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Abstract: Luminescent solar concentrators (LSCs) have been widely studied for their potential
application as building-integrated photovoltaics (BIPV). While numerous efforts have been made to
improve the performance, the photothermal (PT) properties of LSCs are rarely investigated. In this
report, we studied the PT properties of an LSC with a power conversion efficiency (PCE) of 3.27%
and a concentration ratio of 1.42. The results showed that the total PT power of the LSC was 13.2 W,
and the heat was concentrated on the edge of the luminescent waveguide with a high heat power
density of over 200 W m~2.
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1. Introduction

The practical integration of conventional solar panels with architectures such as
buildings and other physical structures remains challengeable due to the design limitations
of conventional solar panels such as shape, color, and transparency [1-3]. The approach
of luminescent solar concentrators (LSCs) as building-integrated photovoltaics (BIPV) is
considered promising for circumventing the practical issues of conventional solar panels
because solar cells are placed on the edge of the luminescent waveguide in LSCs [4-6]. With
this design, the shape of LSCs can be arbitrary, and the color and transparency can be tuned
by the properties of the luminophores in the waveguide [7-9]. The operational mechanism
of LSCs is shown in Figure 1. A fraction of sunlight is absorbed by the luminophores and
converted to luminescent light, which follows the successive total internal reflection (TIR)
and travels to the solar cells that are placed on the edge of the waveguide. Studies have
shown that LSCs can be operated under different light conditions [10,11] and utilized in
other areas beyond architectures [12].

luminescent waveguide

solar cells

Figure 1. The operational mechanism of luminescent solar concentrators (LSCs).
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In recent years, the research focus on LSCs has mainly been on improving the
photovoltaic (PV) performance of the devices, particularly the power conversion effi-
ciency (PCE) [13-15], through developing novel luminophores [16-18] and optical tech-
niques [19-21]. These approaches mainly focused on improving the photon collecting and
transporting efficiencies of the LSCs, while little attention was paid to making use of the
photon energy loss. In LSCs, a significant amount of photon energy loss was through the
photothermal (PT) process. Therefore, it is of great importance to study the PT proper-
ties of LSCs and find solutions to utilize the PT energy. Recently, our team performed a
preliminary investigation of the PT properties of LSCs through Monte Carlo ray-tracing
simulations [22]. We showed that the PCE could also be improved through the utilization
of PT energy by thermoelectric devices that have been widely developed [23-25]. In this
report, we further studied the PT properties of LSCs through the surface heat map. The
results indicated that the heat concentrated on the edge of the luminescent waveguide,
suggesting that LSCs could also be applied as PT energy concentrators. This study would
guide the design of novel LSCs that include PT energy utilization.

2. Experimental Section
2.1. Device Fabrication

In this study, we fabricated an LSC with dimensions of 200 mm x 200 mm X 5 mm.
The fabrication procedure occurred according to our previous reports [26-28]. We used 4-
(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran (DCJTB)
as the luminophores [29,30] in the waveguide and attached gallium arsenide (GaAs) solar
cells to the edge of the waveguide [31]. The concentration of DCJTB was 60 ppm. The
dimensions of the waveguide were 200 mm x 200 mm X 5 mm, and those of the solar cells
were 200 mm x 5mm. All four edges of the waveguide were covered by the solar cells. The
solar cells were connected in parallel.

2.2. Device Characterization

The absorption and emission spectra of DCJTB in the waveguide were measured
using a Varian Cary 5000 UV-visible-NIR spectrometer and an ISS PC1 photon-counting
spectrofluorometer, respectively. The photoluminescence quantum yield (PLQY) of DCJTB
was measured using an integrating sphere connected to a Hamamatsu C9920-12 external
quantum efficiency (EQE) measurement system. The PV properties of the solar cells and
the LSC were measured under ambient conditions [32]. The I-V curves of the solar cells
and the LSC were measured with a Keithley 2401 Sourcemeter. The EQE of the solar
cells and the LSC were measured on an Enlitech QE-R3011 system. The AM1.5G sunlight
(1000 W m~2) was provided by an OAI class AAA solar simulator.

2.3. Ray-Tracing Simulation

The ray-tracing simulation was performed using a commercial Monte Carlo ray-
tracing service provided by Solarathlon. Details about the simulation cannot be disclosed
according to the service policy. The service was customized to obtain the internal and
surface heat maps of the luminescent waveguide.

3. Results and Discussion
3.1. Spectroscopic and PV Properties

We first characterized the spectroscopic properties of DCJTB in the LSC and the PV
properties of the GaAs solar cells and the LSC, which were recommended by the LSC
research community in a recent paper [33]. Figure 2a shows the normalized absorption and
emission spectra of DCJTB in the LSC. The absorption spectrum of DCJTB was maximized
at 494 nm and covered the wavelength range until 600 nm. The emission spectrum of
DCJTB was maximized at 598 nm, and the Stokes shift was 104 nm. Figure 2b depicts
the results for the PLQY of DCJTB in the LSC. PLQY was defined as the ratio between
the number of emitted photons (N,y;) and the number of absorbed photons (N,s), which
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was 0.80 [34]. The PV properties of the GaAs solar cells are shown in Figure 2c,d. For
four parallelly connected solar cells with a total area of 0.004 m? (=200 mm x 5 mm x 4),
the I-V measurement provided a short-circuit current (I,) of 1.11 A, an open-circuit voltage
(Voc) of 1.03 V, and a fill factor (FF) of 0.80, which led to a maximum electric power (Pjax)
of 0.92 W and a PCE of 23%. The external quantum efficiency (EQE) of the GaAs solar cells
exhibited a strong spectral response of over 0.85 from 500 nm to 850 nm. The integrated
short-circuit current density (Js;) (i.e., integration of EQE with AM1.5G solar spectrum
along the wavelength) was 278.32 A m~2, which was consistent with that from the I-V
measurement (277.5 A m~2 = 1.11 A/0.004 m?). The PV properties of the LSC are depicted
in Figure 2e,f. When the GaAs solar cells were attached to the luminescent waveguide,
the resulting LSC with an area of 0.04 m? (= 200 mm x 200 mm) exhibited an I of 1.54 A,
a Vi, of 1.05V, and an FF of 0.81, which led to a P;;;s, of 1.31 W and a PCE of 3.27%. The
concentration ratio, defined as the electrical power of the LSC relative to that of the solar
cells, was 1.42 (=1.31 W/0.92 W), which indicated that the luminescent waveguide was a
light concentrator for the GaAs solar cells. The lower PCE of the LSC compared with the
PCE of the GaAs solar cells was due to the low Js. of the LSC (38.5 A m~2 = 1.54 A/0.04 m?).
The EQE of the LSC before 600 nm was due to the absorption of DCJTB, while that after
600 nm was due to the scattering effects in the luminescent waveguide [35-37]. The
integrated J,. of the LSC was 38.26 A m~2. A Monte Carlo ray-tracing simulation was
performed to obtain the PCE of the LSC. The simulation provided a PCE of 3.3%, which
was in good agreement with the experimental value (3.27%).
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Figure 2. (a) Normalized absorption and emission spectra and (b) results for the PLQY of DCJTB in the LSC. Results for the
(c) I-V and (d) EQE measurements of the GaAs solar cells. Results for (e) the I-V and (f) the EQE measurements of the LSC.

3.2. PT Properties

The PT properties of the LSC were studied using the Monte Carlo ray-tracing simula-
tion. We believed that using the approach of ray-tracing was better than that of radiative
heat transfer because the latter required the spatial distribution of the energy generated
inside the LSC, which was typically difficult to obtain. It would have been useful to study
and understand the LSC through a simulation before the experiments were performed.
The PT energy is typically from the energy loss inside the luminescent waveguide, which
consists of the loss due to the relaxation energy of the luminophores and the loss due
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to the photon absorbance of the host matrix. In the simulation, the LSC was configured
with five layers of equal thickness, as shown in Figure 3a, and the map of the PT power
of each layer was calculated. The results in Figure 3b—f indicated that the PT power was
uniformly distributed in each layer. This possibly further indicated that the PT power in
the LSC was one-dimensionally vertically distributed. The top layer (L1) possessed the
highest PT power of 7.05 W, while the bottom layer (L5) possessed the lowest PT power
of 1.08 W. This was because more photons were absorbed, and thus more PT energy was
released, in the top layer than the bottom layer. The total PT power of the LSC was 13.2 W,
which was much higher than the Py, of the LSC (1.31 W) and suggestive of a promising
energy source for electric power generation in addition to the electric power from the PV
conversion. Considering the PT power produced by the LSC per volume of the LSC, the
PT power per volume from the LSC in this study (6.6 x 10* W m~2) was higher than that
in our previous report (6.01 x 10* W m~3) [22].
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Figure 3. (a) Layer configuration of the LSC, and (b-f) heat maps of the layers (color bars with the unit of W).

3.3. Surface Heatmap

The PT energy inside the LSC should transfer to the surface of the luminescent
waveguide in order to be utilized. Here, we calculated the surface heat map of the LSC.
Figure 4 depicts the definition of the surface of the LSC and the surface heat map. The
heat power density for each surface from 1 to 6 was 226, 226, 150, 225, 225, and 158 W m2,
respectively. The results showed that the edge surfaces of the luminescent waveguide
exhibited a much higher heat power density than the top and bottom surfaces. Differences
at the junction of the surfaces were due to different boundary conditions that were used in
the simulation. This indicated that the edge-attached solar cells would be heated during the
operation of the LSC and that the performance of the solar cells would be affected. However,
if the thermal energy at the edge of the luminescent waveguide was properly utilized,
for example by thermoelectric devices, additional electric power could be produced by
the LSC.
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Figure 4. Surface heat map of the LSC (color bars with the unit of W m~2).

4. Conclusions

In this study, we used DCJTB and GaAs solar cells to fabricate an LSC with dimensions
of 200 mm x 200 mm x 5 mm. The PV properties of the LSC were characterized, and
the device showed a PCE of 3.27% and a concentration ratio of 1.42. We performed a
Monte Carlo ray-tracing simulation to investigate the PT properties of the LSC. The total
PT power was 13.2 W, which was much higher than the PV power (1.31 W). The surface
heat map of the LSC was further investigated, and the results revealed that the heat was
concentrated on the edge of the luminescent waveguide, with a high heat power density of
over 200 W m~2. This suggested that the thermoelectric devices could be mounted on the
edge of the luminescent waveguide associated with the solar cells to produce electricity.
We believed that the results in this study would benefit the development of LSCs. The
revealed PT properties provided fundamental insights for the utilization of the PT energy
of LSCs. One of the direct benefits would be the improvement of the PCE of LSCs. Further
work will focus on developing approaches to integrating thermoelectric devices into LSCs
and on performance studies.
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Nomenclature and Abbreviations
BIPV building-integrated photovoltaics
DCJTB  4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran

EQE external quantum efficiency
FF fill factor

GaAs  gallium arsenide

Isc short-circuit current

Jsc short-circuit current density
LSC luminescent solar concentrator
Naps number of absorbed photons
Nem number of emitted photons
PCE power conversion efficiency
PLQY  photoluminescence quantum yield
Piiax maximum electric power

PT photothermal

PV photovoltaic

TIR total internal reflection

Voc open-circuit voltage
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