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Design of a Color Neutral Nonpatterned Photovoltaic
Window Based on Luminescent Solar Concentrator

Paolo Bernardoni, Giulio Mangherini,* Alfredo Andreoli, Valentina Diolaiti,
Rosamaria Marrazzo, Fabio Melchiorre, Stefano Zanardi, and Donato Vincenzi

The necessity to fulfil buildings energy demand with different energy sources
leads to an increasing integration between building components and renewable
energy sources. The development of new building-integrated photovoltaics
technologies requiring less silicon solar cells for active area is particularly
interesting especially from a circular economy perspective. This research
describes the design of five neutral color photovoltaic windows based on large
area (0.61 m?) luminescent solar concentrators co-developed by the University of
Ferrara and Eni S.p.A. The windows are installed at the Eni “Renewable, New
Energies and Material Science Research Centre” in Novara (Italy). The prototypes
show a visible transmittance of 38.5%, exceeding that of commercially available
semi-transparent photovoltaic technologies. Moreover, the evaluation of the
window colorimetric properties highlights a color rendering index equal to 93.0,
thus ensuring an excellent illumination quality of the building indoor. The panel
electrical performance is measured indoor, at the end of the assembly process,
and onsite, showing a power production ranging from 1.2 to 2.8 W and an
efficiency between 0.23% and 0.48% depending on the illumination condition
and the background reflectivity. Although the generated power is limited, it is
already sufficient to power stand-alone small appliances and smart systems.

CO, emissions.!! International roadmaps
aim to convert energivorous structures to
zero-energy or net-zero energy buildings
by supporting a wider deployment of
renewable energy sources.”?! If efficiently
harvested and stored,*® solar energy rep-
resents the most promising renewable
energy source to satisfy building energy
demands;”® however, despite the increas-
ing penetration of PV solutions, serving
purposes ranging from water decontamina-
tion to electricity production,” ! building-
integrated photovoltaics (BIPV) have
remained a relatively niche market.['”)
Since BIPV solutions directly replace
building elements they must provide
insulation value and structural integrity,
while still functioning as PV devices that
harvests energy efficiently."* The work of
Bonomo et al.'? underlines that due to
their architectural flexibility (higher
esthetic appearance and the lower cost

1. Introduction

Presently, building sector accounts for more than 30% of the
global consumptions and almost 40% of the total energy-related
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per square meter), 44% of BIPV products

installed on building facades are thin-film

solutions, despite they are less energy effi-
cient if compared to crystalline systems.

The work of Aritra Ghosh™ underlines the growing prefer-
ence in modern building architecture for the incorporation of
glazed facades, particularly in commercial structures. Windows
and semi-transparent facades serve as pivotal elements for the
building interior health and well-being; therefore, novel BIPV
technologies presenting a superior architectural flexibility with
respect to thin-film panels may represent an important asset to
preserve the connection between building exterior and interior.

While several innovative approaches to increase the efficiency
and the architectonical integration of BIPV technologies,*>*¢!
thanks to their unique properties semi-transparent solutions
based on luminescent solar concentrators (LSCs) are of increas-
ing interest in academia and industry. LSC panels are able to
absorb and redistribute a portion of the solar radiation impinging
on them, thus reducing the number of cells for active area and
harvesting both direct and diffuse solar radiation almost with the
same efficiency. They are therefore much more tolerant to shad-
ing and hot spots with respect to standard PV devices.!"”!

A typical LSC is composed by a slab made of a transparent
material, like polymethyl methacrylate (PMMA), polycarbonate
(PC), or glass, functionalized with active particles called fluoro-
phores, which according to their nature can be classified in

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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three main categories: aromatic compounds,'® organometallic

complexes,'” and quantum dots.*” When the slab is exposed
to solar radiation, the fluorophores absorb part of the light strik-
ing the slab re-emitting it at a longer wavelength (fluorescence
phenomenon). Since the re-emission is isotropic and the trans-
parent material has a refractive index higher than air, a signifi-
cant amount of fluorescent light is trapped inside the slab and
diverted to the slab edges thanks to total internal reflection.
The light reaching the slab edges can be converted into electricity
by optically coupling solar cells with the pane sides. The possi-
bility to mount solar cells along the waveguide perimeter results
in the absence of busbars, collection grids, or electrodes within
the light harvesting area, thus realizing PV devices having
nonpatterned continuous transparent surfaces and high levels
of transparency.*"*

The light that does not undergo total internal reflection exits
the slab through the so-called escape-cone losses. Both the
amount of light entrapped in the LSC and the escape-cone losses
depend on the slab material.**! The light trapped in the wave-
guide may either be directly diverted to the slab edges or be sub-
jected to self-absorption.**! The criticalities of self-absorption are
related to the increment of absorption-emission processes, as the
nonideal quantum yield and the emission angle of the fluoro-
phore particles decrease the amount of trapped light reaching
the slab edges. The working principle of an LSC panel is sche-
matized in Figure 1.

The LSC panel optical properties can be tailored by varying the
type or the concentration of the employed fluorophores.*>~7!
Due to the present interest in optically neutral LSCs, several
research works focused on the developing of highly transparent
LSCs based on nanocrystal-assisted technology.**="! Similarly,
the performance of slabs functionalized with quantum
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Figure 1. Operating principle of an LSC panel. In the graphical represen-
tation the functionalized slab is depicted in orange, whereas the PV cells in
blue. When the light is absorbed by the fluorophores three phenomena can
occur: 1) the fluorescence radiation is trapped inside the slab and guided
to the solar cells, 2) the fluorescence radiation is lost outside the slab
through the escape-cone, and 3) the fluorescence radiation is self-
absorbed by another dye active center.
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dots,’?3* nanoclusters,*> or rare-earth ion complexes[36’37]
was widely investigated. These works aimed to increase the
LSC panel’s power conversion efficiency (PCE) by using three
main approaches. The first one, embraced by Bergren et al.*!!
the improvement of luminophore consisted in quantum yield,
the second strategy, adopted by Li et al.** involved a modulation
of the luminophore absorption and emission spectra, so as to
decrease the reabsorption losses. The last approach followed
by Rondio et al.’®! was focused on the enhancement of light
absorption by matching the absorption spectrum of the lumino-
phores with the peak of the solar spectrum.

Nevertheless, all these approaches are subjected to feasibility
drawbacks that severely limit the industrial scalability of LSC-
based PV devices. In fact, their implementation highly increases
the panel cost, thus resulting in an uncompetitive price-to-watt
ratio if compared to commercial PV or BIPV technologies.
State-of-the art examples are Li et al. and Lin et al. works,**%
which present LSCs functionalized with quantum dots (QDs).
The proposed waveguides show considerable transmittance in
the visible range, and a higher PCE than that of most LSCs
having the same optical and geometrical characteristics. As for
other very promising devices,*!! their main limitation lies in
the sample dimensions (slabs with 2-25 cm sides) that are not
yet compatible with the building sector.!’”)

LSC panels having dimensions suitable for building integration
are usually colored panels functionalized with organic dyes,*”
often designed for greenhouses,**! or outdoor applications.[**~*¢!
A first step in the realization of an optically balanced large-area
LSC panel based on organic dyes was made by Eni that has pat-
ented a device composed by three active slabs having complemen-
tary colors, so to realize LSCs of neutral coloration.!*”)

The aim of this work is to investigate a different approach for
the realization of large-area color neutral devices. A simplifica-
tion of the device structure has allowed the realization of large
area (0.61m?) semi-transparent PV panels which was based
on a single active slab, functionalized with a blend of fluorescent
organic dyes, and whose transmitted light is further balanced
through the addition of a thin film, working as an external filter.
To access if the proposed configuration leads to a LSC panels
having electrical characteristics compatible with the ones pre-
sented in literature, five prototypes were realized and their elec-
trical efficiency was assessed for both indoor and outdoor
characterizations. Moreover, the LSC optical properties have
been evaluated by estimating their average visible transparency
(AVT) and color rendering index (CRI).

2. Experimental Section

2.1. Prototype Assembly

The prototypes described in this work were designed to be
installed in a preexisting fagade of a test building at the Eni
“Renewable, New Energies and Material Science Research
Centre” in Novara (Italy) presenting window openings with an
area of 0.935 x 0.725 m”. Five prototypes were realized by cou-
pling an LSC panel with a glass slab of 0.905m x 0.695m in
a double-glazed structure that was encased in a proper frame-
work. To be compatible with the prior window frameworks
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and to provide the necessary thermal insulation, the structure
was made of aluminum with a PVC thermal break. The LSC slabs
were manufactured by Arkema, a partner of Eni for LSC devel-
opment, by using 6 mm of impact-resistant PMMA functional-
ized with a mix of Lumogen F Red 305 (LR305), 11 ppm, and
the Eni Yellow dye 5,6-diphenoxy-4,7-bis[5-(2,6-dimethyl-
phenyl)-2-thienyl]benzoc]1,2,5-thia-diazole (MPDTBOP),
17.5 ppm.[*¥! This blend conferred to the slab a distinctive orange
color as well a wide absorption range in the visible spectrum com-
bined with a high transparency.

The photovoltaic conversion was performed by six arrays of
monocrystalline passivated emitter rear contact (PERC) silicon
solar cells (SunPower C50).1*! Each array consisted in a printed
circuit board (PCB) that hosted 10 solar cells connected in series
with a size of 24mm x 8 mm each obtained through the
mechanical dicing of a 125 mm x 125 mm SunPower C50 solar
cell. Three arrays were placed on each long side of the slabs,
while the remaining perimeter was covered with a high reflectiv-
ity dielectric mirror film, developed by 3MP% and presenting an
overall thickness of 104 pm and a specular reflectivity higher than
90% within the 400-775 nm range. This film application had the
double purpose of reflecting most of the fluorescence light to
the cell arrays!’”! while protecting the surface of the LSC during
the sealing procedure, as the sealant would otherwise absorbed
or entrapped part of the fluorescence light.

The optical coupling between the LSC slab and the solar cells
is critical for the performance of LSC devices, but other param-
eters should be taken into account when it comes to the choice of
the glue. In particular, when exposed to temperature cycles, the
difference in the coefficients of thermal expansion between
PMMA (7.0 x 10 ° K™ ') and the solar cells (0.5 x 10> K ') or
the fiberglass in the PCB (1.3 x 107> K™ along the circuit plane)
generates a thermal stress at the LSC-cells interface that must be
sustained by the glue and the cells themselves. Hence, the choice
of the material to join the cells on the LSC fell on Soudal Silirub
PV albeit it sacrifices the maximum optical transparency, as it
is a neutral monocomponent silicone developed for PV panels
sealing which ensures high elasticity and no corrosion. The pro-
totype thermal transmittance was reduced thanks to a double-
layer structure, in which the LSC device and a glass slab with

6 mm thick PMMA LSC slab

Mirror film applied for 6 mm on the main
faces and on edges without cells

Glass and LSC joined by 6 mm x 1 mm
double-sided adhesive tape on mirror film

Blue filter applied on the inner face of the glass slab

Solar cells arrays on the two vertical sides of the window

www.solar-rrl.com

a thickness of 3 mm were the outer and the inner pane, respec-
tively. On the inner glazing, a blue filter was applied (SOLAR
SCREEN Spectra 40 C) that was specifically chosen to optically
compensate the spectrum transmitted by the LSC slab. The
double-glazing structure was then encased in an aluminum
and PVC frame with a size of 0.935m x 0.725m which was
waterproofed by mean of a low-viscosity and low corrosion sili-
cone sealant (CHT AS1620). The electrical connections take place
through two silicone-insulated wires coming out of the alumi-
num frame. Figure 2 presents two renders summarizing both
the window structure and its electrical connections.

2.2. Optical Characterization

The optical characterizations were performed in a dark room
using an EG&G GS0895 tungsten-halogen light bulb operated
at a power of 680 W, which was chosen as light source since
it ensures a continuous emission in the UV-VIS-NIR sampling
range. The transmitted light was collected by a quartz optic fiber
and measured by using an Ocean Optics USB4000-XR1-ES
Spectrometer integrating a diffraction grating and a linear
CCD sensor, which can measure all the spectral components in
the range 195 to 1055 nm with a sensor resolution of 0.27 nm
and an optical resolution of 2nm. A Newport M-ID-1.0 Iris
Diaphragm was adjusted on the lamp housing’s output port to
achieve a beam with ~a 20 mm diameter at a distance of 50 cm.

The dyes employed in the LSC panel were at first characterized
individually at the concentrations used in the neutral window by
measuring both absorption and transmission spectra of two 6 mm
PMMA slabs, one functionalized with 11 ppm of LR305 and one
with 17.5 ppm MPDTBOP. The samples were positioned along
the optical path between the source and the integrating sphere
with the exiting surface in contact with the integrating sphere’s
entering port, so as to collect also the LSC fluorescent light.

A background signal was obtained by acquiring a measure-
ment in the absence of tungsten-halogen light source, ®pagrx,
which was then subtracted to all the acquired spectra. The
transmission spectra, T, were obtained by dividing the spectral
components of the spectrum acquired with the samples,
Drsamprp, by the ones of the light source, ®soyrce. The sum

V+ V-

Mirror film

PV cells arrays
skeire s|199 /\d

Mirror film

Figure 2. Render presenting on the left the main components of the PV window, and on the right its electrical connections.
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of specular and diffuse reflectance, R, was computed as one
minus the ratio between the signal intensity with and without
a blank sample, ®p;ank, Which corresponded to a 1 mm not
functionalized PMMA slab or a 3 mm clear glass pane.

The former was used to evaluate the component reflected at
the interface PMMA-air, thus decoupling the not transmitted
portion of the spectra from the reflected one. The slab thickness
was chosen to ensure a negligible absorptance of the PMMA slab
in the VIS-NIR range. The latter was employed to isolate the spec-
tral components filtered by the blue film with respect to the ones
absorbed and reflected from the glass layer. The dyes and blue
filter absorption spectra were calculated as 1 minus the sum of T
and R. Equation (1) to 3 presents the mathematical equations
adopted for the optical characterizations.

() —®
7 — Prsampie DARK )
Dsource — Ppark
Re1— Dgpank )
DsourcE
A=1-R-T (3)

Equation (1) was also used to evaluate the transmission spectra
of a slab functionalized with both the dyes and the spectra of the
whole window.

2.3. Colorimetric Analysis

Colorimetric analysis has been performed evaluating the window
as a light source lit by sunlight whose emission spectrum is rep-
resented by solar spectrum filtered using the transmittance val-
ues. Given that the solar spectrum at the earth surface depends
on time and weather conditions, for the computation of both CRI
and AVT, the CIE Standard Illuminant D65 has been used as
reference. D65 is also called daylight illuminant and corresponds
roughly to the average midday sun spectrum in Europe and takes
into account both direct and diffused components. The CRI is a
parameter given by the arithmetic mean of 8 standard samples
(TCS01-TCS08) that is used in colorimetry to quantitatively
measure of how faithfully a light source can render the colors
of different objects with respect to a reference light source. Its
value was computed through a Python script and using the
Color-Science (v. 0.3.16) library, an open-source Python package
providing a comprehensive number of algorithms and datasets
for color science, which is freely available under a New BSD
License.®"! Furthermore, the value of six supplementary samples
(TCS09-TCS14), not used in the CRI calculation but however use-
ful to better understand the quality of an artificial light source,
has been evaluated. Particularly interesting are the values of
TCS09 (strong red) and TCS12 (strong blue), since they represent
challenging values for artificial illumination devices; therefore,
the analysis of these parameters for the presented device repre-
sents a further indication its colorimetric balance. Indeed, con-
sidering that the LSC panels here presented are proposed for
window integration a high value in the TCS samples corresponds
to a more faithful transmission of the solar spectrum, thus to a
higher indoor comfort. The formula used for the CRI evaluation
is reported in Equation (4)%
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1 8
CRI = >7(100 — 46/ (AL)? + (Au)? + (av])%) )

i=1

where AL’;, Au';, and Av’; are the difference in lightness (L') and
chromaticity coordinates (u’, v’) between each color sample i
illuminated with the spectrum emerging from the tested light
source and the reference spectrum. Illuminates having a CRI
value higher than 90 are considered as ideal.’*>="!

The transparency of the LSC device was evaluated by using the
AVT, thus considering not only the slab transmittance spectrum
but also the photopic response of human eyes to the solar photon
flux. The overall AVT had been expressed according tol*®!

S T)SA) G P() flda

min m’

AVT = 2lmin (5)
L P(A)[5]S(4)[e]dA

min m

where T(4) is the slab transmission spectrum, S(4) is the solar
photon flux, and P(1) is the photopic response of the human
eye. The integration was performed over the wavelength range
between 400 nm (Ayi,) and 700nm (Ay,) as it ensured to
completely encompass all the visible wavelengths range within
P(2). Although the human eye can perceive intense light at
the boundaries of the 390-780 nm range, the ranges excluded
from the integration does not significantly contribute to our over-
all perception of color.””!

2.4. Electrical Characterization

The experimental setup for the IV and PV curves acquisition was
represented by a high precision Keithley 2400 SourceMeter SMU
unit controlled via a custom software developed in LabVIEW. The
software was designed to automatically acquire the IV and PV
curves and to calculate all the relevant parameters, namely the
short circuit current (Isc), the open circuit voltage (Voc), the fill
factor (FF), and the maximum power point (MPP), as well as its
voltage (Vupp) and current (Iypp). Equation (6) reports the math-
ematical formula used to compute the PCE of the prototypes®®

_ Lupp[A]Vimee[V]
PCE = ) A

mZ

©)

where Iypp and Vyypp are, respectively, the current and voltage at
maximum power point. The term A, also known as aperture area,
is the device active area that for the device here presented cor-
responds to the slab front surface area (0.61 m?). E is the global
irradiance incident on the LSC aperture area, namely the irradi-
ance measured by a Delta Ohm LP PYRA 02 pyranometer
installed on a plane parallel to the LSC main surfaces. The pro-
totype electrical performance was evaluated under an irradiance
equal to 990 or 880 W m~* depending on the test conditions.
Moreover, one window prototype was subjected to an indoor
electrical performance evaluation thanks to a steady state large-
area solar simulator (LASS), commercialized by Eternalsun
Spire. The LASS consists of 144 lamps, of which 72 gas bulbs
and 72 halogens, and it is classified as AAA+ as the light emis-
sion reaches high standards in terms of stability and homogene-
ity of irradiation in a 2.1 x 1.3m” area (in accordance with
the IEC 60904-9 ed. 3). The simulator is equipped with
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thermocouples, to monitor the temperature reached by the
device under analysis, and with a reference silicon cell (n-type
B-broadband) for the irradiance measurement. The characteriza-
tions involved the electrical performance evaluation at different
levels of irradiance, in particular 1000, 800, 600, 400, and
200 W m ™2, to simulate different levels of solar lighting. A black
background was used for the indoor characterization. The IV
curves were acquired by the Software ES Suite 2 developed by
Eternalsun that also calculates the parameters reported above
(Isc Vo, FF, MPP, Vypp, and Iypp).

3. Results and Discussion

3.1. Optical Characterization

In Figure 3, the absorbance and transmittance spectra of the
slabs functionalized with the two luminophores, as well as the
one of the blue filter, are shown.

The spectra reported on Figure 3A, computed by using
Equation (3), show that as expected the yellow dye absorbs mainly
in the blue region, with an absorption peak at 430-450 nm, while
the primary absorption peak of the red dye lies at 570-580 nm,
thus ensuring the absorption of the yellow and orange compo-
nents of the source spectrum. Moreover, the comparison of
the peak heights, distribution, and full width at half maximum
testifies that the blend of LR305 and MPDTBOP in a concentra-
tion ratio 1:1.6 (LR305:MPDTBOP) allowed a balanced absorp-
tion of the blue, yellow, and orange components. The blue
filter was then introduced to extend the chromatic balance of
the transmitted spectrum also in the red region.

As predicted, the blue thin film shows a high absorption of red
and orange (see Figure 3A), but its transmittance value in the
blue-green range (400-525 nm) between 70% and 85% testifies
that despite of its blue color the absorbance within that spectrum
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region is not as low as expected. Nevertheless, it limits only the
transmission of light in the deep blue and deep red regions, and
the high transmittance in the 400-460 nm range ensures a warm
white color as explained in Section 3.2. Colorimetric analysis.

The transmission spectra obtained thanks to Equation (1) and
displayed Figure 3B also highlights as the presence of the yellow
dye ensures a higher absorption of the visible spectrum at shorter
wavelengths, which would not have been possible using only the
red dye and the blue thin film.

The contribution of the blue filter can be further appreciated
thanks to the results presented in Figure 4A, which displays the
window transmission spectrum with and without the blue layer
proving how its application increases the chromatic balance of
the transmitted light. Figure 4B presents the comparison
between the spectral power density of the solar radiation at
AM1.5G and the spectrum filtered by the Neutral LSC, highlight-
ing the filtration effects of the whole window in the visible range
(400-700 nm).

The measurement of the prototype transmission spectrum
also allows the AVT estimation that according to Equation (5)
is equal to 38.5%; value which is at least 28% higher with respect
to the transmittance of the majority of commercial semi-
transparent PV technologies. A picture of the prototypes installed
in the test building is presented in Figure 5. The picture presents
the prototype both viewed from the LSC side installed outwards,
Figure 5A, and from the glass side installed inward, Figure 5B.
The inward view testifies how also from a qualitative observation
the combination between the dye blend and the blue filter
optically balances the light that enters the building, which shows
only a slight warm tone when compared to natural sunlight.

The choice to use only one functionalized slab reduces both
the assembling process and the optical losses due to multiple
optical interfaces with respect to the solution having three
active slabs.l*”) However, the partial overlap between LR305
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Figure 3. A) Normalized absorption and B) transmission spectra of the slabs functionalized with the different luminophores (yellow and red lines) and of
the blue filter (blue lines). The wavelength range considered in the AVT computation corresponds to the white area.
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Figure 4. A) Normalized transmission spectra of the window with (gray line) and without (orange line) the blue filter. B) Spectral power density of the
direct solar spectrum AM1.5G (blue line), of the same spectrum filtered by the neutral LSC (orange line), as well as its transmission spectrum (gray line).
The wavelength range considered in the AVT computation corresponds to the white area.

Figure 5. Pictures of the prototypes installed in the Eni Renewable Energy, Magnetic Fusion and Material Science Research Centre in Novara (ltaly)
viewed from the A) outside and the B) inside of the building. The Prototype 3 used for the indoor characterizations of Figure 7 corresponds the central
module, whereas Sample 5 on which the in-depth analysis were performed (see Figure 8A and Table 2) is the rightmost and the leftmost device in

Figure 5A,B, respectively.

and MPDTBOP spectra reported in Figure 3 leads to the hypoth-
esis of that this device will present higher self-absorption with
respect to an LSC functionalized with a single luminophores.
However, utilizing a single luminophore would have necessi-
tated additional customization of the thin film. This customiza-
tion would be aimed at aligning its absorption spectrum to
effectively filter out the spectral components not absorbed by
the dye while maintaining a similar relative weight in the trans-
mitted components (see Figure 4B) in order to guarantee a com-
parable colorimetric balance.

3.2. Colorimetric Analysis

This analysis allows the estimation of the prototype chromatic
rendering that was computed thanks to Equation (4) giving a
CRI of 93.0, overcoming both the typical values of commercial
tungsten-halogen lamps, which range between 85 and 90,
and the benchmark to be considered an ideal illuminant, 90, thus
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avoiding unpleasant effects and poor human visual comfort.
Moreover, the value obtained for the TCS09 and TCS12 param-
eters can be considered very good. Presenting a primary reflec-
tance peak around 460 nm and 0 reflectance past 580 nm, TCS12
is a fundamental sample for light sources to have an accurate ren-
dition in the 430-500 nm range. Having a high score of TCS12
can be very challenging for LED sources that use blue light as
their primary excitation source, as the emission range in the blue
region has a very narrow width (typically 10-15 nm) that fails to
cover the entirety of the TCS12 reflectance bandwidth.

TCS09 instead represents how accurately a light source will
reproduce saturated red colors, aspect that is traditionally diffi-
cult to render for fluorescent lights. TCS09 spectrum is almost
entirely composed of red light (wavelength longer than 600 nm);
therefore, a low value of TSC09 will alter the color rendering of
red hues. The presented prototypes scored a TCS09 value of 92.8,
especially considering that most lighting products available on
the market rarely specify this value, and when they do, they
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Figure 6. A) CIE 1931 Chromaticity Diagram comparing the properties of the neutral LSC with different light sources. B) CRI plot of the neutral LSC.

hardly guarantee a value higher than 50.5***! The plots concern-
ing the colorimetric characterization of the prototypes are shown
in Figure 6. In Figure 6A, the positions of the light generated by
the neutral LSC are compared with the “white light” generated
from different sources.?¢"!

3.3. Indoor Electrical Characterization
Figure 7A displays the IV curves of Prototype 3 at different irra-

diance levels, and Figure 7B shows the increase of the power pro-
duced by the module as a function of the increasing irradiance.

A

Current (A)
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800 W/m?
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2 4 6 8 10 12 14 16 18 20
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Figure 7. A) IV characteristic curve measured of Prototype 3 when exposed to different irradiance levels highlighting the MPP of each curve. B) MPPs of

the module against the different irradiance intensities.
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Table 1 presents the indoor electrical characteristics of the five
prototypes highlighting their PCE computing by using
(Equation (6)). The results highlighted on one hand, the incre-
ment of the maximum power produced, Pyax, and on the other
hand the decrement of the PCE, with respect to the impinging
irradiance. Indeed, due to the higher current produced by the
cells, Pyax linearly growth with the external irradiation, ranging
between 0.59 W and 2.28 W (see Figure 7B), whereas the PCE
drops from 0.48% to 0.37%.

These results seem to be unexpected, as the efficiency of sili-
con solar cells generally decreases proportionally with the

B 25
s
/’ 228 W
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Table 1. Summary of the LSC electrical parameters measured during
indoor characterizations, as a function of the impinging irradiance.

EWm™? VoeM  Ic[Al Ve M Iwep [A]  Puax [W]  FF PCE [%]
200 17.82 0.06 14.21 0.04 0.59 0.54 0.48
400 18.71 0.09 15.60 0.07 1.10 0.64 0.45
600 18.98 0.12 16.01 0.09 1.49 0.63 0.41
800 19.21 0.16 15.98 0.12 1.91 0.62 0.39
1000 19.59 0.17 16.26 0.14 2.28 0.67 0.37

irradiance; however, a similar behavior for LSC devices has
already been reported by several authors. In particular,
Michael G. Debije and Vikram A. Rajkumar!®® highlighted this
effect for LSC devices functionalized with Lumogen F 305 dye
(BASF) and H. Zhao et al.[*! for LSC device integrating carbon
QDs. In particular, the latter stated that the more the light inten-
sity decreases, the more the PCE increases. This is ascribed to a
decrease of the absorption efficiency of the QDs at high light
intensity. Similarly, for the device presented in this work, the
low concentration of organic dyes can explain the lower light
absorption capacity of the active slab at high irradiance levels.

All the presented IV curves show secondary knees due to a
mismatch in the current produced by the different PV arrays con-
nected in series,®" effect that may be ascribable to several fac-
tors. A possible source is the assembly process, since,
although the used configuration is the one providing the best
trade-off between the uniformity of the illumination profile
reaching the cells and the power produced by the module,!"”!
it can still generate a small current mismatch.

However, the assembly configuration in which the slab long
side is coupled with the PV arrays, and shorter edges are covered
with the reflective film ensures the uniformity of the illumina-
tion profile exiting from the slab.™”! The current mismatch gen-
erated by the assembling process therefore too limited to justify
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0.20 20
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the secondary knees displayed in Figure 7A. The causes of cur-
rent mismatch must therefore be sought in external irradiance
reaching the PV cells with a not uniform profile via different
paths with respect to the fluorescent waveguide. The analysis
of the possible reasons generating this effect, as well as their con-
tribution in overall phenomenon, is better detailed in the follow-
ing Section 3.4 Outdoor electrical characterization.

3.4. Outdoor Electrical Characterization

In Figure 8A, an in-depth analysis on the electrical performance
of one prototype is presented, whereas in Figure 8B, the IV
curves related to the five prototypes with their MPPs are reported.
The electrical characterizations of Figure 8A were carried out both
at the installation site and at the end of the assembly process. The
former was done to evaluate the module performance in a real
operating environment, whereas the latter to verify the maximum
power that could be obtained in a replicable condition. During the
second characterization a single LSC panel was coupled with a
white diffusive background (WB) showing a power production
of 2.81 W, which once installed in the test building decreases
to 1.23 W (see Table 2). The increase in power production with
the WB can be ascribed to the conversion of a portion of the trans-
mitted light thanks to the back diffusion done by the WB.

Comparing the short-circuit current of the prototype, Isc, with
that of the PV arrays directly exposed to the sunlight, presented
in Table S1, Supporting Information, it is possible to estimate the
optical efficiency (OE) of the LSC panels."® Considering the
onsite measurements for Prototype 5 the OE resulted equal to
1.2, and the presence of the diffusive background doubled the
Isc generated by the prototype (see Table 2).

The results presented in Table 2 highlight how the exposition
to a uniform illumination (diffusive background) leads to a PCE
similar to the one obtained throughout the electrical assessments
conducted indoors. The plots displayed in Figure 8A confirm that
if subjected to ideal illumination conditions the secondary knee

B 0.12

Current (A)

— Samplel |
0.02 — Sample2

—— Samplc3
— Sampled
Samples

0.00

10
Voltage (V)

Figure 8. Characteristic IV (continuous lines) and P-V (dashed lines) curves of the whole window (Sample 5, rightmost sample in Figure 5A and leftmost

one in Figure 5B). B) On site IV curves of the prototypes with the MPPs.
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Table 2. Summary of the performance of one neutral window (prototype 5) tested both on site and with a diffusive background.

Voc M Isc [A] Vivee [V] Imee [A] Prmax W] EWm™ FF PCE [%]
Diffusive background 19.25 0.20 15.63 0.18 2.81 990 0.74 0.47
Onsite 18.16 0.10 14.73 0.08 1.23 880 0.68 0.23

in the IV curve is considerably reduced even if not negligible
regardless of whether the electrical performance was measured
on site (yellow curve).

Indoor electrical characterization the magnitude of the current
mismatch due to the assembly process is too small to justify the
secondary knees presented in the reported IV, and it must be
combined with other factors having a dominant contribution.
Figure 7A and 8A underline that this drop is more evident for
high level of irradiance and for measurements performed onsite.

The presence of multiple knees is even more evident in
Figure 8B that compares the electrical performance of the five
windows measured onsite. Once installed, these prototypes were
closed to a large metallic structure lying at a distance varying
between 2 and 8 m from the fagade hosting the LSC panels.
Thus, considering the nonuniform background from the indoor
side and the particularly uneven foreground (see Figure 5), 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. In Figure 9, a graphical
representation useful to better illustrate how the stray light
reaches the solar cells is presented.

This hypothesis is confirmed by the characterization reported
in Figure S1, Supporting Information, concerning the electrical
behavior of the bare arrays mounted on Sample 5, which show a
mismatch between the produced current an order of magnitude
lower with respect to the one depicted in Figure 8A (~0.1 mA).
However, these can be considered typical working conditions for
BIPV devices installed in residential or commercial buildings,
as in urban areas the scattering caused by cars, surrounding

Sunlight Stray light

Aluminum frame

Mirror film %
LSC N o
Mirror film [ S g
o @
2l =]
- =
Blue filter % 2
Glass -
9]

Figure 9. Graphical representation of a cross section of the window frame
showing the possible paths of stray light that reaches the solar cells
through the semi-transparent silicone sealant because of the reflection
on the mirror film.
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Table 3. Summary of the electrical performance of the five prototypes
installed at Eni “renewable, new energy and material science research
centre” Novara (ltaly).

Sample Voc[V] Isc[Al Vumpr V] Impp[A] Prax[W] E[Wm™ FF  PCE([%]

1 1812 0.10 15.12 0.08 1.19 800 0.68 0.25
2 18.13  0.10 15.09 0.07 1 835 063 0.22
3 18.09 0.11 15.82 0.07 1.16 850 058 0.23
4 18.07 0.11 15.42 0.08 1.22 865 063 0.23
5 18.15  0.10 14.73 0.08 1.23 880 068 0.23

buildings, or even the diffused light emitted by streetlights,
highly affect the uniformity of the radiation impinging on them.

Moreover, it is important to point out that the additional stray
light that reach the cells does not negatively affect the power out-
put of the system because, compared with a situation with no
stray light, the current of the cells is always increased albeit
nonuniformly.

The results concerning the five prototypes PV performance
measured after the installation are summarized in Table 3.
The obtained PV efficiencies are comparable with the ones of
large-area LSC panels presented in literature!**>¢% for both
indoor and outdoor characterizations, even considering the addi-
tional optical losses due to the colorimetric balance. The real
added value of this device lies in its neutral color as this feature
allows its integration also in commercial or residential buildings,
where neither traditional colored LSCs nor standard PV panels
can provide the required high transparency and balanced trans-
mission spectrum. Despite the limited power produced by each
window, this is sufficient to run small appliances like air recy-
cling fans, automatic blinds, or LEDs lighting.[*®%”]

The autonomous operation of this kind of devices not only
increases the building indoor comfort, but they considerably
decrease the building energy demand.™ Moreover, the optical
characterizations suggest that the obtained onsite PCE
(20.23%) could be incremented up to ~0.5%!*’! by preserving
the same single-slab structure but acting on the approach used
to achieve the indoor neutral color.

4. Conclusions

This research demostrates that optically neutral LSC panels can
be obtained from the coupling between a slab functionalized with
a bland of colored organic dyes and optical filters.

In particular, the combination of 11ppm of LR305 and
17.5 ppm of MPDTBOP with the addition of a blue filter leads
to the realization of windows having an AVT equal to 38.5%,
which is considerably higher with respect to the one of

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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commonly available semi-transparent PV devices. The CRI of
93.0 indicates that the light spectrum emerging from the proto-
types is better balanced with respect to the majority of artificial
illuminant, thus ensuring an excellent visual comfort for the
occupants. Furthermore, the windows’ exterior side preserves
its characteristic color, thus making this type of photovoltaic win-
dow appealing for architectonic contexts in which the building
external design requires the application of colored transparent
surfaces.

The PCE resulting from the electrical characterizations ranged
between 0.23% and 0.47%, highlighting that despite the effi-
ciency limitation due to possible optical losses, the chosen design
ensures efficiency values comparable with the ones of large area
LSCs reported in literature.

The lare size of these panels increases their attractiveness for
BIPV applications, in both commercial and residential buildings.
Despite the obtained results, the necessity to improve the overall
PCE is evident and the realization of prototypes with a PCE value
of 1% can be considered as a reasonable target. This value could
Dbe achieved either by increasing the dyes concentration or by pur-
suing a reduction of the module optical losses. Despite current
efficiency limitations, the power generated by the prototypes pre-
sented in this work is sufficient to operate stand-alone indepen-
dent appliances and smart systems, such as a motorized shading
system or small ventilation systems. In the building sector,
which continually seeks new solutions to enhance energy effi-
ciency, there is ample potential for devices of this kind, as they
have the capability to transform specific passive components like
windows, covers, and parapet walls into energy sources. The inte-
gration of the five prototypes in the Eni “Renewable, New
Energies and Material Science Research Centre” will allow in-
depth studies on the long-term operational stability of large-area
LSCs devices functionalized with this blend of organic dyes and
exposed to outdoor environmental conditions. There tests are
still ongoing and will be described in a further paper.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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