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A B S T R A C T

The use of luminescent solar concentrators (LSCs) is considered a promising option to impart energy harvesting
capability to buildings with minimal alternation to the building structure. To fill the gap between fundamental
research and practical application, this study investigated the performance (power conversion efficiency, ηLSC
and power concentration ratio, C) of the LSCs of different sizes under different light conditions including si-
mulated sunlight condition, outdoor sunny, overcast and raining conditions, and indoor condition employing
four different types of light bulbs (i.e., incandescent, halogen, fluorescent and light-emitting diode). It was
observed that the LSCs exhibited higher one-sun performance under outdoor sunny condition than under si-
mulated sunlight. Under overcast and raining conditions, ηLSC decreased significantly with the increase of the
device size. Under indoor incandescent and halogen light conditions, the LSCs exhibited low ηLSC due to the low
percentage of the visible portion in the light spectrum. Surprisingly high ηLSC boosted by 50% compared to the
outdoor sunny condition was obtained in the LSCs under fluorescent and LED light conditions. This research
suggested very promising application of the LSCs in indoor light energy recycling, which has not been proposed
before.

1. Introduction

Though the concept of luminescent solar concentrators (LSC) was
proposed more than thirty years ago (Weber and Lambe, 1976;
Goetzberger and Greube, 1977), it was reintroduced to the research
community a decade ago and the relevant research regained its mo-
mentum in recent years for the promising application of the LSCs in net-
zero-energy buildings and the feasible integration of the LSCs to the
built environment (Debije and Verbunt, 2012; van Sark et al., 2008). An
LSC consists of an optical waveguide that is doped with luminophores
and solar cells attached to the edge of the waveguide (Fig. 1a). In a
typical operation under sunlight, short-wavelength photons are col-
lected on the large front surface of the waveguide and converted by the
luminophores to long-wavelength photons, which follow successive
total internal reflection (TIR) and transport to the edge-attached solar
cells (Li et al., 2019). The capability to work optimally under direct and
indirect light conditions (Debije and Rajkumar, 2015) and the tunable
color or even transparency (Zhao and Lunt, 2013; Zhao et al., 2014;
Yang et al., 2018) by the employment of different luminophores allow
the LSCs to access the places where conventional solar panels can’t,
especially working and living areas in the built environment (Reinders

et al., 2018). LSCs has demonstrated huge potential to replace con-
ventional glass-based building envelope such as windows, facades and
atriums (Kerrouche, 2014; van Sark et al., 2017), and to contribute to
the energy efficiency of the buildings that are constructed with pho-
tovoltaic structures (Zalewski et al., 2002; Akwa et al., 2014; Lai and
Hokoi, 2015; Li and Liu, 2018; Powell et al., 2018; Kang et al., 2019).

There is no doubt that over the past years significant advancement
has been made in the research of the LSCs. Numerous efforts have been
taken to enhance the device performance through the search for lumi-
nophores with ideal spectroscopic properties. Organic dyes (Sanguineti
et al., 2013; Mouedden et al., 2015; Li et al., 2016), quantum dots
(Purcell-Milton and Gun'ko, 2012; Zhou et al., 2018; Moraitis et al.,
2018) and rare-earth complexes (Liu et al., 2014; Freitas et al., 2015;
Frias et al., 2019) are three primary categories, in which luminophores
are developed with wide absorption range that covers the solar spec-
trum up to the band gap of the solar cell (Shcherbatyuk et al., 2010;
Meinardi et al., 2015; Zhou et al., 2016), red-shifted emission that
matches the band gap of the solar cell (Sanguineti et al., 2012; Chen
et al., 2017; Yang et al., 2019), minimal spectral overlap that addresses
the self-absorption issue (Meinardi et al., 2017; ten Kate et al., 2015;
Wang et al., 2011), and near-unity photoluminescence quantum yield
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(PLQY) that indicates almost no photon number loss during the process
of spectroscopic conversion (Knowles et al., 2015; Zhang et al., 2018;
Bergren et al., 2018). In addition, various light trapping techniques
have been developed to maximize the photon collection or minimize
the photon loss of the LSCs. For example, optical lens (Tseng et al.,
2011; Tsoi et al., 2013; Damrongsak and Locharoenrat, 2017; Kurmi
et al., 2018) and plasmonic effects (Chandra et al., 2012;
Tummeltshammer et al., 2013; Fahad et al., 2017) have been im-
plemented to increase the intensity of the incidence. Wavelength-se-
lective mirrors (Debije et al., 2010; Verbunt et al., 2012; Connell et al.,
2018) and distributed Bragg reflectors (Xu et al., 2016; Connell and
Ferry, 2016; Iasilli et al., 2019) have been employed to reduce the
photon escaping cone loss from the waveguide surface.

Compared to the numerous reports on the luminophores and tech-
niques developed for the LSCs, there are handful studies focusing on the
performance of the LSCs under different light conditions. Indeed, dif-
ferent light conditions has different impacts on the performance of the
LSCs. For example, devices configured in an outdoor environment such
as a building envelope (Fig. 1b) would perform differently from those
applied in an indoor environment such as an office area (Fig. 1c) be-
cause of the difference in light spectrum and intensity. In this report, we
present studies on the performance of the LSCs under different light
conditions (e.g., standard, non-standard, direct, indirect, outdoor and
indoor). This research suggests a new possible direction in application
of the LSCs.

2. Methodology

2.1. Materials

All chemicals were used as received without further purification.
The renowned BASF Lumogen F Red 305 (R305) was chosen as lumi-
nophores in the LSCs (Wilson et al., 2010; Sala et al., 2019; Griffini
et al., 2013). The chemical name of R305 is N; N′-bis(2,6-diisopropyl-
phenyl)-1,6,7,12-tetraphenoxy-3,4,9,10-perylenetetracarboxylic dii-
mide. It was purchased from TCI America. The monomer methyl me-
thacrylate (MMA) and the radical initiator azobisisobutyronitrile
(AIBN) was purchased from Sigma-Aldrich. The polycrystalline (p-Si)
solar cells were purchased from eBay. Incandescent (GE), halogen
(Globe), fluorescent (GE) and light-emitting diode (LED) (EnergySmart)
light bulbs were purchased from Amazon.

2.2. Device fabrication

The fabrication of the LSCs was according to the procedure in

literature (Fig. 2) (Li et al., 2016). Free radical polymerization was
employed to fabricate the luminescent waveguide. Luminophores
(60 ppm) and radical initiator (0.1 w/w%) was dissolved in MMA in an
Erlenmeyer flask, and the solution was stirred in a water bath at 85 °C.
When the viscosity of the solution was higher than that of glycerol,
heating was stopped, and the flask was placed into an ice/water bath at
0 °C. After being cooled down, the syrup was poured into a glass mold.
The mold was placed in an incubator at 45 °C for 48 h. After the syrup
turned into solid, the mold was transferred to an oven and further cured
at 100 °C for 2 h. After being cooled down, the raw luminescent wa-
veguide can be easily separated from the glass mold, followed by cut-
ting into square shapes and edge polishing. The thickness of the wa-
veguide was 0.25 in., and the length was from 1 in. to 12 in. The optical
density (OD) of the waveguide was 4 with 5% variation. The variation
was due to the shrinkage of the raw waveguide volume by 20% during
polymerization. The OD of 4 was equivalent to that 99.99% of the in-
cident photons was absorbed at the absorption maximum of the lumi-
nophores. The p-Si solar cells were then glued to the four edges of the
waveguide using UV-curing optical adhesives. They were connected in
parallel to maximize the device performance (Slooff et al., 2008).

2.3. Instrumentation

Absorption spectrum of the luminophores and transmission spec-
trum of the luminescent waveguide were measured using a Varian Cary
5000 UV–Vis–NIR spectrometer. Emission spectra of the luminophores
and the light bulbs were recorded on an ISS PC1 photon counting
spectrofluorometer. The PLQYs were measured using an integrating
sphere connected to a Hamamatsu C9920-12 external quantum effi-
ciency (EQE) measurement system. An OAI class AAA solar simulator
was used to provide simulated AM1.5G sunlight. The J-V curves were
measured by a Keithley 2401 sourcemeter. The EQE spectrum of the
solar cell was performed on an Enlitech QE-R3011 system. The incident
power density (Pin) of indoor and outdoor conditions was measured by
an Amprobe SOLAR-100 solar power meter.

2.4. Light condition

The outdoor light condition included sunny, overcast and raining
conditions. The corresponding Pin were 1000W·m−2 ± 100W·m−2,
100W·m−2 ± 10W·m−2 and 50W·m−2 ± 5W·m−2, respectively.
The measurement was performed between May and September in
Seattle, and the local temperature was between 32 °C and 38 °C. In the
sunny condition, the device was oriented towards to the solar radiation
(Fig. 3a). The elevation angle of the sun was between 50° and 70°. The

Fig. 1. Schematic representations of (a) the operational mechanism of an LSC, and the application of the LSCs in (b) a building envelope and (c) an office area.
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indoor light condition was achieved by utilizing an array of light bulbs
in a box, which was coated with diffuse reflective layers to obtain an
environment of diffuse light (Fig. 3b). A separator that was also coated
with diffuse reflective layers was placed between the light bulbs and the
device to avoid direct illumination. The brightness of the light bulbs
was adjusted to achieve a Pin of 10W·m−2 ± 1W·m−2.

3. Results and discussion

3.1. Properties of the luminophores and solar cells

We first investigated the spectroscopic properties of R305 and
photovoltaic properties of p-Si solar cells because the spectroscopic and
photovoltaic data obtained in this study were used for the model pro-
jection of device performance. The spectroscopic properties of R305
were measured in PMMA matrix, which was a small piece cut from the
luminescent waveguide. The absorption spectrum of R305 maximized
at 574 nm with a shoulder at 535 nm, indicating a weak intramolecular
charge transfer (ICT) electronic transition (Fig. 4a) (Li et al., 2012,
2013). It also possessed a peak in short-wavelength region at 437 nm,
ascribing to the π-π* electronic transition (Li et al., 2015). The emission
spectrum of R305 centered at 605 nm, resulting in a Stokes shift of
31 nm relative to the absorption maximum. This small Stokes shift
apparently led to a large spectral overlap with the self-absorption cross

section per 1 cm optical path (σSA) of 26% (Krumer et al., 2013). The
PLQY of R305 was dependent on the excitation wavelength (Fig. 4b).
The lowest PLQY was 0.56 at 380 nm and the highest was 0.94 at
540 nm. The average PLQY calculated over the AM1.5G solar spectrum
was 0.85. As of the luminescent waveguide, it exhibited a near 0%
transmission from 500 nm to 600 nm and a low transmission of 10% to
short-wavelength light (Fig. 4c). From the spectral analysis, the wave-
guide absorbed 28% photons in the solar spectrum before the band gap
of p-Si (Eg=1.1 eV or 1100 nm) (Fig. 4d).

The photovoltaic parameters of the p-Si solar cells were extracted
from the J-V curve measured under AM1.5G simulated sunlight. The
solar cells in average possessed short circuit current density (Jsc) of 330
A·m−2, open circuit voltage (Voc) of 0.62 V, and fill factor (FF) of 0.76
(Fig. 4e). The corresponding power conversion efficiency of the solar
cells (ηcell) is 15.5%. The external quantum efficiency (EQE) of the solar
cells maximized at 0.86 around 600 nm (Fig. 4f) and matched the
emission maximum of R305. The performance of the solar cells under
different incident power density (Pin) was also studied. The maximum
power density of the solar cells (Pmax) demonstrated a linear increase
(Fig. 4g), while the corresponding ηcell increased and then reached to a
plateau with the increase of Pin (Fig. 4h). A relatively low ηcell of 13.9%
was obtained at a low Pin of 100W·m−2, while ηcell kept apparently as a
constant of 15.5% when Pin was greater than 700W·m−2.

Fig. 3. Schematic representations of an LSC measured under (a) outdoor sunny condition and (b) indoor condition.

Fig. 2. Fabrication procedure of the LSCs.
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3.2. Performance of the LSCs under simulated sunlight

We next investigated the performance of the LSCs under AM1.5G
simulated sunlight. Attention was paid to Jsc, Voc, FF and the device
power conversion efficiency (ηLSC) that were extracted from the J-V
curves, and their changes with the increase of the waveguide length (L).
In addition, the power concentration ratio (C) of the LSCs, which is the
power produced from solar cells attaching to the luminescent wave-
guide relative to the detached status, was measured to show power
enhancement of the solar cells by the waveguide. Another parameter,
optical collection probability (P), which is the ration between C and the
geometric gain (G) of the LSCs (in this study G= L), was also measured
to show the capability of luminescent waveguide in photon collection
and concentration (Desmet et al., 2012). The following equations are
shown to clarify the definitions of ηLSC; C, P and G and the relationships
among these parameters:
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where PLSC (W) is the electric power produced by the LSC; Pin (W) is the
incident power on the LSC; Hin (W·m−2) is the incident power density;
ALSC (m) is the incident area of the LSC, which is the front surface area
of the LSC; and Acell is the incident area of the solar cells, which is the
edge area of the LSC.

A decrease in Jsc was observed (Fig. 5a), suggestive of increasing
photon loss possibly due to the self-absorption of the luminophores. In
the contrary to Jsc, an increase in Voc was observed, implying the in-
crease of the intensity of fluorescent light delivered to the edge-at-
tached solar cells (Fig. 5b). According to the general properties of p-Si
solar cells, increasing Pin (in this case it was the fluorescent light) also
increases the electron-hole recombination rate (Chegaar et al., 2013).

This made FF show an overall decreasing trend (Fig. 5c). Among the
photovoltaic parameters, Jsc demonstrated the most apparent change
compared to Voc and FF and therefore, ηLSC was dominated by Jsc
(Fig. 5d). In terms of the performance of the solar cells, C exhibited
almost a linear increase (Fig. 5e). The power produced by the solar cells
enhanced by almost 1.5 times in the largest device (L=12 in.). The
decrease trend of P clearly indicated the relationship between the
photon collection and photon concentration (Fig. 5f). More photons
were collected by the luminescent waveguide because of a larger front
surface; however, the photon concentration process became less effi-
cient due to the increase of photon loss, and this photon loss would be
significant in large devices. To obtain the performance of the large
devices, we applied theoretical methods to project the performance of
the LSCs with waveguide length of up to 120 in. (Batchelder et al.,
1979, 1981; Currie et al., 2008; Klimov et al., 2016). First, the theo-
retical results were consistent with the experimental results when L was
from 1 in. to 12 in. The projected ηLSC exhibited a quasi-exponential
decay and were approaching to near 1% when L increased (Fig. 5g) The
projected C indicated that the solar cells when attached to the lumi-
nescent waveguide with L=120 in. could produce electricity approx-
imate 8 times higher than they did in detached status (Fig. 5h). And the
projected P dropped significantly to below 7% at L=120 in. (Fig. 5i).

3.3. Performance of the LSCs under outdoor conditions

Our next study was to understand the performance of the LSCs
under outdoor conditions. The devices were measured under sunny,
overcast and raining conditions and the performance parameters in-
cluding ηLSC, C and P were recorded. These parameters under different
outdoor conditions were plotted in the same scale with the increase of L
for easy comparison. Under the sunny condition, the devices exhibited a
slow decrease in ηLSC with the increase of L (Fig. 6a). Compared to those
measured under simulated light, ηLSC measured under sunny condition
were nearly 1.5 times higher. This was possibly due to some char-
acteristics of the outdoor sunlight. The outdoor sunlight contains more
photons within the absorption spectrum of the luminophores than the
simulated sunlight (Keogh and Blakers, 2004), and it contains indirect
component that can be utilized by the LSCs while the simulated light is
mostly direct (Press, 1976). Due to the enhancement in ηLSC, the power

Fig. 4. Spectroscopic properties of R305 in PMMA matrix including (a) absorption and emission spectra and (b) PLQY at different excitation wavelength; (c)
transmission spectrum of the luminescent waveguide; (d) percentage of the photons absorbed by the waveguide in the solar spectrum before the band gap of p-Si; (e)
J-V curve of the solar cells; (f) EQE of the solar cells; (g) relationship between Pmax and Pin; and (h) relationship between ηcell and Pin.
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produced from the edge-attached solar cells increased, leading to a C of
up to 1.9 (Fig. 6b) and P of up to 16% (Fig. 6c) at L=12 in., which
were much higher than the results measured under the simulated light.
Under the overcast condition, a fast decreasing trend was observed for
ηLSC, in which small devices (L < 6 in.) performed much more effi-
ciently than large devices (L≥6 in.) (Fig. 6d). The significant in-
efficiency of large devices led to C below 1 even at L=10 in. (Fig. 6e),
and a fast decay in P as well (Fig. 6f). Under the raining condition in
which water covered on the front surface of the luminescent wave-
guide, the device performance further decreased due to the inefficient
photon transport by successive TIR affected by the water. Similar trends
in ηLSC (Fig. 6g), C (Fig. 6h) and P (Fig. 6i) were observed to those
observed under overcast condition. It can see that ηLSC measured under
overcast and raining conditions was higher than that measured under
sunny condition at L≤3 in. This was possibly because of the indirect
light, in which a portion of light was directly absorbed by the solar
cells. This phenomenon became more and more ineffective in large
devices (L > 3 in.) where luminescent light took the majority. The

overall difference in the device performance among the sunny, overcast
and raining conditions is attributed to the difference in incident spec-
trum and angle between direct and indirect light (Debije and Rajkumar,
2015). The results of the device performance in the outdoor environ-
ment in our study were not completely consistent with a previous re-
port, in which the LSCs were designed as noise barriers for highway
application (Kanellis et al., 2017; Debije et al., 2017a, 2017b). The
inconsistency suggested that the actual performance of the LSCs in the
outdoor environment highly depended on the configuration of the de-
vice (e.g., luminophores and solar cells) and condition of measurement
(e.g., location and temperature).

3.4. Performance of the LSCs under indoor conditions

Our final study was to investigate the performance of the LSCs
under indoor conditions. Four different types of common indoor light
bulbs were used. They were incandescent, halogen, fluorescent and
light-emitting diode (LED). Before the measurement, the emission

Fig. 5. Photovoltaic parameters and performance of the LSCs including (a) Jsc, (b) Voc, (c) FF, (d) ηLSC, (e) C and (f) P; and projected (g) ηLSC, (h) C and (i) P of the LSCs
at large L up to 120 in.
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spectra of the four indoor light bulbs were measured. In the in-
candescent condition, orange-red light was the majority in the spectrum
(Fig. 7a), and the spectrum of halogen condition was similar to that of
the incandescent condition (Fig. 7b). The fluorescent condition showed
scattered spectrum where the primary peaks were around 450 nm,
550 nm and 600 nm (Fig. 7c). In the LED condition, the spectrum
showed a maximum at 600 nm and a second maximum at 450 nm
(Fig. 7d). In the measurement, only ηLSC were recorded. The C and P of
the LSCs were not measured because the performance of solar cells
under indoor conditions couldn’t be measured due to very low Pin. Same
to the outdoor conditions, ηLSC exhibited an increasing trend with the
increase of L. The ηLSC measured under the incandescent condition was
very low below 0.25% (Fig. 7e), while much improved ηLSC by ap-
proximate 1.1% were obtained under the halogen condition (Fig. 7f).
Surprisingly, very high ηLSC were obtained in the fluorescent condition
(Fig. 7g) and LED condition (Fig. 7h). The difference in ηLSC under
different indoor conditions were attributed to the number of photons
within the absorption range of the luminophores relative to the number

of photons in the light spectrum, which were 13%, 22%, 60% and 49%
for incandescent, halogen, fluorescent and LED conditions, respectively
(Fig. 7a–d).

4. Conclusions and remark

In summary, we investigated the performance of the LSCs with dif-
ferent sizes under different light conditions. The performance of the LSCs
were measured outdoor conditions included sunny (direct,
1000W·m−2 ± 100W·m−2), overcast (indirect, 100W·m−2 ±
10W·m−2) and raining (indirect, 50W·m−2 ± 5W·m−2) conditions. The
LSCs exhibited higher power conversion efficiency (ηLSC) and power con-
centration ratio (C) under outdoor sunny condition (ηLSC=3.09–2.48%
and C=0.20–1.91) than under simulated sunlight (ηLSC=2.28–1.80%
and C=0.14–1.39). The ηLSC of the LSCs decreased rapidly with the in-
crease of the device size (L=1–12 in.) under overcast
(ηLSC=5.34–1.35%) and raining (ηLSC=5.22–0.94%) conditions. This
was due to inefficiency of the luminescent waveguide in photon collection

Fig. 6. The performance of the LSCs including (a) ηLSC, (b) C and (c) P measured under outdoor sunny condition; (d) ηLSC, (e) C and (f) P measured under outdoor
overcast condition; and (g) ηLSC, (h) C and (i) P measured under outdoor raining condition.
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and concentration (P from over 30% to below 10%). Under indoor con-
ditions (indirect, 10W·m−2 ± 1W·m−2), the LSCs exhibited much higher
ηLSC under fluorescent (ηLSC=8.25–2.64%) and LED light
(ηLSC=5.60–2.13%) than under incandescent (ηLSC=0.23–0.12%) and
halogen light (ηLSC=1.34–0.67%).

The results suggested more promising application of the LSCs in the
indoor environment than in the outdoor environment. Unlike the out-
door environment where the light condition is changeable due to
weather (i.e., sunny, overcast and raining), the indoor environment
typically offers a stable light condition, which is beneficial to the op-
eration and maintenance of the LSCs. Moreover, nowadays most indoor
environment is lightened by energy-saving fluorescent and LED light
bulbs. The high percentage of visible spectrum in these light conditions
improves the performance of the LSCs, as evidenced in our study using
R305 (Fig. 7g and h). It is reasonable to believe that the use of other
luminophores with other colors (e.g., Lumogen F series: V570, Y083 and
O240) also leads to improved device performance in indoor environ-
ment compared to the outdoor environment. It should be noted that the
indoor application of the LSCs should be different from the outdoor
application in the installation scale and the consideration of comfort. In
the outdoor application such as building windows and facades that
require large-area installation, the LSCs obviously modify the appear-
ance of the luminous environment offered by the building and can af-
fect people’s visual comfort (Fig. 1b). For example, a luminous facade
made of colorful LSCs will not be suitable for a building in a central
business area because this does not match people’s understanding on
business activities, which should be formal and serious. Also, people
will not feel comfortable when living in a luminous area surrounded by
colorful LSCs. A previous study on visual performance of a red LSC
windows in an office environment suggested no more than 25% cov-
erage of the entire window area for interior views (Vossen et al., 2016).
In most cases, people prefer an indoor area with warm white light or
daylight. In the indoor application, it is not necessary to install the LSCs
in a large scale because the indoor light energy is not a major renewable
source due to a relatively lower light intensity compared to the outdoor
light. The LSCs in the indoor environment should be applied as acces-
sories in the indoor design and decoration, which play the role of in-
door light energy recycling and serve as a minor renewable energy
source for buildings. For example, they can be designed as office space

dividers, folding partitions and display walls (Fig. 1c). They can be
designed with sense of art and aesthetics and placed in living and
common areas where additional visual comfort is required.
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