismatch in the current produced by the
different cells. Therefore, with this shading pattern, the system shows no efficiency loss.



Energies 2021, 14, 816 13 of 22

Energies 2021, 14, x FOR PEER REVIEW 13 of 22 
 

 

by the different cells. Therefore, with this shading pattern, the system shows no efficiency 

loss. 

 

Figure 15. Shaded LSC panel with one 10-cells PV array, shading along the half surface opposed to the PV array: (a) 

Number of rays of light collected by the PV cells as a function of the position along the LSC side, which ranges from 0 mm 

to 250 mm. (b) Normalized current produced by each PV cell. 

As in the previous case, the shading of the array on the cells side leads to a flat irra-

diance profile, and to a match in the current produced by the cells. Looking at all the 

shading patterns, this system performs better than the other configurations under partial 

shading (see Figure 16) and, adding the reduced cost and ease of assembly and wiring, it 

is clearly the best candidate for industrialization. 

 

Figure 16. Shaded LSC panel with one 10-cells PV array, shading along the half surface near the PV array: (a) Number of 

rays of light collected by the PV cells as a function of the position along the LSC side, which ranges from 0 mm to 250 mm. 

(b) Normalized current produced by each PV cell. 

Among the various setups evaluated in the numerical simulations, the best theoreti-

cal performance was achieved by the configuration with two arrays, which balances the 

good uniformity in the irradiance profile with reduced losses caused by multiple reflec-

tions on the reflective layers. The setup with the cells placed only on one side of the slab 

have an irradiance profile similar to the system with two arrays, but with a lower power 

output. The power output decrease is caused by the increased number of reflections along 

the sides, and therefore by the increased chances of absorption. However, the system with 

one array shows the lowest current mismatch among the cells. As the simulations sug-

gested, the mirrors improve greatly the uniformity of the irradiance profile, and the sys-

tem with cells on two sides is the configuration yielding the highest efficiency. 
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As in the previous case, the shading of the array on the cells side leads to a flat
irradiance profile, and to a match in the current produced by the cells. Looking at all the
shading patterns, this system performs better than the other configurations under partial
shading (see Figure 16) and, adding the reduced cost and ease of assembly and wiring, it is
clearly the best candidate for industrialization.
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(b) Normalized current produced by each PV cell.

Among the various setups evaluated in the numerical simulations, the best theoretical
performance was achieved by the configuration with two arrays, which balances the good
uniformity in the irradiance profile with reduced losses caused by multiple reflections on
the reflective layers. The setup with the cells placed only on one side of the slab have an
irradiance profile similar to the system with two arrays, but with a lower power output.
The power output decrease is caused by the increased number of reflections along the sides,
and therefore by the increased chances of absorption. However, the system with one array
shows the lowest current mismatch among the cells. As the simulations suggested, the
mirrors improve greatly the uniformity of the irradiance profile, and the system with cells
on two sides is the configuration yielding the highest efficiency.

3.3. Prototypes Electrical Performance

LSC panel prototypes were assembled with the same dimension and shape of the
simulated devices. However, before testing the prototype electrical performance the PCE of
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LSCs functionalized with different dyes was evaluated. Figure 17 shows different efficiency
values obtained using Equation (2).
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Figure 17. Efficiency of square LSC panel (25 cm side) functionalized by using different dyes of the
Lumogen® F family at 300 ppm.

Since the most efficient LSC panels was the one functionalized with the Lumogen® F
Red 305 dye, all the prototypes were realized by using this specific dye. In fact, its emission
peak, reported in the Lumogen® F Red 305 datasheet [35], allows a better harvesting of
the light emitted by the sun. Further information on the optical characterization of the
functionalized PMMA slab can be found in the Supplementary Material (Figure S2).

As in the simulations, the configuration with the arrays on the four sides is taken as a
reference. In the relative I-V curve, shown in Figure 18, a hump is clearly visible: it is due
to the mismatch in the current produced by the extreme cells and the ones at the center of
each side. An estimation of the irradiance that impinges on the cells at the far ends of the
arrays can be obtained taking the short circuit current as a reference and considering that
the exposed surface of the cells is only 5 mm out of 8 mm. The estimate for the irradiance
at the corners is I ≈ 1.2·I0, where I0 represents the irradiance on the LSC surface. For the
central cells, this value increases to 1.67·I0 as expected from the irradiance profile of the
corresponding simulation (Figure 5). The efficiency of this configuration is 1.83% with a FF
equal to 0.70.
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Figure 18. Characteristic curves (I-V and P-V) of the unshaded LSC panel with four 10-cells PV
arrays and functionalized with 300 ppm of Lumogen® F Red 305.

Figure 19 testifies that the configuration with two arrays, performed better than the
reference one. The efficiency rises up to 1.93% and the FF increases to 0.79, even if half
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of the cells has been employed and the produced power is increased too. However, a
small amount of current mismatch appears to be present anyway. This is caused by the
reflectivity of the mirror film, which is lower than expected, and a bending of the arrays
due to the soldering technique. The first one leads to a reduction of the irradiance on the
cells close to the mirror. The second one does not ensure a reliable optical coupling of the
solar cells at the far ends of the array, preventing an optimal optical coupling.
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and functionalized with 300 ppm of Lumogen® F Red 305.

In this configuration, the short circuit current scales almost linearly with respect to
the reference configuration and the increase in concentration is 1.97×, while the irradiance
is 2.36·I0.

In the configuration with just one array, the efficiency is not as high as in case of the
configuration with two arrays. Indeed, it decreases to 1.63%. Nevertheless, this configu-
ration is extremely interesting because the decrease in efficiency is counterbalanced by
the easier assembling process and by the lower number of cells employed. In fact, the
placement of the cells along only one side greatly simplifies the wiring process, which is an
important aspect in solar panels, and significantly decreases the module cost.

Figure 20 shows that the current mismatch between the cells is negligible and, as in
the previous configuration, thanks to the high irradiance on the cells the FF is 0.79, which
is a very high value for silicon solar cells.
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The concentration factor is 3.5× with respect to the configuration with the cells along
the four sides, and the irradiance is approximately 4.2·I0. This value is non-ideal for cells
designed to work at one sun, in particular for the PERC cells used for these tests. These cells
perform well at one sun, but at higher irradiance levels their performance decreases sharply
because they are not designed to conduct high current densities. Back-contact solar cells
show lower efficiency under concentration because of higher bulk resistance optimized for
1-sun operation. On these grounds, the use of solar cells that could be optimized for low
concentration applications would increase the efficiency of this last configuration [36].

The results presented in Table 1 proved that the systems assembled using just one or
two arrays can provide a power output comparable to the reference configuration, at a
fraction of the cost and with improved ease of wiring. These evidences are corroborated
also by the results displayed in Figure 21a, which are the characteristic curves of the three
configurations under one sun illumination. Figure 21b confirms that in the configura-
tions with one and two receivers the current mismatch between the cells is reduced, thus
decreasing the module efficiency losses.

Table 1. Electrical performance of unshaded LSC panels under a GNI equal to 630 W/m2.

Configuration VOC (V) ISC (mA) VMAX (V) IMAX (mA) PMAX (mW) FF OE (%) PCE (%) €/Wp

4 PV arrays 25.55 37.16 23.03 28.79 663 0.70 9.1 1.83 13
2 PV arrays 13.06 64.54 11.05 60.22 665 0.79 7.7 1.93 8
1 PV array 6.77 110.91 5.60 105.50 590 0.79 6.4 1.63 7
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3.4. Impact of Shading on the Prototypes

As predicted by the simulation, the shading has a dramatic effect on the reference
system. Indeed, as depicted in Figure 22, when two arrays are half-shaded and another
one is fully shaded, the consequent current mismatch hinders the performance. Thus, the
FF decreases to 0.52, and the efficiency is halved with respect to full exposure.
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Figure 22. Shaded LSC panel with four 10-cells PV arrays: (a) characteristic curves (I-V and P-V), (b) current density
produced by each PV cell.

Differently, the configuration with two arrays is more tolerant than predicted by the
simulations. If the shading is applied across the arrays, the highest current is produced
by the cells at the center of the illuminated area, while the minimum is produced by
lateral ones (see Figure 23). The cells at the shaded far end of the arrays (n.10 for surface 2
and n.1 for surface 3) are the limiting factor for the system power production, because
both the cells and the arrays are connected in series. The cell numbering in the arrays is
not symmetrical, so the cells of the array placed on surface 3 are numbered backwards.
It appears evident that this configuration performs much better than the reference one,
despite the non-uniform illumination of the cells. Indeed, with respect to the unshaded
configuration, the FF is higher (0.75), and the efficiency is only 50% lower.
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Figure 23. Shaded LSC panel with two 10-cells PV arrays, shading across the PV arrays: (a) characteristic curves (I-V and
P-V), (b) current density produced by each PV cell.

If the shading is applied along the arrays, the current and the irradiance profile are
much more uniform, as displayed in Figure 24. The FF remains the same, whereas the
efficiency rises to 1.59%. Even if one array is completely shaded, the cells producing less
current, and therefore limiting the overall system power production, are anyway producing
more current than in the previous case (25 mA vs. 19 mA, a significant 32% increase). As
expected, the efficiency is just 20% lower than that one in the unshaded condition, but the
remarkable result is that, by using half of the arrays, this configuration produces a power
output 69% higher than the reference one.
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Looking at the results obtained through the simulations, the configuration with just
one array is expected to be the most efficient under all the shading conditions. Even in
the most critical one, that is the shading across the array. Experimental evidence shown in
Figure 25, testify that in this configuration the system performs remarkably well with a FF
higher than 0.80, and an efficiency equal to 1.23%. The current profile, measured by using
the prototype, is in good agreement with the irradiance profile obtained by the simulations
(see Figure 10) and, as expected, there is a ratio of two between the current produced by
the best and worst cells of the arrays.

Energies 2021, 14, x FOR PEER REVIEW 18 of 22 
 

 

 

Figure 24. Shaded LSC panel with two 10-cells PV arrays, shading along the PV arrays: (a) characteristic curves (I-V and 

P-V), (b) current density produced by each PV cell. 

Looking at the results obtained through the simulations, the configuration with just 

one array is expected to be the most efficient under all the shading conditions. Even in the 

most critical one, that is the shading across the array. Experimental evidence shown in 

Figure 25, testify that in this configuration the system performs remarkably well with a 

FF higher than 0.80, and an efficiency equal to 1.23%. The current profile, measured by 

using the prototype, is in good agreement with the irradiance profile obtained by the sim-

ulations (see Figure 10) and, as expected, there is a ratio of two between the current pro-

duced by the best and worst cells of the arrays. 

 

Figure 25. (a) Characteristic curve (I-V and P-V) of the shaded LSC panel with one 10-cells PV array, under different 

shading conditions: shading across the PV array (yellow), shading along the half surface opposed to the PV array (blue) 

and shading along the half surface near the PV array (red). (b) Current density produced by each configuration: shading 

along the receiver (yellow diamonds), shading along the half surface opposed to the PV array (blue circles) and shading 

along the half surface near the PV array (red squares). 

In the other two configurations, instead, the current profile is uniform and, as is 

shown in Figure 25b, the current mismatch is around 10%. In fact, the current produced 

by the cells at the center is 10% higher with respect to the ones at the far edges. The mis-

match is higher than expected, and it is most likely caused, once again, by the lower mirror 

reflectivity and by the non-optimal optical coupling of the cells, due to the bending of the 

array. 

Figure 25a shows that when the half surface opposed to the array is shaded, the I-V 

curve of the system is almost impossible to tell apart from that measured in an unshaded 

condition. In this case, the efficiency is even higher (1.86%) because this shading configu-

ration reduces the self-absorption contribution of the overall system. The same happens 

Figure 25. (a) Characteristic curve (I-V and P-V) of the shaded LSC panel with one 10-cells PV array, under different shading
conditions: shading across the PV array (yellow), shading along the half surface opposed to the PV array (blue) and shading
along the half surface near the PV array (red). (b) Current density produced by each configuration: shading along the
receiver (yellow diamonds), shading along the half surface opposed to the PV array (blue circles) and shading along the half
surface near the PV array (red squares).

In the other two configurations, instead, the current profile is uniform and, as is shown
in Figure 25b, the current mismatch is around 10%. In fact, the current produced by the cells
at the center is 10% higher with respect to the ones at the far edges. The mismatch is higher
than expected, and it is most likely caused, once again, by the lower mirror reflectivity and
by the non-optimal optical coupling of the cells, due to the bending of the array.

Figure 25a shows that when the half surface opposed to the array is shaded, the I-V
curve of the system is almost impossible to tell apart from that measured in an unshaded
condition. In this case, the efficiency is even higher (1.86%) because this shading configura-



Energies 2021, 14, 816 19 of 22

tion reduces the self-absorption contribution of the overall system. The same happens for
the configuration in which the shading is applied along the array side. However, because in
this case the photons have to travel a longer path before being absorbed (more reflections),
the chance of self-absorption is higher, and both the power production and the efficiency
are lower than in the previous case. The efficiency decreases to 1.46% as opposed to the FF
that is equal to 0.78 for both configurations. The results that are displayed in Figure 25 are
anyway very promising for a system whose cells are kept completely shaded.

Results summarized in Table 2 corroborates the hypothesis that the introduction of
reflective layers improves the LSC panel performance also in the case of partial shading,
as their presence increases the uniformity of the irradiance profile, thus reducing losses
caused by current mismatch.

Table 2. Electrical performance of shaded LSC panels under a GNI equal to 630 W/m2.

Configuration VOC (V) ISC (mA) PMAX (mW) VMAX (V) IMAX (mA) FF OE (%) PCE (%)

4 PV arrays shading
across the receivers 24.02 13.54 168 16.56 10.14 0.52 8.5 0.93

2 PV arrays shading
across the receivers 12.58 23.01 219 11.47 19.09 0.75 7.1 1.23

2 PV arrays shading along
the receivers 12.55 31.02 285 11.18 25.44 0.75 7.3 1.59

1 PV array shading across
the receiver 6.43 40.40 212 5.73 37.07 0.82 5.4 1.23

1 PV array shading along
the receiver: mirror side 6.47 60.37 306 5.35 57.12 0.78 6.0 1.86

1 PV array shading along
the receiver: receiver side 6.40 48.72 244 5.29 46.16 0.78 4.8 1.46

4. Conclusions

The results presented in this work highlight that Luminescent Solar Concentrators are
a promising technology well suited for building integration. Most of the research about
LSCs is currently focused on the development of dyes with low self-absorption or dye
alignment, whose purpose is the reduction of the self-absorption losses, and the consequent
increase in the system efficiency [37]. Presently, the main drawback of LSCs is their high
price-per-watt ratio. In order to improve their appealing to the market, it is mandatory
to reduce as much as possible the price difference between a normal transparent and a
LSC façade.

The difference between the simulations and the real performance of the modules can
be attributed to several factors. Among them, the most significant are a mirror reflectivity
lower than the expected and minor assembly errors. These are caused by the bending of
the arrays, which resulted in a non-optimal optical coupling between the LSC and the
cells at the far ends of the arrays. The increase in concentration factor, which is shown
by the systems employing mirrors, is close to the expected value: 1.97× and 3.5× for the
configurations with two and one array, respectively. The irradiance along the cells side of
the LSC with three reflective sides have been estimated to be 4.2 times greater than the
solar irradiance on the LSC surface.

Tests performed in case of shadowing provided two remarkable results. The first one
is that in this case the differences between the simulation and the measurements are highly
reduced, thus leading to a good accordance between the simulations and the measurements
performed on the prototypes. The second result concerns the systems assembled with the
reflective films, which perform very well when shaded. In particular, the configuration
with the cells on one side have shown the highest efficiency in all shading configurations.
The demonstration that, despite the illumination conditions, the systems that employ a
small number of cells can yield to a higher efficiency than a traditional system represents a
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significant result. In fact, any reduction in the number of cells implies not only a lower cost
of the components, but also a faster, and hence cheaper, assembly process.

Having proved that the configurations with reflective films had a better price-to-
efficiency ratio in the tested shading conditions than the system with cells placed along
four sides, it would be interesting to apply this configuration to larger area LSC panels.
Indeed, as mentioned in Section 2.1, square LSC panels of 25 cm side were chosen as their
properties can well represent the optical properties of wider LSCs, even if their dimensions
severely limit their use in the building sector.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-10
73/14/4/816/s1. Figure S1: (a) Dark I-V characteristic curve of a bare 23 × 8 mm2 cell. (b) I-V
and P-V characteristic curve of the same cell under one sun illumination condition. (c) Dark I-V
characteristic curve of a bare 10-cells PV array. (d) I-V and P-V characteristic curve of the same PV
array under one sun illumination condition. Figure S2: Absorption (red), transmission (blue), and
reflection (yellow) spectrum of a 5 mm LSC sample functionalized with 300 ppm of the Lumogen®

F Red 305 dye. The algorithm employed for the raytracing simulation is available in the following
repository https://github.com/Gmangherini/Raytracing.git.
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agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Trentino Rainbow Energy Srl. for laboratory assistance and laboratory
equipment.

Conflicts of Interest: The authors declare no conflict of interest the funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Appendix A

Figure A1 shows the distance at which the power of the initial ray is halved. This
distance was evaluated for LSC panels with different concentration of Lumogen® F Red
305 and it was called “half-power-length”. It testifies that the even for the concentration
of 300 ppm longer wavelengths travel a length comparable to the LSC dimensions before
halving their power. This means that self-absorption effect predominates only for shorter
wavelengths, whereas it is negligible for the longer ones.
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