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a b s t r a c t

A full-size (1 � 5 m2) luminescent solar concentrator (LSC) has been constructed and the edge electric
outputs from the attached photovoltaic cells monitored for a period of slightly over one year in the solar
noise barrier (SONOB) “living lab” outdoor environment. The results of the edge electric output mea-
surements were compared to ray-tracing simulations, revealing imperfections in the system design and
production that resulted in the significantly reduced performance of the panel compared to expectations.
Results of these calculations suggest edge emission improvements of a factor of 6e9 are possible: at
these improved edge outputs, the LSC becomes a viable solar energy generator for the built environment,
with significant visual appeal. A grey-box computer model has been developed to predict LSC perfor-
mance using a realistic device design with reduced internal light scattering and better photovoltaic cell
positioning. A second model is used for extrapolation of the LSC solar barrier electric performance with
different orientations in different world locations.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The LSC was introduced as a colorful alternative to traditional
silicon-based photovoltaic (PV) panels [1e5]. LSCs are equally
capable of handling direct and diffuse light [6], may be produced in
a variety of shapes [7e9], and maintain acceptable functionality
when operating under high ambient temperatures [10]. The LSC is
generally made of a plastic sheet either topped or doped with
fluorescent materials, most commonly organic dyes or inorganic
quantum dots [4,5]. Sunlight is absorbed by the dye, and the
captured energy is subsequently released as a photon with a lower
energy. A significant fraction of these emitted photons is trapped in
the high refractive index lightguide plate and are funneled towards
the edges by total internal reflection. The photons exiting the edges
of the plate may then be converted into an electrical current by
attached PV cells (see Fig. 1a).

The LSC could find application in the urban setting as a type of
building integrated PV (BIPV). The potential for transparency allows
Ltd. This is an open access article u
for use as windows [11e15], and the increased aesthetic freedom
afforded by the colorful panels make possible applications where
aesthetics are especially important [9,16e18]. At this time, how-
ever, the electrical conversion efficiency of LSCs is only modest
[19e21], and must be improved to create real commercial oppor-
tunities. The development of large-scale demonstrator modules is
necessary for evaluating the performance of LSCs under external
climatic conditions.

For this reason, the solar noise barrier project (SONOB) was
initiated inwhich 5m2 LSC devices were installed in Den Bosch, the
Netherlands. Reports on several aspects of the device performance,
including the effects of shading, clouds, and graffiti, have previously
been published [22e24]. There have been a number of examples
where computer simulation has been used to investigate the per-
formance of LSC devices [8,25e28]. While the results of these
simulations corresponded well with measured device outputs, for
the most part the work only had access to experimental data for
smaller (less than 1 m on a side) devices for comparison. In this
work, we employ two LSC computer models to describe and predict
performance: one based on ray-tracing, and a grey-box (that is,
combining a theory-based model with data from observations).
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (a) Schematic showing the basic operation principles of a luminescent solar
concentrator. Incident sunlight (green arrow) is absorbed by an embedded dye
molecule, which emits the light at a longer wavelength (pink arrow) which travels
along the lightguide until exiting the edge of the device and entering an attached
photovoltaic cell. (b) Photograph of the test site of the SONOB project in Den Bosch, the
Netherlands from behind the East/West facing panel (photo courtesy of Branko de Lang
of Heijmans). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 2. Comparison of the ray-tracing model with measured transmission data for
different assumed effective quantum yields (QY, the number of emitted photons
divided by the number of absorbed photons) of the Red305 dye.
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The ray-tracing based LSCmodel is used to examine the physical
properties of the plate used in the SONOB project. The ray-tracing
calculated edge emissions, which are compared to actual mea-
surements made on the noise barrier panels (see Fig. 1b): we
demonstrate that the effective fluorescent quantum yield (QY) of
the Lumogen F Red305 (Red305) dye in the full-scale device was
significantly lower than anticipated. This finding coupled to our
visual inspection of the panels suggest the Red305was not properly
dissolved in the (poly)methylmethacrylate (PMMA), and led to
excessive internal losses via scattering of emitted light through the
faces. We demonstrate the panels could perform a factor 6e9 times
better with better dispersed dye molecules and frame design,
which would bring the LSC performance to a level suitable for
commercialization.

The grey-box LSC model is used for exploring the performance
of a full size, 5 � 1 m2 SONOB panel containing the commercial
Red305 fluorophore from BASF, known to have a QY of at least 98%
[29,30]. Using these calculations, we perform a projection of a va-
riety of architectures of the LSC panel under different climatic
conditions.
2. Experimental details

To evaluate and analyze the electrical output of the different PV
concepts, the Living Lab was equipped with measurement equip-
ment for measuring PV output, solar irradiation, cell temperature
and general weather data. For measuring the electrical output of
the different PV technologies, we used an EKO MP-160 IV-tracer, in
combination with two EKO MI-520 module selectors, each capable
of switching 12 IV-channels. The IV-tracer performs a measure-
ment for all 24 channels every two minutes. Simultaneously, the
irradiance is measured using 5 EKO MS-802 secondary standard
pyranometers, one mounted horizontally, the others mounted in-
plane with the barrier, facing in the four natural compass di-
rections. To be able to measure five pyranometer channels, we used
an EKO MI-530. Eight T-type thermocouples were used to measure
the temperature of a selection of LSC strips and led into an MP-160
through an EKO MI-540 thermocouple selector. A Lufft WS 500
UMB weather station was installed for measuring more general
weather data, such as wind speed, precipitation and temperature.

The IV-tracer was controlled by a PC placed in a control
container. An internet connectionwas set up using a 3G/4G internet
router. The complete IV data was stored on the local computer.
Every 24 h, a summary of the measured data, consisting of irradi-
ance data, Voc, Isc, Vmpp, Impp, cell temperatures and weather
data were automatically compiled and sent to the central server.
3. The ray-tracing LSC model

We used a ray-tracing software developed at the Energy
Research Centre of the Netherlands (ECN) [23]. In the ray-tracing
model, single rays are generated representing light of a specific
wavelength travelling in specific directions. A ray incident on an
LSC can proceed in two ways, being either reflected or transmitted.
During the progress of the ray through the lightguide, the simula-
tion considers reflection and transmission at interfaces, and ab-
sorption by the polymer slab and luminescent species. Emission by
the luminescent species is dictated by the QY, the emission wave-
length (selected from the continuous emission spectrum of the dye
used, taking into account that the emission wavelength must be
longer than the absorption wavelength), and the direction of the
emitted ray selected randomly from the 4p solid angle, which
makes it independent of the incident direction (not entirely accu-
rate, but suitable for our purpose [31,32]). Reflection, transmission
and internal quantum efficiency (IQE) curves are calculated by
monitoring where the rays terminate. Because of the stochastic
nature of the ray-tracing process, large numbers of rays (~100,000
per wavelength) must be traced to obtain curves with sufficiently
small noise. Previously, it was shown that the ray-tracing program
for the LSC was able to accurately describe the experimental results
on smaller devices [33].

The ray-tracing model was used to directly explore the perfor-
mance of the physical device. As the model can currently only be
used for direct light, a clear day, May 24th, 2015, was taken for the
comparison. The simulation predicted a much higher output power
than produced by the actual device. The difference could be
explained by either: a) a lower effective QYof the dye than reported
in the literature and/or b) the (poly)methyl methacrylate (PMMA)
absorbing more light than expected.



Fig. 3. (a) The global configuration of the solar noise barrier and (b) location of affixed crystalline silicon (c-Si, blue) and gallium arsenide (GaAs, grey) PV cells on the edges of the
red LSC. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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After dismantling, transmission measurements through the
width of the Red305 LSC lightguide were performed. A comparison
of measured and simulated results are shown in Fig. 2 (data for the
reflection may be found as Fig. S1 in the Supporting Information).
Note the peak around 630 nm: this is the light emitted by the Red305
dye through the rear surface of the lightguide [34]. Normal absor-
bance of the PMMA lightguide in the emission range of the dye is low
[35,36], and there is no indication of extraordinary absorption from
the lightguide materials in these panels. From these simulations, it
appears clear that the QY of 98% used in the initial calculations for
the Red305 panels is not achieved in the actual panels: an effective
QY of ~40e50% better matches the measured results.

To confirm the hypothesis of lower effective QY, the edge
emission of the SONOB barrier was modeled assuming a standard
0.012� 1� 5 m3 PMMA plate. The plates are oriented to face either
East/West (E/W) or North/South (N/S), tilted backwards towards
the East or North at 15� with respect to the vertical [22]. A diagram
of the panel setups is shown in Fig. 3. The lightguide short edges
and the backs of the PV cells along the long edges were covered
with 94% reflective white tape (3 M Light Enhancement Film 3635)
simulated as a Lambertian scatterer with the same reflection
coefficient.

PV cells were connected in series-connected pairs, and the pairs
were monitored individually. The Si PV cells are simulated with
similar positioning as on the actual device where the small gaps
between cells were covered by Lambertian scatterers. The conver-
sion efficiency of photons into electrons was determined by the IQE
of typical silicon cells because no IQE spectra of the actual cells
were available.
Fig. 4. Calculated (using an effective QY of 50%) and measured power data for a c-Si cell strip
24th, 2015. (For interpretation of the references to color in this figure legend, the reader is
Each day throughout the year, both the elevation (altitude) and
azimuth of the sun change, resulting in variation of the light inci-
dent on the LSC. In summer, the sun can illuminate the East/West
facing LSC from both front and rear, depending on the time of day.
The altitude and azimuth of the sunwith respect to the plane of the
LSC was calculated using the “Sun Position” calculation tool from
SunEarthTools [37]. The altitude and azimuthwere compared to the
orientation of the LSC, taking into account the inclination of the
panels towards the North and East. Angles of incidence of light
directed towards the backs of the modules (North or West) were
converted into angles from the front (South or East) in order to
simplify the calculations.

While the current generated in each PV cell-strip was simulated
by ray-tracing, the actual device had two PV cell strips connected in
series, so the lowest current of the two cell strips was used. The
initial calculation assumed an incident power of 1000 W/m2 on the
LSC and a working temperature of 25 �C. The actual incident power
was measured by two pyranometers in the plane of the LSC, one on
each side. The calculation of performance was done for the 24th of
May 2015, which was sunny with mostly direct sunlight. For this
reason, only the power from the pyranometer that was positioned
at the sun side of the plate was taken, ignoring the contribution
from the back. This resulted in some errors at low sun elevations,
corresponding to early morning and later afternoon/evening, as the
contribution from scattered light during these periods will be
relatively large.

The open circuit voltage (Voc) of the PV cells is a function of
temperature and current density: for the simulation, the following
temperature dependence was used:
on the top (left) and bottom (right) of the North/South oriented Red305 panel for May
referred to the Web version of this article.)



Fig. 5. Calculated (using an effective QY of 50%) and measured power data for c-Si cell strips located at the top (left) and bottom (right) of the East/West oriented Red305 panel for
May 24th, 2015. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

�A. Bogn�ar et al. / Renewable Energy 151 (2020) 1141e11491144
Voc ¼ k 298:13
q

ln
�
Isc
I0

�
� 0:0022*ðTcell �298:13Þ (1)

with k being the Boltzmann constant, q the elementary charge, Isc
the short circuit current, I0 the dark saturation current and Tcell the
cell temperature (in Kelvin). I0 was taken from a fit to an average
IeV curve that was measured on the actual cell strips. The second
part in the equation is the decrease in performance as a result of the
temperature difference with respect to the cell measurement
conditions. A decrease in Voc of 2.2 mV/K was assumed [38]. During
the measurement period, the actual PVs reached temperatures
exceeding 50 �C. To complete the calculations, the fill factor (FF) is
determined using a Lambert W function [38,39], and taken as 74%
for normal operation conditions.

Fig. 4 shows the comparison between the power output re-
sults calculated using an effective QY of 50% and the measured c-
Si PV cell strip data from the test site, for the N/S oriented
Red305 plates. There are minor differences, but in general the
model shows excellent overlap with the measured Red305 data
[40]. Similarly, measured and simulated Voc match as well (see
Fig. S2).

The data for E/W orientation shows somewhat less overlap,
mainly due to self-shading by the side posts of the noise barrier,
something not included in the simulation [22]. In Fig. 5a, the cell
Fig. 6. Photograph demonstrating scattering of red laser pointed beam by (left)
Red305 plate and (right) Orange240 plate from the same noise barrier. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
pair is positioned at the top of the panel, which demonstrates self-
shading from the top of the posts in the morning [22]. The bottom
position, Fig. 5b, does not suffer from this effect, and consequently
the results match better to the actual output. The Voc again matches
nicely in Fig. S3.

Poor dye distribution in the SONOB lightguide is likely respon-
sible for the relatively poor performance of the Red305 panels
compared to what was anticipated based on the simulations. The
lower effective QY in the actual panels could be the result of
quenching of the emission by dye agglomerates [41], and additional
internal light scattering. Visual inspection of the plates demon-
strated that the red panels were indeed quite hazy, although no
direct evidence of large dye clusters could be seen under polarized
optical microscopy. However, observation of the passage of a red
laser beam though the Red305 and Orange240 plates (using
wavelengths not absorbed by the dyes) clearly indicate extreme
scatter of the beam in the Red305 plate, probably a result of
incomplete dye dissolution (see Fig. 6).

The effective Red305 QY of only 40e50% resulted in the signif-
icantly reduced power output in the SONOB living lab. The ray-
tracing model was used to estimate ideal power outputs of the N/
S facing Red305 panel with a normal Red305 QY of 98%: the
extrapolated output of the bottom mounted cells could be
improved by a factor of 6 (see Fig. 7).

An additional, although more minor, factor limiting the
Fig. 7. Calculated improvement factor for c-Si bottom cells attached to the North/South
facing Red305 panel when the blocking rim is removed (green triangles), when the
effective QY is increased to 98% (red squares) and when both the rim is removed and
the QY is set at 98% (blue circles). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)



Fig. 8. General setup of the grey-box model used to predict LSC performance.
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performance of the outdoor modules was the design of the frame
holding the lightguides. The frame secured the plates in place by
incorporating a 15e20 mm metal rim around the lightguide edges.
This rim prevented illumination of the plate in its covered area
closest to the cells, which is usually the most efficient region [42].
By adjusting for both improved dye dissolution in the PMMA and
removing of the edge rim of the frame, the LSC output was calcu-
lated to improve a total factor of 9 over the measured results,
resulting in efficiencies that will allow commercial viability.
Fig. 9. Photons arriving at a non-perpendicular angle have a larger chance for initial
absorption by a dye particle, therefore being utilized, than photons arriving at a
perpendicular angle.
4. The grey-box LSC model

We turn now to the development of the model to allow pre-
dictions of the performance of device arrays at any specified global
location. Fromwhat we learned from the ray-tracing work, we look
to extrapolate annual performance of idealized LSC modules
located in Barcelona, Stockholm and Amsterdam, assuming that
production improvements result in less scattering lightguides from
the outset.

To determine the annual electricity yield of LSC systems, three
transient environmental factors need to be taken into account:
solar irradiance incident on both sides of the system, angle of light
incidence and the operating temperature of the PV cells. These
environmental boundary conditions interact with device-specific
characteristics that determine the collection and conversion of
irradiance. In this work, these relevant device characteristics are
empirically derived from the SONOB set-up, hence the so-called
grey-box [43] nature of the model. After the parameters of this
grey-box model have been identified, it can then be used for pre-
dicting the annual performance of the large-scale LSC system for
different orientations and climatic conditions (Fig. 8).

4.1. Description of the grey-box LSC prediction model

The power output of an LSC-PV system (PDC) can be expressed as
follows:

PDC ¼G*Cgeo*hLSC*hPV*APV ; (2)

where G is the total irradiance falling on both sides of the LSC panel.
Cgeo is the ratio between the total surface area and total edge area of
glued PV cells, known as the concentration ratio:

Cgeo ¼ ALSC

Aedges
; (3)

where ALSC is the surface area of one side of the LSC panel and Aedges

is the total surface area, where the PV cells are glued to the edge of
the LSC panel. The total conversion efficiency of an LSC system is
broken down into two sequential parts: h LSC is the light collection
efficiency and hPV is the PV efficiency for converting photons into
electrons. APV is the area of the PV cells at the edge of the LSC panel.
The efficiency of PV cells is typically determined under standard
test conditions (STC), with fixed irradiance (1000 W=m2, perpen-
dicular), spectral properties (AM 1.5) and cell temperature (25+ C).
Real operating conditions are seldom in the STC range, and it is
therefore important to consider LSC performance under a wider



Table 2
The optical efficiency of LSC under direct radiation after correction at TM position for
different irradiance and AoI.
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range of conditions. Moreover, the irradiance is arriving on the two
sides of the LSC panel (f: front, b: back) as separate components of
incident light (dr: direct, sd: sky-diffuse, gd: ground-diffuse), which
causes hLSC to be dependent on the solar position. Similarly, hPV is
dependent on the cell temperature, so equation (3) can be written
in the following form:

PDC ¼
X
K

�
Gs;c * εIAMs;c

* εLPs;c

�
*Cgeo*hLSCopt*hPVstc*εT*APV (4)

for the K ¼ fðf ; drÞ; ðf ; sdÞ; ðf ; gdÞ; ðb; drÞ; ðb; sdÞ; ðb; gdÞg set of
irradiance components. Gs,c is a component of irradiance (dr, sd, or
gd) for a given side of the LSC plate (f or b), εIAMs,c and εLPs,c are the
incidence angle [44] and light-path length modifiers for the cor-
responding side and component. εLPs,c is a specific property of the
LSC panel expressing that the incoming light passes through a
different width of LSC panel when arriving at different angles (see
Fig. 9); εLPs,c ¼ 1 at perpendicular angle of incidence and >1 at non-
perpendicular angles. hLSCopt is the optical efficiency of the LSC
panel influenced by many factors, including reflection from the
front surface, Stokes losses, emission light escaping the surface, and
lightguide absorption, among others. hPVstc is the efficiency of the
PV cell under STC conditions and εT is the temperature correction
factor, calculated as:

εT ¼ 1� d

100
ðTSTC � TcellÞ; (5)

where d is the temperature coefficient, TSTC is the STC temperature,
25+C and Tcell is the temperature of the PV cell (to be further dis-
cussed in Section 3.2). The temperature coefficient depends on the
PV technology used. The temperature correction coefficient for
mono c-Si PV is around �0.45%/K [45,46].
4.2. Model parameter estimations

The empirical part of the grey-box LSC prediction model is
established from experimental output data of the SONOB project in
the living lab environment from 30 June 2015 until 30 May 2016. In
this study, only the outputs of c-Si PV on the edge of the LSCwith N/S
orientation are used, along with corresponding data from the pyr-
anometers, thermocouples, and on-site weather station. All the de-
vices recorded output data every 2 min, each day from 03:00 until
22.00. The four c-Si PV on the edges of the red LSC are abbreviated
Table 1
The optical efficiency of LSC under direct radiation at TM position for different
irradiance and AoI.
according to their position, as shown in Fig. 2b.
The aim is to generalize the results of the SONOBmeasurements

in order to be able to predict the performance of an LSC-PV system
with the same technical parameters as the device in the SONOB
project but under different climates and different tilts and orien-
tations. In equation (4), Gs,c is known from on-site measurements.
Cgeo is known from the geometry of the device: the ALSC of the
SONOB LSC is equal to 5m� 1m ¼ 10m2; and Aedges has an area of
2� 5m� 0:012m ¼ 0:12m2. The 8 PVs are installed with the same
size of 0:12m2÷8¼ 0:015m2 on the top and bottom edge of the LSC.
Assuming all the PVs collect the same amount of irradiance (which
is not quite true, but serves the general nature of this work) [47],
the ALSC for each PV is equal to 5m� 1m÷8 ¼ 0:625m2. Thus, the
Cgeo for each PV in the edge of the LSC is 0:625m2÷0:015m2 ¼
41:66. The hPVstc is set at 0.18, the approximate efficiency for the PV
cells supplied for this project, and PDC is measured on site.
εIAMs;c

; εLPs;c and hLSCopt are unknown parameters. The former two
are the function of AOI and the latter is a constant, depending on
the material properties of the LSC, but not affected by the AOI or
level of irradiance.

As a first step, let’s assume, that εIAMs;c
*εLPs;c ¼ 1. Using this

assumption, the only unknown parameter left in equation (4) is
hLSCopt: therefore, we can calculate it’s value. Table 1 shows the
calculated hLSCopt values under clear sky conditions.

We know that at AOI z0, εIAMs;c
*εLPs;c ¼ 1. Therefore, at times
Fig. 10. εIAMs;c
*εLPs;c as a function of angle of incidence for TS(green), TM (orange),

BS(red), BM(blue). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)



Table 3
Estimated yearly electric energy generation in kWh/year for different tilts and ori-
entations in Amsterdam for a) the LSC system (QY¼ 98%, hPV ¼ 18%), b) PV (h¼ 18%)
and c) Bifacial PV (h ¼ 18%).

Fig. 11. a) Geometry of an LSC solar noise barrier near a corner of a road with different orien
of the LSC solar noise barrier segments equipped with either bifacial, monofacial PV (bifac
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when AOI z0, as in the first column of Table 1, the value of the
calculated hLSCopt should be correct. Here we have to note that the
irradiance incident on the LSC surface has 6 components, as
described earlier; therefore the AOI shown in Table 1 only repre-
sents the angle of incidence of the direct component. The sky- and
ground-diffuse components also have their own effective angle of
incidence on both sides of the LSC panel, introducing some inac-
curacies to these calculations.

The next step is to introduce a εIAMs;c
*εLPs;c with a non-unity value.

The value of εIAMs;c
*εLPs;c is calculated for each AOI-range shown in

Table 2, as εIAMs;c
*εLPs;c ¼ hLSCoptðAOIÞ= hLSCoptðAOIz0Þ. The resulting

εIAMs;c
*εLPs;c is shown in Fig. 10. Table 2 shows the calculated hLSCopt

using equation (4), with the values for εIAMs;c
*εLPs;c taken from Fig. 10.

The estimated median optical efficiency of the LSC under direct ra-
diation is 2.05% for TM, 2.23% for TS, 1.44% for BS, and 1.53% for BM.

4.3. Making predictions

Assuming we can achieve improved production of the light-
guides with QY of 98%, we can use the grey-box simulation model
to prepare a lookup-table of the yearly predicted performance of
the SONOB demonstrator LSC plate for different climates, tilts and
orientations. Table 3 shows the predicted yearly electric energy
generation for Amsterdam, The Netherlands for the case of an LSC
panel, a silicon-based semi-transparent PV panel and a bifacial PV
device used in the SONOB program. The simulations were con-
ducted with tilts and orientations in 10⁰ increments.

Due to restricted spacewe only show the results for the East side
of the of the sky hemisphere (from 0⁰ to 180⁰ azimuth), but because
of the symmetry of the sky, these orientations can be used for
predictions for the West side accordingly (the more complete data
including the performance of the LSC panel with poor dye disper-
sion, may be found in the SI as Table S1). The results show that the
LSC behaves similarly to the bifacial PV in terms of effect of tilt and
orientation. Its relative performance is less sensitive to different
orientations than amono-facial PV system because it can utilize the
tations ranging from Azimuth ¼ 180⁰ (south) to 270⁰ (west). b) Simulated power output
_PV and monofac_PV), or LSC with the faulty and the improved dye (LSC and LSC2).



Table 4
Estimated yearly electric energy generation in kWh/year for different tilts and ori-
entations in a) Stockholm, b) Barcelona.
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irradiance on both sides of the panel. This is beneficial for such
applications as solar barriers near highways, where tilt and orien-
tation of the panels is not optimized for electricity production, but
is dictated by the primary use of the device. This behavior can be
observed in more detail when looking at the power output on an
hourly level for a clear day in Fig. 11 (and Fig. S4 for the other cli-
mates). Here, hourly simulated power outputs are shown on a
sunny day for sound barrier panels in a corner of a road. Each
barrier segment has a different orientation, but the same 15⁰ tilt
compared to vertical, which is typical for noise barriers. Similar
performance predictions for panels located in the climates of
Stockholm, Sweden and Barcelona, Spain were also made, also us-
ing IWEC (International Weather for Energy Calculation) weather
files. The results are summarized in Table 4.

The overall absolute performance of the LSC panels are naturally
inferior to the output of conventional PV, as one would expect.
However, one can compensate for this difference in output with the
dramatically enhanced aesthetics, robustness, transparency and
reduced investment costs afforded by these panels.
5. Conclusions

Two simulationmodels are combined with experimental data to
predict the performance of large scale luminescent solar concen-
trators at various European locations. Calculations using a ray-
tracing design revealed that the performance of the large scale
SONOB noise barrier installed in Den Bosch, the Netherlands, was
hampered by sub-optimal distribution of the organic fluorescent
dyes in the PMMA-based lightguide and mounting frame design.
Simulations suggest that if the lightguides could be produced with
better dye solubilization and more amenable frame geometry, a
6e9 fold increase in power output can be achieved, making the LSC
a viable option for deployment in the built environment as a
colorful solar energy generator.

Calculations using the grey-boxmodel demonstrated the impact
of angle of light incidence on performance and, given appropriate
lighting conditions as input parameters, detailed predictions can be
made for performance of large-scale LSC devices. The results of the
case studies in three cities suggest absolute outputs of the LSC
device are considerably lower than traditional silicon based semi-
transparent PV panels or bifacial PV panels, as would be ex-
pected. However, such large-scale LSCs could still be viable for use
in urban settings, serving a function such as a visually attractive
noise barrier or other construction element that also produces
electricity for local use, performing similarly in direct and diffuse
light, maintaining transparency and enabling dual-side light ab-
sorption and light guiding performance evenwhen spray painted, a
robust structure, all this with a potentially short payback time on
the additional components. This paper lays the groundwork for the
further exploitation of the LSC device, and completes the series
based on the experimental noise barrier prototypes.
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