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a b s t r a c t

Polymer plates containing fluorescent dyes with photovoltaic cells attached to one or more edges have
the potential to be used for solar light collection in the built environment. The heating of the polymer
plates and the resulting effects this may have on the operating temperatures of the attached photovoltaic
cells and the integrity of the cells are studied. The results indicate that the luminescent solar
concentrator under a solar simulator will allow the edge attached photovoltaic cells to operate up to
10 �C cooler compared to cells experiencing direct solar exposure because of the avoidance of infrared
light. We also demonstrate the importance of correct adhesive to avoid rupture of the attached cell.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The luminescent solar concentrator (or LSC) has been suggested
as being an electricity generator from sunlight particularly well-
suited for use in the urban setting [1e4]. Essentially, the LSC is a
plastic lightguide filled with fluorescent dye molecules, or is a clear
polymer lightguide topped by a thin layer of polymer doped with
the fluorescent dye. The LSC collects a fraction of the incident solar
light via absorption by the fluorescent dye. This light is then either
re-emitted at a longerwavelength by the fluorophore or lost as heat
to the lightguide environment. The re-emitted light will either be
directed in such a way as to be outside the ‘capture cone’ of the
polymer lightguide and escape through the top or bottom surface,
or trapped via total internal reflectionwithin the plate [3]. Barring a
re-absorption event of the emitted light by a subsequent dye
molecule owing to the limited Stokes shift of the dyes or absorption
by the lightguide material, the emission light will exit the edges of
the LSC, where one can place small, high efficiency photovoltaic
(PV) cells to convert the emitted light into electricity [5e7]. The LSC
could be made in many different colors, could be molded into
different shapes and cut to almost any size, and functions well
under both direct and indirect sunlight. Fig. 1 gives a graphical
representation of the functionality of the device.

The deployment of PV panels has been the subject of
considerable research [8,9] and much is known regarding the
thermal effects on PV panel performance. PV cells in solar panel
arrays absorb light over a wide energy range of incident photons,
but only require a specific energy to generate the electron in the
external circuit. For a typical crystalline silicon PV, the upper
sensitivity boundary of a solar cell is lmax ¼ 1110 nm [10], which
corresponds to the band gap in silicon at room temperature, so
absorbed wavelengths beyond 1100 nm do not generate any
electrical current and only serve to warm the device. Likewise, the
extra energy contained in a high energy photon beyond that
needed to generate the charge carrying species in the cell also goes
into thermal energy. This heat adversely influences the
performance of the solar cell [11e15]. A general rule of thumb is the
efficiency of a crystalline silicon solar cell decreases 0.5% for every
1 �C above 25 �C [16,17]. Given a solar cell can reach temperatures
well in excess of 50 �C on a sunny day [11,18,19], this can result in a
significant performance loss. Several methods have been proposed
to maintain a cooler temperature for the PV cell, including coupling
to heat spreaders, natural and forced ventilation, water cooling,
heat pipe cooling, and phase change materials, among others (see
Ref. [17] for a recent review).

While considerable literature exists detailing the effects of
heating on PV cells and panels and a number of solutions have
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Fig. 1. The luminescent solar concentrator. Incident light (green arrow) is absorbed by
embedded luminescent dye and re-emitted at a longer wavelength (red arrow). A
fraction of the light reaches the lightguide edge where it may be converted into
electrical current via an attached photovoltaic cell. (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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been generated, there is little known as to the effects of light
exposure and the heat distribution in LSC devices. As a direct
consequence of heating of the LSC, the device will undergo
expansion, and insight into the effects of the mismatched thermal
expansion coefficients of the polymeric plate and predominantly
inorganic photovoltaic attached to the side have not been
adequately discussed in the literature. As the LSC becomes more
viable for deployment, it becomes increasingly necessary to un-
derstand how they might perform under realistic external condi-
tions. The fluorescent dyes embedded in the LSC do not absorb
over the entire solar spectrum. Rather, they typically absorb
wavelengths in the visible range only, the other incident wave-
lengths (beyond ~700 nm) pass through the lightguide. The fluo-
rescent dyes typically have high quantum yields (>90%) [20],
meaning most of the absorbed energy is reemitted into a relatively
narrow, red-shifted bandwidth of emission wavelengths, and it is
this restricted range of wavelengths that exit the lightguide edge
and enter the PV. The attached PV, therefore, will not be directly
exposed to higher-energy photons which cause unnecessary
heating, nor to infrared photons which are beyond the bandgap of
the cell and do not contribute at all towards electrical generation
as they are in a typical PV panel. It has therefore been assumed that
the solar cells on the edges of an LSC will run ‘cooler’ than when
used directly facing the sun, which in turn should maintain their
performance at a higher level, but to date this has not been
experimentally verified.

In this study, we perform the first measurements of the tem-
perature profiles across the LSC device andmonitor the flow of heat
within the lightguide. We alsomonitor the temperature of attached
PV cells and compare to temperatures reached when directly
exposed to the light source and when attached to the lightguide
edges. Finally, we study the effect of different glues on the integrity
of the attached photovoltaic cells. We confirm the reduced tem-
peratures for edge-mounted rather than rear- or surface-mounted
PV cells (up to ~10 �C) and demonstrate the importance of select-
ing the correct glue for cell attachment to the lightguide edges, as
incorrect choice can result in the breakage of the PV due to un-
matched thermal expansions.
Fig. 2. Photograph of the larger prototype module using a PMMA plate filled with Red
305 dye on the roof of one of the buildings at the Eindhoven University of Technology
used for the outdoor measurements of Section 3.2.
2. Experimental methods

This work employed 17.5 � 17.5 � 0.6 cm3 injection molded
(poly)carbonate plates generously supplied by Sabic IP doped
with either 115 ppm Lumogen Red 305 (BASF) [21] or 75 ppm
perylene perinone [22] fluorescent dye, as well as non-doped
plates, and a 60 � 40 � 2 cm3 cast PMMA plate containing Red
305 from Evonik.
Surface heat emission was monitored for the LSCs by a Ther-
macam T400 thermal camera (FLIR Systems). To measure the
temperature of PV cells attached to a (poly)carbonate lightguide
filled with Red 305 dye, a thermocouple was adhered to the surface
of the 3.0 � 0.3 cm2 silicon PV cells (NaRec) using a piece of Scotch
tape and the plate exposed to light from AM 1.5 spectrum from a
100 mW/cm2 solar simulator (SolarConstant 1200, K. H. Steuerna-
gel Lichttechnik) and monitored by a digital output device. The
ambient temperature of the air in the room was measured to be
21.5 �C and the steady state temperature of the air under the
simulator was measured to be 34.5 �C.

The (poly)carbonate lightguides were initially supported on two
PMMA plates standing on edge so the sample would not touch the
metallic laboratory bench surface and were approximately uni-
formly exposed to light from the K. H. Steuernagel Lichttechnik
solar simulator. Thermal images of the surfaces of the three plate
types were recorded with an FLIR T450 sc thermal camera set to
emissivity 0.9 to match PMMA (Fluke). We estimate given varia-
tions of the plates an error in temperature <5%.

The 60 � 40 � 2 cm3 PMMA plate was also exposed to a
5 � 5 cm2 area of light from a 300 W solar simulator fitted with
filters to approximate the global AM 1.5 spectrum (Lot-Oriel) and
surface temperature recorded using the device described previ-
ously. A second PMMA plate was assembled into an LSC module
with top and bottom PV cells, supplied and mounted after analysis
by Dutch Space B.V. (see Fig. 2 for a photograph of the prototype).
The surface temperatures of the prototype exposed to environ-
mental conditions outdoors were recorded by the thermal camera
over a period of ½ hour exposure.

Non-doped 10.0 � 10.0 � 1.0 cm3 cast PMMA plates (Plano
Plastics) were used in additional heating studies. Multicrystalline
PV cells (NaRec) were first sanded down to the surface of the silicon
to remove the metal layer and the cell face attached to the edges of
two PMMA plates using either a ‘superglue’ (Bison Seconde Lijm) or
by a silicone-based adhesive (Pattex Repair Extreme). A 20 mm,
gauge factor 2.12 and temperature compensated to 11 � 10�6/�C
120U PFL-20-11 strain gauge (Tokyo Sokki Kenkyujo Co. Ltd.) was
glued to the rear surface of the photovoltaic using a CN adhesive
(Tokyo Sokki Kenkyujo Co. Ltd) and connected to an MGCplus sys-
tem equipped with an 8 channel AP815i transducer, using a 4 lead
wire configuration so the electrical resistance measured is not
affected by the temperature of the lead wires. The strain gauge was
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measured in a full bridge configuration. The absolute strain ( 3Abs) of
the specimen caused by the expansion of the polymeric plate
placed in a temperature controlled oven and heated at a rate of
0.29 �C/min to 60 �C followed by cooling to room temperature (RT),
was determined by measuring the apparent strain ( 3App) and cor-
recting for the thermal expansion coefficient (aSG) and the thermal
output of the attached strain gauge ð 3*ref Þ.

The absolute strain of the sample was calculated using the
following formula.

3AbsðTÞ ¼
�

3AppðTÞ � 3
*
ref ðTÞ

�
þ aSG*DT (1)

where 3app and 3*ref are the measured strain of the specimen and the
thermal output of the reference strain gauge and aSG the linear
thermal expansion coefficient of the strain gauge. 3Abs is the abso-
lute strain of the specimen.
3. Results

3.1. Polymeric lightguide temperatures

First, three different plates were exposed to light from a solar
simulator and a thermal camera was used to take images of the
lightguide over time. The three plates were made of (poly)car-
bonate and were all the same size, 17.5 � 17.5 � 0.6 cm3. Two of the
plates contained fluorescent dyes: one with Red 305, a very com-
mon dye for LSC studies due to its high photostability, spectral
coverage and fluorescent quantum yield [20], and the other a per-
ylene perinone with some similar features [22]. The absorption
spectra of the three plates are shown in Fig. 3.

The samples were placed horizontally on an insulating support
under a solar simulator and the surface thermal images recorded at
regular time intervals. The result of these experiments is shown in
Fig. 4aec.

All three plates displayed the same general heating trend, with
the center of the plate heating the most rapidly and the outer parts
heating more gradually. The Red 305 plate (Fig. 4b) apparently
contained a defect of some type that resulted in a ‘hot spot’ on the
spot left of the center of the plate. Fig. 5 depicts the temperature
measured at the spot indicated by the small cross in the images as a
function of illumination time.

The general heating trend for the three samples matches well to
the measured absorbance spectra of the three plates depicted in
Fig. 3. The clear (poly)carbonate has almost no absorption in the
Fig. 3. Absorbance spectra of 17.5 � 17.5 � 0.6 cm3 (poly)carbonate plates containing
no dye (black), Red 305 (red), and a perylene perinone (blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
visible range, and only absorbs in the infrared beyond 1500 nm (see
Fig. 6). This IR absorption, then, is primarily responsible for the heat
increase of all the lightguides. The peaks at higher wavelengths are
characteristic of the organic molecules making up the lightguide,
and cannot be easily avoided. The Red 305 plate has the same
absorbance as the blank plate, plus the additional light energy
absorbed in the visible wavelength region. Finally, the perylene
perinone has a broader absorption band than the Red 305 sample in
the visible spectrum, and thus attains an even higher temperature
when exposed to the simulated sunlight.

In practice, there may be conditions where only a fraction of the
total area of the LSC will be illuminated. For example, shading by a
tree or other masking structuremay generate a ‘hot’ spot on the LSC
surface, a region that experiences more intense illumination, while
the rest of the plate remains under a lower illumination state. To
study the effect and the resulting heat flows from this ‘hotspot’, a
60 � 40 � 2 cm3 LSC PMMA plate with the Red 305 dye was placed
under a solar simulator which illuminated only a 5 cm� 5 cm2 area,
mimicking a ‘hotspot’. The plate was measured under the illumi-
nating light over a period of 35 min. The results of the measure-
ments are shown in Fig. 7. There are two main points of note. The
overall temperature of the unexposed plate actually decreased
during the measurement: the plate was brought from a warmer
environment outside the lab into the cooler lab space. Second, the
heating of the plate by the lamp was confined to the immediate
vicinity of the ‘hot spot’. The hot spot temperature gradually
increased to 41.6 �C after 60 min where it more or less attained a
steady state. In this experiment, the edge of the LSC plate closest to
the hot spot after an hour exposure measured 23 �C, which was
only 2.5 �C higher than the ambient temperature of 20.5 �C.

3.2. Photovoltaic cell temperatures in LSC setup

We have made direct measurements of the temperatures
reached by edge mounted PV cells, and compared these tempera-
tures to temperatures recorded on cells facing the illumination
attached to the top and bottom of the lightguide. To do this, we
attached a thermocouple to the front, rear, and side of the PV cell
andmeasured temperature increases upon exposing the LSC device
to light from a solar simulator. The results of these measurements
are shown in Fig. 8.

The cell mounted to the top of the lightguide and facing the
simulator reached its highest temperature after 18min of exposure.
The cell facing the simulator but located at thebottomof theRed305
filled plate ran a few degrees cooler. However, the edgemounted PV
cell was cooler by at least 5� to the bottom mounted and a full 10�

cooler than the top mounted cell. While the setup of the top
mounted cell is not directly equivalent to a functional PV panel (for
example, it misses the glass cover sheet), it could be assumed that
the temperature of aworkingmodel PVwould be comparable to the
values we describe here. If this 10 �C difference is consistent with
devices working in the field, this could translate into the silicon PV
cells performing ~5% more efficiently when attached to the light-
guide edge due to the cooler running conditions.

A 60� 40� 2 cm3 Red 305 platemounted in an aluminum frame
was taken outside to a grassy lawn on the TU Eindhoven campus on
the 4th of September 2013 at 12:00, and placed facing southeast
towards the sunlight and kept there for 50 min. It was a clear sunny
day with a maximum temperature of 25 �C. For the first 25 min
pictures were taken every minute and after that the pictures were
captured every 5 min and are shown in Fig. 9. The temperature was
recorded frombehind theprototype (the frontof theprototype faced
the sun) to avoid casting a shadow on the device while taking
measurements. The steady state temperature behind the prototype
was recorded at 32 �C after 50 min.



Fig. 4. (a) Thermal images of colorless PC plate placed under the solar simulator. The first image is taken after 30 s exposure and each successive image after an additional 60 s. (b)
Thermal images of the Red 305 filled plate placed under the solar simulator. The first image is taken after 30 s exposure and each successive image after an additional 60 s. (c)
Thermal images of the perylene perinone filled PC plate placed under the solar simulator. The first image is taken after 30 s exposure and each successive image after an additional
60 s.
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The temperatures recorded at the point depicted by the cross in
Fig. 9 are shown in Fig. 10. The device heats up over a period of
approximately 30 min before reaching a generally steady state
temperature several degrees above the nominal ambient
temperature.
3.3. Effect of gluing the PV cells

One concern of attaching PV cells to the edges of the LSC
lightguide is the danger of rupturing the cell upon heating the
device, as the thermal expansion of the polymeric plates (generally



Fig. 4. (continued).
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(poly)carbonate or PMMA) [23,24] is many times greater than that
of the silicon-based cells [25] or metal supports of the cells.

Any glue must not only withstand the stresses inherent in the
differing coefficients of thermal expansion of the polymer plate and
attached cell, but must do so for an extended period of time, and
survive repeated heating/cooling cycles. We performed experi-
ments to investigate the potential of various glues to be used in
conjunction with the PVs and polymer lightguides.

First, two PV cells from the same industrial sourcewere attached
to the edges of a 10 � 10 � 1 cm3 PMMA plate. One was attached
using a fast-set so-called ‘superglue’, and the other by a silicone-
based adhesive. Thermal strain gauges were attached to each cell,
as well as the top surface of the PMMA plate. The samples were
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Fig. 5. Estimated spot temperature as a function of time after exposure to a solar
simulator determined at the intersection of the crosses seen in the images of Fig. 4aec.
The individual samples are a clear (poly)carbonate plate (black), the same grade (poly)
carbonate containing the perylene perinone (blue), and Red 305 (red). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
placed in a temperature controlled oven and allowed to heat from
room temperature to 60 �C at 0.29 �C/min and returned to room
temperature overnight. The strain on the PV cells by the expanding
PMMA plate was recorded, and is depicted in Fig. 11. Assuming the
materials were homogeneous and expanded isotropically, we used
a linear fit of the data to determine the linear coefficient of thermal
expansion

aL ¼ ðDL=LÞð1=DTÞ: (2)

From the initial slopes of the lines in Fig. 11, we determined
82 � 10�6 �C�1 for the PMMA and 2.5 � 10�6 �C�1 for the PV cell,
consistent with previous results [23,25].

Visual inspection of the samples after the temperature cycling
was completed showed the cell attached by the super glue had
cracked in two places. The first event occurred soon after the start
of the process: the point of initial damage being indicated by the
Fig. 6. Extended absorbance spectrum of blank (poly)carbonate sample.



Fig. 7. Thermal images of 60 � 40 � 2 cm3 PMMA plate filled with Red 305 exposed to small (approximately 5 � 5 cm2) area with light from a solar simulator. (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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black arrow in Fig. 11. A second crack was recorded, and shown by
the gray arrow in the same figure. Initially, there was a monotonic
increase in strain in the cell, but after the initial damage, the gauge
on the cell showed a response similar to that of the PMMA plate
Fig. 8. Measured cell temperature as a function of exposure time to light from a solar
simulator for a cell located on top of the PMMA plate facing the simulator (gray solid
line), on the bottom of the PMMA plate facing the simulator (black solid line) and on an
edge of the plate (black dotted line). Inset: Photos of plates with cells attached at the
front (left), bottom (middle) and side (right).
itself. The second, silicone-based glue was much more pliant, and
limited the strain experienced by the attached cell. The cell was
seen to be whole upon visual inspection, and the optical attach-
ment to the lightguide was likewise maintained. Fig. 12 is a more
expanded view of the experiment shown in Fig. 11. The samples
were cycles from room temperature to 60, 70, 60, 70, and 80 �C over
a span of 20 h. The rupture and subsequent second cracking of the
PV attached by the rigid glue (red lines) are clearly visible in Fig. 11
within the first 2 h of the first heating run. After breakage, the
expansion and contraction followed the course of the bare PMMA
(blue line) very closely. From this graph, it is also clear that the cell
attached via the silicone glue (green line) experienced lower strain
and cycled well for the duration of the experiment. Thus, it is clear
that the glue composition will be critical to the introduction of the
LSC to the built environment. Considerably more research must be
performed in this area before the LSC may become a common de-
vice for urban integration.

4. Discussion

The luminescent concentrator is being considered for use in the
built environment. However, before successful deployment, a
number of performance parameters must be better understood for
the device. One aspect that has not been adequately studies is the
thermal performance of the LSC. It has always been implicitly
assumed that a PV cell attached to the edge of an LSC device should



Fig. 9. Outside testing heat flows (measured from behind the plate).
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run cooler than a similar cell exposed directly to the sun, but this
has never been experimentally demonstrated. Additionally, it has
always been assumed that the PV cell will eventually be attached to
the lightguide edge via an adhesive. What has not been sufficiently
detailed is the effect of thermal expansion and contraction on the
integrity of the attached cell. These are the two aspects of the de-
vice that we wished to ascertain in this work.

Since the materials of the LSC do not absorb all incident light,
this means a significant fraction of light that would not be used by
the PV cell to generate electricity but would only serve to raise the
temperature of the PV simply passes through the polymer light-
guide. The light that is collected by the embedded dyes is itself
downshifted in energy, the final energies being closer to the
bandgap of the PV cell than the incident light, leaving even less
energy available for heating the cell. The results of the thermal
measurements of Section 3.1 suggest that the edge attached PV
cells will run cooler on LSCs than they would were they exposed
to direct sunlight. Much of the cell heating in standard PV panels is
Fig. 10. Temperature of prototype module placed outdoors on September 4, 2013,
determined from the infrared camera as a function of exposure time.
the panel's absorption of incident light beyond light usable for
charge pair generation. In the LSC, the light incident on the PV will
only correspond to the emission wavelengths emitted by the fluo-
rescent dye and the absence of infrared light. If the PV cells do
function at a lower temperature, they could then perform at a peak
efficiency. The thermal photos in Fig. 3 suggest that the edges of the
lightguides do not attain the temperatures of the bulk of the device.
The thermal images taken of the polymeric plates in Fig. 7 show
that locally, temperatures in the plates increase, but that this heat is
not readily transferred to the lightguide edge. When PV cells are
pressed to the edges of the lightguide, they ran up to 10 �C cooler
Fig. 11. Plot of strain as a function of temperature for PMMA plate (dashed blue line)
and for PV cells attached to the lightguide edge by superglue (solid red line) and sil-
icone based adhesive (dotted green line). The black arrow indicates the initial cell
breakage event, and the gray arrow the second cell breakage event. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)



Fig. 12. Plot of microstrain as a function of time for PMMA plate (dashed blue line) and
for PV cells attached to the lightguide edge by superglue (solid red line) and silicone
based adhesive (dotted green line). The peaks represent heating ramps terminating at
60, 70, 60, 70, and 80 �C. (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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than PV cells paced so as to directly face the light source, as shown
in Section 3.2. This temperature difference is significant: it suggests
a PV cell in an LSC configuration could run significantly cooler than
when used in the traditional manner, which is directly facing the
sun. This could result in the LSC demonstrating less performance
degradation under bright, sunny conditions. Given the findings of
this work which shows downshifting of sunlight energies to longer
wavelengths which will encounter the PV cell over a narrow
bandwidths can reduce cell heating, it would be interesting to
develop a simulation method capable of predicting the tempera-
ture variations of the cells as a function of incorporated fluorescent
dye spectra and lightguide polymeric identity.

Finally, the obvious difference in the coefficient of thermal
expansion (CTE) between the polymeric plates and a silicon solar
cells demands attention from a device design perspective. As
shown in Section 3.3, the choice of adhesive to attach the PV cell to
the polymer lightguide, essential in maintaining good optical
contact and ensuring the light from the lightguide enters the PV
cell, is vital as it needs to mediate between twomaterials with such
differing CTEs. While this has only been a first step in identifying
the optimal glue, it is apparent that a stiff adhesive can result in
cracking and destruction of the attached cell. For outdoor use, of
course, much more work must be done in this area as not only do
thermal changes need to be considered, but also the adhesive must
be resistant to moisture and other damaging elements common to
long-term outdoor applications as well.

5. Conclusions

We have presented a study on the heating of a series of PMMA
and (poly)carbonate lightguides containing fluorescent dyes acting
as luminescent solar concentrators in order to determine the effects
of light exposure on the temperature of mounted photovoltaic cells.
We have shown that polymeric plates containing fluorescent dye
molecules reach higher temperatures than non-doped plates.
However, we have demonstrated that photovoltaic cells attached to
the side of an LSC lightguide operate at a lower temperature than
when placed on top or below the plate directly facing the sun (up tp
10 �C), suggesting that the cells on the edge of an LSCwill run cooler
than a PV cell facing the sun and that the performance of the LSC
will not degrade due to PV cell heating. Initial studies of cell
attachment have clearly shown that the choice of glue is vital in
handling the mismatch between the thermal expansion of the
polymer plates and the photovoltaic cell, and this latter research
will become very important if the LSC device is to be successfully
commercialized.
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