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Abstract: Long-term reliability is crucial for the commercialization of semi-transparent
photovoltaic panels based on Luminescent Solar Concentrators (LSCs). This study ad-
dresses key challenges such as photodegradation and hail resistance using glazed LSC
prototypes functionalized with organic Lumogen F dyes. A pilot-scale batch of LSC proto-
types (10 × 10 cm2) underwent extensive outdoor exposure tests following the IEC 62108
“10.15 Outdoor Exposure Test” to evaluate long-term stability under natural solar radiation.
Continuous monitoring revealed that prototypes with Lumogen F Red 305 experienced
a 29% efficiency drop initially, which stabilized over time, indicating potential long-term
stability. In contrast, those with Lumogen F Violet 570 showed minimal degradation, with
only a 9% efficiency reduction. Additionally, the hail resistance of LSC panels was tested
using the IEC 62108 “10.9 Hail Impact Test”. Panels with varying glass thickness, tempering
methods, and surface areas were subjected to impact from 25 mm hailstones launched at
22.4 ± 5% m/s. All samples remained undamaged, highlighting their excellent hail resis-
tance, a critical feature for preserving performance despite potential surface damage. This
study demonstrates that combining glazed lightguides with polyvinyl butyral improves
photostability and provides a cost-effective alternative to expensive fluorophores, while
ensuring compliance with hail resistance standards.

Keywords: luminescent solar concentrators (LSCs); semi-transparent photovoltaic panels;
outdoors characterization; photodegradation; hail tests; colorimetry

1. Introduction
The ever-growing global population demands a sustainable solution for our energy

needs. With zero CO2 emissions and the potential for widespread implementation, pho-
tovoltaic (PV) technologies offer a promising path towards achieving this goal [1]. Nev-
ertheless, due to high land costs, and limited installation spaces, current PV installations
primarily occur in non-urbanized areas [2] creating a paradoxical situation—the areas with
the highest energy demand often have the fewest PV installations. Building integrated
photovoltaic (BIPV) devices are PV solutions which are completely integrated with the
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building envelope that have the potential to overcome this paradox [3], especially if effi-
ciently coupled with storage solutions [4–7]. However, despite the expanding applications
of PV solutions, coupled with several human activities in urban environments [8,9], BIPV
have yet to achieve widespread market adoption, compared to ground or roof mounted
PV solutions.

The need to investigate innovative solutions that are not only efficient in generating
renewable energy but also esthetically pleasing and cost-effective is an essential aspect for
BIPV devices. Ref. [10] reported that thin-film solutions are preferred to crystalline panels
due to their superior flexibility and esthetic appeal, despite being less efficient. In fact, 44%
of BIPV products installed on building facades are thin-film solutions, compared to 34% of
crystalline systems (the remaining 22% refers to attached PV panels). This aspect is even
more important if the integration of the semi-transparent building element is considered, as
windows are fundamental architectural elements, which allow natural light to illuminate
indoor spaces. The potential to generate electricity without compromising esthetics or
transparency is therefore vital for the social acceptance of semi-transparent PV technologies.

Devices offering even greater flexibility with respect to thin-film solutions are PV
panels based on luminescent solar concentrators (LSCs), which are particularly suited
for integration in urban environments because they maintain the same efficiency under
both direct and diffuse radiation [11,12]. An LSC panel consists of a highly transparent
host matrix, typically a plastic or glazed lightguide, in which luminescent emitters are
embedded. These optically active centers, called fluorophores, absorb a portion of the solar
spectrum, impinging on the slab re-emitting it at longer wavelengths. Thanks to optical
lightguiding principles, approximately 75% of fluorescence light is trapped inside the slab
and guided to its edges, while 25% of the light emitted by the luminophores exits the slab
within the escape cone. The coupling between the semi-transparent lightguide and PV
cells allows for the conversion of fluorescence photons into electricity [13]. The installation
of solar cells on the lightguide main surface would allow the collection of solar radiation
transmitted by the slab, as well as the fluorescence light exiting from the “escape cone”,
ensuring a higher electricity production [14]. Nevertheless, in LSC panels designed for
BIPV applications, the integration of PV cells along only the lightguide edges presents
two main advantages [15]. First, it decreases the amount of PV cells for the active area,
thus reducing the panel costs [16]. Second, the absence of cells, busbars, collection grids,
or electrodes within the light harvesting area, results in continuous transparent surfaces,
which are particularly appreciated if these devices are installed in building façades or
windows [17].

Despite their scientific promise since 1977, LSCs panels remain a niche technology in
the BIPV market. Consequently, their technological advancement was primarily focused
on academic aspects such as the functionalizing material [18–22], the optimization of the
geometrical design [23–25], and the typology or electrical connection of the employed PV
cells [26–28]. The efficiency of LSC panels depends heavily on the optimal integration
of various features [29], nevertheless, in most cases these efforts limit their widespread
adoption. Indeed, these enhancements significantly increase the overall cost of LSC panels,
resulting in a price-to-watt ratio that is uncompetitive when compared to traditional
PV or BIPV. An effective approach to improving the overall efficiency of these devices,
without directly modifying their main components, is the coupling of the panels with other
technologies that mitigates the LSC parasitic effects [30–32].

Despite the development of higher-performing solutions, the utilization of organic
fluorophores and Si solar cells remains the most common choice for LSC panels designed
for BIPV applications [33]. A further challenge for these devices is their long-term reliability
from both a structural and an electro-optical perspective. The utilization of total internal
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reflection to efficiently convey the fluorescent light from the generation site to the solar
cells make LSC panels less resilient to the presence of surface cracks or scratches. Moreover,
in addition to the long-term vulnerabilities shared with traditional solar panels—damage
from wind, hail, and fluctuating temperatures/humidity—these modules face a unique
challenge that potentially leads to significant performance losses: luminophore photodegra-
dation. Recent studies on the long-term stability of organic dyes show conflicting results.
On the one hand, ref. [34] demonstrated the photostability of pilot-scale (10 × 10 cm2) LSC
devices in a combined indoor–outdoor set-up using a LG structure based on an EVA encap-
sulant. On the other hand, ref. [35] found Lumogen Red 305 to be the worst-performing
fluorophore, experiencing a 60% decrease in performance.

This discrepancy highlights the need for further research into the interaction between
encapsulant materials and dye stability, and the work here presented aims to gain a deeper
understanding of the design strategies required for the successful industrialization of
LSCs. To investigate whether industrially scalable LSC devices may be based on organic
dyes, we analyze their long-term photostability and operational resilience. We compare
the performance of prototypes functionalized with Lumogen F Violet 570 and Red 305
under extended light exposure, thus assessing the suitability of two different organic dyes
for real-world applications. Furthermore, to provide a more comprehensive picture of
real operating conditions, we incorporate hail impact tests alongside the photostability
evaluations. Lastly, the characterization of the LSC panel optical properties have been
evaluated by calculating their Average Visible Transparency (AVT) and Color Rendering
Index (CRI). The combined approach presented is essential to understanding how the LSC
devices respond to both light degradation and mechanical stress, in order to optimize their
design to not only prevent photodegradation but to also improve their stability against
long-term vulnerabilities. These properties were evaluated following the international
standard IEC 62108 Edition 2.0 2016-09 “Concentrator photovoltaic (CPV) modules and
assemblies—Design qualification and type approval” [36].

2. Materials and Methods
The research here presented was carried out in two steps. Firstly, the degradation

effects due to exposure to outdoor environmental conditions were evaluated according to
procedure “10.15 Outdoor Exposure Test”. Secondly, the panel hail impact resistance was
determined following the procedure “10.9 Hail impact Tests”. The LSCs were based on a
laminated glass (LG) lightguide as the presence of glass layers minimizes the amount of
UV radiation directly absorbed by the organic dye, theoretically improving its long-term
stability. Furthermore, Polyvinyl butyral (PVB) was chosen as the encapsulating polymer
due to its superior resistance to UV radiation compared to ethyl vinyl acetate (EVA) [34].
The glazed structure offers an additional benefit by enhancing the panel’s mechanical and
thermal resistance, thereby mitigating challenges associated with integrating polymeric
LSCs into buildings. Specifically, compared to plastic slabs, LG offers improved fire safety
for both building occupants and firefighters, and enhanced resistance against surface
damage caused by external agents.

2.1. Prototype Assembly

The samples were manufactured using LG lightguides with a surface area of
10 × 10 cm2 functionalized with two commercially available organic dyes, the perylene-
based Lumogen F Red 305 and the naphtalimide-based Lumogen F Violet 570. The first
dye exhibits a reddish color because it absorbs solar radiation up to 600 nm and emits
light at longer wavelengths. Conversely, the second dye is characterized by high visible
transparency, appearing nearly colorless, as it absorbs photons in the UV range and has an
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emission peak at 420 nm. The assembly process involved the lamination of 1 mm fluores-
cent PVB film between two 3 mm thick, low-iron float glasses, and resulted in a fluorescent
lightguide with an average surface concentration of (150 ± 5) µg/cm2. The functional LSC
panels were then fabricated by optically coupling two PV arrays on opposite sides of the
luminescent slab thanks to an optical UV glue (Delo Photobond GB369, DELO, Windach,
Germany) and by covering the remaining sides with an adhesive high-efficiency dielectric
mirror film (DF2000MA, manufactured by 3M, Milan, Italy). This configuration results in
a uniform light distribution and intensity on the solar cells [16]. The two PV arrays, each
of them consisting of four monocrystalline Si solar cells (SunPower C50, SunPower, San
Jose, CA, USA) soldered onto the front of a printed circuit board (PCB) designed to ensure
the series connection of the cells, were in turn connected in series. To mitigate power loss
caused by shaded cells, bypass diodes were coupled to each cell using the back surface
of the PCB. LSC panels were then encapsulated within a waterproof PVC frame sealed
with a low-viscosity, low-corrosion silicone sealant (CHT AS1620, CHT Silicones, Tübingen,
Germany), and the electrical connections were made using two silicone-insulated wires
exiting the PVC frame. Figure 1 displays a diagram depicting the assembled device as well
as a picture of the tested modules.
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2.2. Optical Characterization

Both the AVT and CRI were calculated from a measurement of the LSCs transmittances.
To measure the transmittance, the samples were placed between and in direct contact with
two collimators aligned with each other. The first collimator receives light via an optical
fiber cable from a light source and illuminates a spot on the sample. The second collimator
receives both the transmitted light and the fluorescence light from the sample, which
are then guided by an optical fiber cable to an OceanOptics Spectrometer (OceanOptics,
Duiven, The Netherlands). The transmittance was then calculated as the ratio between the
intensity at each wavelength with the sample and the intensity without the sample. For the
purpose of the AVT and CRI calculations, the fluorescence light can be considered as an
indistinguishable part of the transmitted light.

The AVT combines the LSC transmittance over the solar spectrum with the response
curve of the human eye and it allows us to estimate how much of the perceivable solar
radiation the LSCs are blocking. Analytically speaking, the AVT is defined as follows [37]:

AVT[%] =

∫ λmax
λmin

T(λ)S(λ)
[

W
m2

]
P(λ)dλ∫ λmax

λmin
S(λ)

[
W
m2

]
P(λ)dλ

· 100, (1)
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with T(λ) being the transmission spectrum of the LSCs, S(λ) the solar photon flux, and P(λ)
the photopic human eye response curve. In principle, the integration should be carried
out over the entire solar spectrum wavelength range, however, P(λ) is non-zero only in the
400–700 nm interval, so it is possible to take those values as λmin and λmax, as any other
wavelength gives no contribution to the AVT [38].

The CRI indicates the ability of a test light source to faithfully reproduce colors as
they appear under a reference light source. Since the solar spectrum at the Earth’s surface
varies with time and weather conditions, the CIE Standard Illuminant D65 was adopted as
a reference. The D65 illuminant, often referred to as the daylight illuminant, approximates
the average midday sunlight spectrum in Europe, accounting for both direct and diffused
light. Based on this framework, the CRI and AVT were calculated. The CRI, a widely used
metric in colorimetry, quantitatively evaluates a light source’s ability to render the colors of
various objects accurately when compared to a reference light source. It is determined as
the average performance across eight standardized test color samples (TCS01-TCS08) [39].
Higher CRI means higher chromatic fidelity with respect to reference light source. The two
CRI were calculated according to the CIEUVW 1964 procedure detailed by the International
Commission on Illumination (CIE), although in this case, the CRI was evaluated over the
400–700 nm range instead of the 380–780 nm one, as it is the interval where the photopic
luminous efficiency function of the human eye is significantly different from zero [38]. The
CIEUVW 1964 standard makes use of 8 standard color samples (denoted with the subscript
i = 1, . . ., 8) and three Color Matching Functions (CMFs) [40]. The two light sources are
denoted with the subscript k = D, L, with D for the D65 spectrum and L for the LSC-filtered
spectrum. Eight sets of tristimulus values (Xk,i, Yk,i, Zk,i) are calculated for each source
starting from their spectrum, the reflectances of the standard samples, and the CMFs. The
(Xk,i, Yk,i, Zk,i) are then converted to the (xk,i, yk,i) coordinates of the CIE 1931 chromaticity
space, and are subsequently converted to (uk,i, vk,i) coordinates of the CIE 1960 uniform
color space. From these sets of coordinates, the Wk,i, Uk,i, Vk,i parameters are calculated for
each sample and finally the Euclidean distance.

∆Ei =
√
(UD,i − UL,i)2 + (VD,i − VL,i)2 + (WD,i − WL,i)2 , (2)

∆Ei is the color difference between the CIE samples under solar light and under LSC-
filtered light. From there, the specific color rendering indices, Ri, are obtained for each
sample and the general CRI is just the average of all the Ri.

Ri = 100 − ∆Ei, (3)

CRI =
∑8

i=1 Ri

8
. (4)

According to Equation (3), the Ri may have positive or negative values depending on
the distances in the color space. The CRI value ranges from 0 to 100. Illuminants with a
CRI between 0 and 55 are classified as poor, since they lead to significant color distortion.
Illuminants with a CRI between 56 and 90 are considered acceptable, although some degree
of color distortion may still occur. A CRI exceeding 90 is indicative of excellent illumination
quality, ensuring highly accurate color rendering [41–43].

2.3. Photodegradation Analysis

As presented in Figure 2a, the photodegradation tests were performed by exposing
the LSC panels to natural sunlight. Each device was connected to a maximum power point
tracker (MPPT) until it was exposed to a cumulative irradiation energy of 450 kWh/m2. Sub-
sequently, the samples were placed in open-circuit conditions and subjected to 50 kWh/m2.
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In both cases, the exposure thresholds were reached considering only irradiation conditions
with values greater than 600 W/m2. A global solar radiation sensor GHI (Kipp&Zonen
CMP 11 pyranometer, Kipp&Zonen, Delft, The Netherlands) was installed on the same
tracker coplanar with the samples, so as to acquire the plane of array irradiance (POAI)
impinging on the panels. Data were recorded thanks to a National Instruments acquisition
system consisting of a cRIO-9014 and an NI 9205 module, which were managed using a
program developed in the LabView environment.

Energies 2025, 18, 674 6 of 17 
 

 

irradiance (POAI) impinging on the panels. Data were recorded thanks to a National In-
struments acquisition system consisting of a cRIO-9014 and an NI 9205 module, which 
were managed using a program developed in the LabView environment. 

  
(a) (b) 

Figure 2. (a) Set-up for the outdoor characterization tests. (b) Configuration for the acquisition of IV 
characteristic curves. 

The electrical power produced by the modules was continuously monitored, how-
ever, regular visual inspections and IV characteristic measurements were alternated to the 
outdoor exposure. Indoor characterization of the samples was performed by using an 
Abet Technologies Sun 2000 Solar Simulator (Abet Technologies, Milford, CT, USA) and 
the B1500 Agilent Semiconductor Analyzer (Agilent, St. Clara, CA, USA) (see Figure 2b). 
The PCE panel is calculated following Equation (5): PCE = ୍౉ౌౌ ሾ୅ሿ∙୚౉ౌౌ ሾ୚ሿ୔୓୅୍ ቂ ౓ౣమቃ∙୅ ሾ୫మሿ ⋅ 100, (5)

where I୑୔୔ and V୑୔୔ are the maximum power point current and voltage, respectively. POAI the plane of array irradiance, and A the LSC surface area. 

2.4. Hail Impacts Analysis 

Due to the diverse atmospheric conditions during their formation, hailstones can 
sometimes adopt unusual shapes, such as pyramids or disks; moreover, they can vary 
greatly in size showing dimensions which range from small pellets to baseballs or even 
larger. However, the majority of hailstones may be reasonably approximated as flattened 
spheres having protruding ice knobs on their exterior, exhibiting a layered internal struc-
ture. While the impact damage inflicted on a PV panel is directly proportional to hailstone 
size, number, and kinetic energy [44], literature evidence indicates that hailstones exceed-
ing 20 mm in diameter are most likely to cause significant damage [45]. Combining this 
aspect with the IEC directive in this study, hailstones having a diameter of 25 mm were 
chosen as representative specimens. 

As depicted in Figure 3a, the LSC were held perpendicular to the direction of fire 
thanks to a support system, and the spheres were propelled towards the theme using the 
IBL-7M hail test machine (Haag Global, Dallas, TX, USA). Each sample was hit several 
times in the impact regions displayed in Figure 3b, and a chronograph placed at the hail 
cannon outlet, less than one meter from the specimen holder, monitored the speed of the 
hailstone. 

Figure 2. (a) Set-up for the outdoor characterization tests. (b) Configuration for the acquisition of IV
characteristic curves.

The electrical power produced by the modules was continuously monitored, however,
regular visual inspections and IV characteristic measurements were alternated to the
outdoor exposure. Indoor characterization of the samples was performed by using an Abet
Technologies Sun 2000 Solar Simulator (Abet Technologies, Milford, CT, USA) and the
B1500 Agilent Semiconductor Analyzer (Agilent, St. Clara, CA, USA) (see Figure 2b). The
PCE panel is calculated following Equation (5):

PCE =
IMPP[A]·VMPP[V]

POAI
[

W
m2

]
·A[m2]

·100, (5)

where IMPP and VMPP are the maximum power point current and voltage, respectively.
POAI the plane of array irradiance, and A the LSC surface area.

2.4. Hail Impacts Analysis

Due to the diverse atmospheric conditions during their formation, hailstones can
sometimes adopt unusual shapes, such as pyramids or disks; moreover, they can vary
greatly in size showing dimensions which range from small pellets to baseballs or even
larger. However, the majority of hailstones may be reasonably approximated as flattened
spheres having protruding ice knobs on their exterior, exhibiting a layered internal structure.
While the impact damage inflicted on a PV panel is directly proportional to hailstone size,
number, and kinetic energy [44], literature evidence indicates that hailstones exceeding
20 mm in diameter are most likely to cause significant damage [45]. Combining this aspect
with the IEC directive in this study, hailstones having a diameter of 25 mm were chosen as
representative specimens.

As depicted in Figure 3a, the LSC were held perpendicular to the direction of fire
thanks to a support system, and the spheres were propelled towards the theme using the
IBL-7M hail test machine (Haag Global, Dallas, TX, USA). Each sample was hit several
times in the impact regions displayed in Figure 3b, and a chronograph placed at the hail
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cannon outlet, less than one meter from the specimen holder, monitored the speed of
the hailstone.
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Before testing, each ice sphere underwent a rigorous quality control process to ensure
it was free from cracks or air bubbles, and that its mass fell within the range of 7.9 g ± 5%.
The hailstones meeting these criteria were then stored in an Indel B freezer at −10 ◦C and
conditioned for two hours at −4 ◦C immediately before the test. To investigate the influence
of various parameters on hail impact resistance, LSCs with different glass thicknesses,
tempering methods, and surface areas were employed in this test. This approach allows us
to correlate these parameters with the capability of the panels to withstand hail impacts.
The list of samples used in this procedure is presented in Table 1. The reported glass
thickness refers to both panes.

Table 1. List of specimens used for the hail resistance tests.

Specimen Surface Area Glass Thickness Glass Typology

Sample 1 10 × 10 cm2 3 mm Non-tempered
Sample 2 10 × 10 cm2 4 mm Non-tempered
Sample 3 10 × 10 cm2 4 mm Chemically tempered
Sample 4 30 × 30 cm2 4 mm Chemically tempered
Sample 5 30 × 30 cm2 4 mm Chemically tempered

3. Results and Discussion
3.1. Optical Characterization—Results

The transmission spectra of the tested LSC panels are reported in Figure 4a. The
lightguide functionalized with Lumogen Violet 570 (BASF, Ludwigshafen, Germany) ex-
hibits the highest transmission values across all components of the visible spectrum. The
LSC incorporating the red dye demonstrates an AVT of 21%, while the one using the UV
fluorophore achieves an AVT of 80%. This disparity is also evident in the panels’ CRI
values, which are 39 and 98, respectively.
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The obtained CRI values highlight that the red specimen must be combined with
optical filters so as to improve its colorimetric properties, as proposed in [46], whereas the
UV panel presented an excellent CRI, especially considering that tungsten halogen lamps
typically have CRI values between 85 and 90.

The specific color rendering indices of each sample are presented in Figure 4b. The
LSC incorporating Lumogen Violet 570 demonstrates excellent performance even for the
extended set of indices, such as TCS09 and TCS12, which are not included in the CRI
calculation but are known to be challenging even for standard illuminants.

The TCS12 index is particularly significant for precise color rendering within the
430–500 nm range, where its primary reflectance peaks near 460 nm and diminishes entirely
beyond 580 nm. This spectral range poses a notable challenge for LED sources that use
blue light as their primary excitation mechanism.

In contrast, TCS09 assesses the accuracy of reproducing saturated red tones, a long-
standing difficulty for fluorescent lighting systems. The TCS09 spectrum is predominantly
composed of red wavelengths exceeding 600 nm, and a low TCS09 value typically results
in distorted rendering of red hues. The TCS09 score of 92.8 is particularly noteworthy,
especially given that most commercial lighting products rarely specify this index, and
when they do, it seldom surpasses 50. The optical properties of the tested samples are
summarized in Table 2.
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Table 2. Average Visual Transmittance and Color Rendering Index of the tested samples.

Specimen AVT [%] CRI

RED 20.5 39
VIO 79.6 98

3.2. Photodegradation Analysis—Results

Photodegradation plays a crucial role in determining the long-term performance and
durability of LSCs. This section dives into the analysis conducted to assess how light
exposure affects the degradation of the samples. Table 3 provides the key parameters
considered during the photodegradation analysis focusing on the comparison between the
cumulative light energy received by the prototypes and the target irradiation prescribed
by the IEC 62108 standard. This standard establishes guidelines for testing photovoltaic
modules to ensure consistent and comparable degradation assessment across different
laboratories, and it differentiates between the energy received under two conditions: MPP
and Open-Circuit Voltage (OCV). The analysis of both conditions provides a more complete
picture of the potential degradation across different operating scenarios.

Table 3. Comparison between the target prescribed by the IEC 62108 and the actual exposure levels
at which the samples were exposed.

Condition Target Exposure [kWh/m2]
>600 W/m2

Total Exposure [kWh/m2]
>600 W/m2

Total Exposure [kWh/m2]
<600 W/m2

MPP 450 450.7 272.2
OCV 50 51.3 24.8

Table 4 delves more deeply into the degradation process by providing the cumulative
light energy per square meter (kWh/m2) received by the samples in the moment in which
each IV characteristic curve was measured. The final column of Table 4 reports the exposure
level achieved at each measurement point, expressed as a percentage with respect to the
total target irradiation (450.7 kWh/m2). Figure 5 complements the data presented in
Table 4 by visually depicting the measured IV curves, allowing for a direct comparison
of the degradation patterns between the two dyes. These curves represent the electrical
performance of the samples. Figure 5a specifically focuses on the LSC panel functionalized
with Lumogen F Red 305, whereas Figure 5b presents the IV curves of the prototype
functionalized with Lumogen F Violet 570.

Table 4. Summary of the radiation absorbed by the samples at the time of IV characterizations.

Target POAI Exposure [kWh/m2]
>600 W/m2

Total POAI Exposure [kWh/m2]
<600 W/m2

Exposure Level
[%]

0 0 0%
13.4 9.0 3%
40.8 20.8 9%
81.0 47.5 18%
111.8 53.4 25%
158.4 75.9 35%
236.5 189.4 53%
273.9 213.6 61%
323.0 229.9 72%
450.7 272.2 100%
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Figure 5. IV curves at different exposure levels of (a) red and (b) violet LSC, respectively.

The presence of secondary knees in most IV curves highlights the critical role of bypass
diodes in the PV arrays and indicates a current mismatch between individual PV cells
connected in series [47]. Although the assembly process itself might introduce some minor
current mismatch, the adopted method appears to promote a uniform illumination profile
exiting the LSC lightguide [16]. Therefore, considering the non-uniform surrounding
environment, the most likely source of the irregular illumination of the PV arrays is the
stray light transmitted through the semi-transparent silicone sealant and reflected by the
mirror film [46]. Nevertheless, it is important to note that additional stray light reaching
the cells does not negatively impact the system’s power output, even with non-uniform
illumination the current of the cells is always increased compared with a situation with no
stray light.

The presented IV curves offer a qualitative assessment of degradation for the two
luminophores. By comparing the plots, we can clearly see how the performance of the
violet dye remains relatively independent of exposure conditions. In contrast, the red dye
shows a not negligible degradation under outdoor exposure. However, the performance
decrease appears to reach a plateau after reaching a specific exposure level, suggesting a
potential limit to the observed decline. This hypothesis is further supported by the plot
in Figure 6, in fact, the red sample exhibits a plateau in its degradation at later stages.
Key parameters for each IV curve were acquired, such as the short-circuit current (ISC),
open-circuit voltage (VOC), maximum power point voltage (VMAX) and current (IMAX),
and the Fill Factor (FF). At 25% of the total exposure, the short-circuit current (Isc) and
open-circuit voltage (Voc) of the red LSC panel decreased by 24% and 3%, leading to a
reduction in the maximum power (Pmax) and power conversion efficiency (PCE) of 28%
and 29%, respectively. On the contrary, the sample functionalized with Lumogen F Violet
570 showed remarkable stability without changing the Voc and a minimal reduction in the
Isc and Pmax. In particular, the Isc decrease was limited to 3% and the Pmax one to 2%.
The final PCE was equal to 96% of the initial value.
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Figure 6. LSC panel efficiency as a function of the different exposure levels. Dashed lines represent
the plateau values of LSCs’ PCE.

Table 5 summarizes the main electrical parameters for the Lumogen F Red 305
LSC panel.

Table 5. Summary of the electrical parameters measured for the LSC functionalized with Lumogen F
Red 305.

Exposure
[%]

VOC
[V]

ISC
[mA]

PMAX
[mW]

VMAX
[V]

IMAX
[mA] FF POAI

[W/m2]
PCE
[%]

0 4.80 38.83 114.87 3.95 29.08 0.62 997 1.15
3 4.73 35.11 100.59 3.91 25.73 0.61 997 1.01
9 4.68 33.44 90.22 3.73 24.19 0.58 997 0.91

18 4.68 30.18 83.05 3.89 21.35 0.59 997 0.83
25 4.68 29.46 83.01 3.89 21.34 0.60 997 0.83

Upon further exposure, the panel exhibited a dramatic decline in performance, even
though no visible signs of dye degradation were observed. Taking into account the PCE
reduction presented by [34], who investigated the photodegradation of LSCs functionalized
with the same dye and having almost identical structures, the complete performance
degradation of the specimen here presented must be combined with other factors that
have a dominant contribution. Therefore, the prototype was disassembled to identify
the source of the decrease in PCE, and postmortem analyses revealed damage to the
photovoltaic receivers consistent with water infiltration caused by an incorrect application
of silicone sealant. The efficiency decrease was therefore primarily attributed to water
infiltration, and the monitoring of the electrical performance for this sample was interrupted.
Nevertheless, the bare functionalized wavelength continued to be exposed to solar radiation
until it was subjected to the prescribed energy levels. The visual inspections performed
for the remaining exposure levels did not show visible signs of degradation. However,
transmittance measurements performed after the 100% exposure (see Figure 4a) revealed
that the overall transmittance of the LSC increased by 9.22%. This difference can be
reasonably ascribed to the dye degradation, therefore even if the process had occurred
entirely before the electrical monitoring stopped, the dominant contribution (~18%) to PCE
loss could still be attributed to water infiltration. This hypothesis is further corroborated
by the measurement performed on the LSC panel functionalized with Lumogen F Violet
570. Indeed, after the full exposition to the cumulative energy value prescribed by the IEC
62108 standard, the overall transmittance of the UV LSC increased by 7.1% (see Figure 4b)
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in view of a 9% PCE reduction. Therefore, in absence of external agents, the contribution of
additional phenomena with respect to the UV degradation had an impact of approximately
1.9% on the panel efficiency. The data presented in Table 6 testified the small variations in
the electrical parameter related to the prototype functionalized with UV dye.

Table 6. Summary of the electrical parameters measured for the LSC functionalized with Lumogen F
Violet 570.

Exposure
[%]

VOC
[V]

ISC
[mA]

PMAX
[mW]

VMAX
[V]

IMAX
[mA] FF POAI

[W/m2]
PCE
[%]

0 4.50 24.28 67.99 3.85 17.66 0.62 997 0.68
3 4.48 23.34 63.86 3.70 17.26 0.61 997 0.64
9 4.46 23.26 63.96 3.63 17.62 0.62 997 0.64

18 4.50 23.49 65.68 3.70 17.75 0.62 997 0.66
25 4.52 23.27 65.06 3.80 17.12 0.62 997 0.65
35 4.52 23.47 65.11 3.67 17.74 0.61 995 0.65
53 4.57 22.60 59.97 3.67 16.34 0.58 1004 0.60
61 4.08 22.90 59.83 3.60 16.62 0.58 995 0.60
71 4.44 23.96 63.16 3.63 17.40 0.59 1008 0.63

100 4.51 23.02 62.21 3.77 16.50 0.61 1000 0.62

Once 100% exposure was reached, the PCE was equal to 91% of the initial value
and PMAX experienced a reduction of 8.5%. Even for this specimen, the visual inspection
conducted after the photodegradation test confirmed the absence of any visible signs
of degradation.

The evidence that one of the prototypes presented in this work displays a decrease
in efficiency compatible with the one presented by [34] proves that this assembly con-
figuration highly increases the photostability of LSC based on organic dyes. Limiting
the comparison to organic luminophore, the use of glass slabs as structural components
and PVB as lamination layers prevents direct exposure of the active material to direct UV
radiation, thus ensuring higher long-term stability with respect to PMMA slabs [35]. The
enhancement of the long-term stability of these devices plays a pivotal role towards their
market penetration, as it overcomes one of the main drawbacks of LSC technology, thus
avoiding the utilization of more expensive fluorophores. Indeed, since they are synthesized
from readily available chemical precursors, and by using relatively simple and cost-effective
manufacturing processes, organic dyes are generally cheaper to produce with respect to
other luminophores such as quantum dots, or fluorophores based on rare-earth elements.
Economic feasibility is a crucial aspect for the industrial scalability of PV technology that
up to now presents a higher price-to-watt ratio with respect to standard semi-transparent
solutions. Furthermore, the functionalization of plastic films with organic dyes presents
further advantages. Firstly, these films can be manufactured by using standard extrusion
processes, and the uniform dispersion of organic dyes in polymeric matrixes or plastic films
presents lower challenges with respect to QDs [48]. Lastly, due to their lower toxicity and
environmental impact, organic dyes are more likely to meet regulatory standards across
different regions, facilitating easier market entry and acceptance.

3.3. Hail Impact Analysis—Results

The size, weight, and velocity of the ice balls used in various rounds of the experiments
are presented in Table 7. Each column (S#) corresponds to a different shot, while the rows
contain two different types of information. Specifically, in addition to the sample subjected
to the test, the characteristics of each fired hailstone are reported. From top to bottom, these
characteristics include the mass (m), speed (v), and impact zone (IZ). The IZ numbers are
reported in Figure 3b.
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Table 7. Hail test details for the different samples.

Test Parameters S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Sample 1
m [g] 8.09 7.99 8.10 8.00 8.19 8.13 7.77 8.01 7.74 7.80

v [m/s] 22.89 22.59 23.02 23.02 22.79 22.89 22.69 23.02 22.46 22.70
IZ 1 4 2 5 9 10 6 8 7 3

Sample 2
m [g] 8.04 8.03 7.79 8.06 7.98 7.97 7.88 7.96 8.06 7.81

v [m/s] 22.87 22.49 22.68 22.64 22.54 21.79 22.31 22.41 22.27 22.27
IZ 1 2 6 10 9 8 4 7 3 5

Sample 3
m [g] 7.80 7.99 8.04 7.79 7.91 8.04 8.02 7.92 8.04 8.13

v [m/s] 22.46 22.41 23.05 22.46 22.28 22.25 22.16 22.23 22.15 22.44
IZ 8 9 5 4 7 10 6 3 2 1

Sample 4
m [g] 7.94 7.87 7.92 8.01 8.03 8.02 8.09 7.87 8.05 8.14

v [m/s] 22.15 22.19 22.21 22.95 22.73 22.39 22.84 22.94 22.55 22.94
IZ 4 7 3 2 6 9 10 5 8 1

Sample 5
m [g] 8.05 7.90 8.10 7.97 7.97 8.03 7.94 8.02 7.93 7.91

v [m/s] 22.71 22.84 22.25 22.98 22.63 22.57 21.79 23.01 22.97 22.22
IZ 1 10 5 9 6 6 3 2 9 7

All samples were carefully examined after each shot. No damage or visible defects
were detected in any of the five samples. In particular, no cracks, filaments, or holes visible
to the naked eye were observed, and no pieces of any sample detached or exploded.

Hail has a significant impact on the output of PV modules, leading to an energy loss
of up to 30%, which is mainly due to the presence of cracks in the solar cells [49]. The
importance of hail impact resistance for the prototypes presented in this work extends
beyond the physical integrity of their PV components, as hail damage can profoundly
impact the ability of the lightguide to harness and concentrate fluorescence light towards
its edges. The formation of cracks or surface scratches can result in increased escape
losses, thus reducing the overall panel PCE even if the PV cells themselves remain fully
operational. The realization of a batch of samples that have been shown to withstand hail
impact despite having different properties testifies that the LG lightguide increases not
only the device photostability but also its mechanical properties.

4. Conclusions
This study investigated the long-term stability of LSC panels combining natural

outdoor exposure with hail impact analysis. The findings suggest promising results for
the application of LSCs, particularly those incorporating Lumogen F Violet 570. While the
photostability test on the Lumogen F Red 305 sample was interrupted prematurely, the
results are encouraging. The glazing appears to effectively filter UV radiation, limiting the
degradation of the luminophore. In fact, the performance decrease was exhibited before
10% of exposure, and then plateaued between 15% and 25%. The associated reduction
in maximum power and PCE was equal to 28% and 29%, respectively. The decrease in
higher efficiency compared to evidence in the literature was attributed to water infiltration
caused by an erroneous application of the silicone sealant. In fact, the second panel,
which has identical properties except for the dye used, showed minimal degradation, even
after reaching the exposure levels prescribed by the “10.15 Outdoor exposure test”. The
corresponding reductions in short-circuit current and maximum power remained below 9%.
The hail resistance analysis revealed no damage or defects on any sample. This suggests
that, at least under the test conditions employed, the chosen design ensures hail resistance
in accordance with the IEC directive, regardless of the thickness or treatments.

To propel the development of LSC panels towards practical applications and bridge
the gap between LSC prototypes and commercially viable products, future work should
explore several key areas. One avenue for investigation involves the substitution of organic
dyes with commercially available inorganic quantum dots, so as to perform a comparative
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analysis encompassing both PV performance and economic feasibility of the different
fluorophores. A second step includes the extension of the performed analyses by expos-
ing LSC panels to additional reliability tests, such as thermal cycling, humidity freeze,
and damp heat tests, thus allowing a wider perspective of their long-term performance
and durability in real-world environments. Additionally, scaling up the presented lab-
scale devices by fabricating LSC panels with dimensions compatible with the building
sector will allow researchers to investigate how these larger panels behave under realistic
integration scenarios.
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BIPV Building Integrated Photovoltaic
CIE International Commission on Illumination
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CPV Concentrated Photovoltaic
CRI Color Rendering Index
EVA Ethyl Vinyl Acetate
LG Laminated Glass
LSC Luminescent Solar Concentrators
MPP Maximum Power Point
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