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Abstract

Building-integrated photovoltaics (BIPVs) enable the seamless incorporation of solar energy
systems into architectural structures. Luminescent solar concentrators (LSCs) represent
a technology that offers a promising route for semitransparent solar harvesting. In this
study, phycocyanin, a bio-derived luminescent material extracted from the extremophilic
red alga Cyanidioschyzon merolae, was used as the emissive layer in thin-film LSCs to
achieve a sustainable BIPV system. This material exhibited high transparency, strong red
fluorescence, and notable stability under illumination conditions, primarily attributable
to its unique pigment—protein structure. Thin-film LSCs incorporating phycocyanin at
various weight ratios were fabricated and evaluated under simulated sunlight conditions.
These concentrators demonstrated efficient photon collection and maintained stable optical
performance during solar exposure. Overall, these findings underscore the potential of
phycocyanin derived from C. merolae as an eco-friendly and renewable alternative to
conventional organic or synthetic luminophores, which can advance the development of
sustainable and efficient LSC systems for next-generation BIPV applications.

Keywords: phycocyanin; bio-based materials; Cyanidioschyzon merolae; luminescent solar
concentrator; thin film

1. Introduction

Continual depletion of fossil fuel reserves and growing concerns regarding climate
change have intensified the global pursuit of renewable and sustainable energy solutions.
Photovoltaic (PV) systems have emerged as one of the most promising solutions because
of their ability to directly convert sunlight into electricity without generating harmful
emissions. These advancements confirm the economic competitiveness of PV technology
and its value in reducing reliance on fossil fuels and mitigating environmental impacts.
Nevertheless, conventional PV modules still face several practical challenges, including
high installation costs, the requirement for large installation areas, limited architectural
adaptability, and end-of-life recycling concerns [1-3]. These constraints and angular de-
pendencies hinder the deployment of PVs in space-constrained or densely populated
urban environments.
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Building-integrated photovoltaics (BIPVs) have been proposed as an effective strat-
egy for addressing the aforementioned challenges. By incorporating solar modules into
building rooftops, facades, and windows, BIPVs can reduce land-use requirements, en-
hance architectural esthetics, and enable on-site power generation in settings with high
electrical demand [4-6]. Within this framework, luminescent solar concentrators (LSCs)
have emerged as a particularly promising approach [7-10]. An LSC is a device that con-
sists of a transparent glass or polymer substrate embedded or coated with luminescent
materials that absorb incident sunlight and re-emit it at longer wavelengths. The emitted
photons are trapped within a plate as a result of total internal reflection and are guided to
the plate’s edges, where attached PV cells convert them into electricity. This architecture
reduces the required active PV cell area by replacing it with a low-cost light-collecting plate,
resulting in a lightweight, scalable, and architecturally adaptable system. Additionally,
LSCs benefit from diffuse light collection, wherein scattered radiation from clouds, haze,
or atmospheric conditions can be efficiently absorbed by a luminescent layer, thereby
enhancing overall output.

To further improve efficiency, thin-film LSC configurations have been introduced, in
which the luminescent material is deposited as a thin coating on a transparent substrate. In
this design, absorption and emission occur within the film, whereas the re-emitted photons
are largely confined within the transparent plate, thereby reducing reabsorption losses
when high-purity optical materials are employed [11-14]. Despite these advancements,
the success of thin-film LSCs primarily depends on the choice of luminescent material.
Optimal candidates must exhibit high quantum yield, long-term photostability, and low
reabsorption capacity and must be compatible with cost-effective fabrication principles.
Although organic dyes and quantum dots have been extensively studied, their practical
application remains limited by photodegradation, thermal instability, and high production
costs [7,8]. Inorganic phosphors, which are already well established in solid-state lighting,
offer distinct advantages for LSCs, including thermal stability, resistance to ultraviolet
radiation and moisture, and relatively low cost. In our previous study, we confirmed the
potential of inorganic phosphors for use in scalable LSC systems, and we reported stable and
high performance in thin-film devices incorporating commercial inorganic phosphors [15].
With the constant advancements in this field, research attention has shifted to alternative
luminescent materials that combine functionality with sustainability. While various organic
dyes, quantum dots, and inorganic phosphors have been explored as luminophores for
LSC applications, increasing concerns related to material toxicity, environmental impact,
and resource sustainability have motivated the exploration of alternative bio-derived
luminophores. Among these materials, bio-based pigments such as phycocyanin have
recently attracted attention in the field of optoelectronics, with reports highlighting their
potential for use in PV devices and fluorescence-based applications [16-18]. In this context,
phycocyanin extracted from Cyanidioschyzon merolae offers a renewable option without toxic
heavy metals, with absorption—emission characteristics compatible with LSC operation.

Phycocyanin is a water-soluble pigment—protein complex that captures light for photo-
synthesis in cyanobacteria, red algae, and cryptophytes, including the red alga Cyanidioschy-
zon merolae. Morphologically, the cells of C. merolae are oval to club-shaped, measuring
1.5-3.5 um each, and they reproduce by binary fission (Figure 1). Isolated phycocyanin ap-
pears blue, emits strong red fluorescence, and exhibits notable antioxidant activity, making
it widely applicable in food, cosmetics, and medicine. Previous studies have predominantly
focused on the extraction methods used for Limnospira platensis (syn. Spirulina platensis),
the most commonly used species for phycocyanin production, although extraction from
other cyanobacteria and red algae has also been reported [16]. C. merolae belongs to the
class Cyanidiophyceae, a group of extremophilic unicellular red algae capable of growing
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under highly acidic (pH 0-5) and high-temperature (35-63 °C) conditions [17]. In addition
to its thermotolerance, the C. merolae 10D strain lacks a rigid cell wall [18], a feature that
enables rapid and cost-effective phycocyanin extraction by using high concentrations of
MgCl, [19]. According to the literature, phycocyanin extracted from C. merolae remains
thermostable at 60 °C, whereas phycocyanin extracted from L. platensis remains stable only
up to 45 °C [19,20]. In addition, phycocyanin extracted from L. platensis has been reported
to degrade upon exposure to 100 pmol photons m~2 s~! light for 36 h [20]. Therefore,
several strategies, such as the use of additives, have been proposed to enhance the stability
of phycocyanin [21].

C

10 um

Figure 1. Photograph of Cyanidioschyzon merolae.

In this study, we used phycocyanin extracted from C. merolae as the luminescent layer
in thin-film LSCs for BIPV applications. While previous studies on bio-based luminophores
for LSCs have predominantly focused on phycocyanin derived from Spirulina platensis or
other cyanobacteria, the utilization of C. merolae-derived PC remains largely unexplored.
Notably, C. merolae exhibits unique biological characteristics, including thermotolerance,
the absence of a rigid cell wall, and enhanced pigment stability during extraction and
processing, which are advantageous for device fabrication. To the best of our knowledge,
this study represents the first report demonstrating the application of C. merolae-derived
phycocyanin as a luminescent material in thin-film LSC architectures. Specifically, we
examine the light-harvesting ability of PC at different weight ratios under illumination
conditions relevant to LSC operation, as illustrated in Figure 2, together with a systematic
investigation of emissive-layer placement (top- and bottom-coated configurations) within
the LSC structure. Our goal was to determine the feasibility of phycocyanin as a sustainable,
bio-derived alternative to conventional luminescent materials and to provide insights into
its potential for use in advancing environmentally friendly and efficient LSC technologies.

Incident light.

Thin Phycocyanin layer < ~ - = s s
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Figure 2. Schematic of a thin-film LSC incorporating phycocyanin extracted from C. merolae as the
luminescent material.
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2. Materials and Methods

Each LSC consisted of four primary components: a transparent light guide, a phy-
cocyanin layer, PV cells, and reflective elements. A borosilicate glass plate (BA270,
50 mm x 50 mm x 5 mm) was used as the transparent light guide. Multicrystalline silicon
(mc-Si) cells were laser-cut to dimensions of 50 mm x 5 mm to match the edges of the
glass plate. After wire soldering, the cells were found to exhibit an average power con-
version efficiency of 12.74% within an AM 1.5G spectrum. Next, they were affixed to the
glass plate edges by using optically clear silicone (Sylgard 184; Dow Corning, Midland,
MI, USA), which was cured at room temperature for 48 h to ensure stable optical and
mechanical coupling.

Phycocyanin was extracted from C. merolae using a MgCl,-based method as previously
reported [19]. Cells were centrifuged at 5000 g for 2 min, and the resulting pellet was
resuspended in twice its volume of 0.75 M MgCl,. After the suspension was incubated
in the dark at 40 °C for 2 h, it was centrifuged at 20,000 ¢ for 2 min. Next, the blue
supernatant obtained was diluted at a ratio of 1:4 (v/v) with water, and the concentration
of phycocyanin was calculated using the following formula [22]:

Phycocyanin concentration =

(Ag — 0474 X Aes2) [%] 1)

5.34 mL

where absorbance values at 620 nm (Agyo) and 652 nm (Ags,) were baseline-corrected
by assuming that absorbance values at 470 and 730 nm correspond to isosbestic points
with zero absorbance. Using this method, the concentration of the extracted phycocyanin
solution was determined to be 1.379 mg/mL Finally, the excitation and emission spectra
of phycocyanin were measured using a FluoroMax 4 spectrometer (Horiba, Kyoto, Japan)
equipped with an integrating sphere.

To fabricate thin-film LSCs, the phycocyanin extract was uniformly mixed with op-
tically clear silicone (Sylgard 184; Dow Corning, Midland, MI, USA) at weight ratios of
10%, 15%, 20%, 25%, 30%, and 35% through mechanical stirring. Each mixture was then
poured into a rectangular aluminum mold with a glass plate at its base, which acted as the
substrate. The thickness of the thin phycocyanin layer on the glass plate was controlled
by adjusting the depth of the rectangular aluminum mold, which was fixed at 0.65 mm to
ensure a uniform film thickness. Next, the films were cured following the manufacturer’s
instructions to obtain uniform thin phycocyanin layers. Figure 3 depicts a schematic of
the thin-film LSC fabrication process. After casting, the coated glass plates were thermally
cured at 60 °C for 90 min to obtain solid and uniform thin phycocyanin layers. In addition
to varying the weight ratio of phycocyanin, the relative positions of the thin phycocyanin
layer were investigated to examine different LSC structural configurations. Two config-
urations were fabricated: a configuration with the thin phycocyanin layer coated on the
top surface of the glass plate and a configuration with the thin phycocyanin layer posi-
tioned beneath the glass plate. These two configurations were achieved using the same
fabrication procedures described earlier, ensuring a uniform film thickness and curing
conditions for reliable comparison in subsequent analyses. Figure 4 presents a schematic
of the LSCs with the thin phycocyanin layer on the top and bottom surface of the glass
plate. To further enhance light-harvesting efficiency, reflective elements were incorporated
into the LSC design. A microcellular polyethylene terephthalate plate (MCPET) with 95%
reflectance was applied to all side and bottom surfaces of the LSCs. The reflectors were
used to increase the probability of incident light interacting with the thin phycocyanin layer
and redirect the emitted photons toward the PV cells, thereby improving overall device
performance. It should be noted that the MCPET and its geometric configuration were
kept identical for all LSC configurations and phycocyanin weight ratios investigated in
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this study. Accordingly, the MCPET provides a fixed waveguiding boundary condition,
and the observed performance variations can be primarily attributed to differences in the
phycocyanin configuration and loading rather than changes in the waveguide structure.

Extracted
Phycocyanin
(PC) Extracted PC solutions

Sylgard 184

Glass plate
Mold
Glass plate

Figure 3. Schematic of the thin-film LSC fabrication process.
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Figure 4. Schematic of LSCs with the thin phycocyanin layer on the (a) top surface and (b) bottom
surface of the glass plate.

As a final step, the LSCs were tested under simulated solar illumination conditions by
using a Sun 2000 solar simulator (Abet Technologies, Milford, CT, USA) operating at AM
1.5G with an intensity of 100 mW cm~2. Additionally, the current-voltage characteristics
of the PV cells attached to each LSC were recorded using a Keithley 2400 source meter
(Keithley Instruments, Cleveland, OH, USA).

3. Results and Discussion

Figure 5 presents the normalized excitation and emission spectra of phycocyanin
extracted from C. merolae. The excitation spectrum exhibits two distinct absorption bands
centered at approximately 530 and 660 nm, corresponding to the characteristic electronic
transitions of bilin chromophores in the phycocyanin protein complex. The emission
spectrum exhibits a strong fluorescence peak near 670 nm, with emission extending from
approximately 660 to 720 nm. This spectral behavior indicates that the extracted phyco-
cyanin efficiently absorbs incident light in both the green and red regions of the visible
spectrum and subsequently re-emits it in the deep-red region with high intensity. A notable
feature is the substantial overlap between the phycocyanin emission band and the spectral
response of the mc-Si PV cells, as indicated by the dashed curve, suggesting excellent spec-
tral compatibility for PV conversion. This spectral compatibility suggests that phycocyanin
can serve as an effective spectral converter or luminescent down-shifting material, enhanc-
ing photon utilization in Si-based PV cells. Before evaluating the optical performance of
the LSCs, it is important to note that the thin phycocyanin layers were cured at 60 °C for
90 min during fabrication. The thermal stability of phycocyanin is crucial to ensure that its
absorption and emission properties are preserved under these conditions. Phycocyanin
extracted from Cyanidioschyzon merolae has been reported to exhibit thermotolerant behav-
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ior [19], and previous studies have shown that moderate heating does not lead to significant
degradation when phycocyanin is embedded in polymer matrices [20,21]. Therefore, the
chosen curing temperature represents a balance between effective silicone cross-linking
and minimal thermal stress on the pigment, ensuring that the optical properties observed
in the subsequent measurements reflect the preserved functionality of the phycocyanin.
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Figure 5. Normalized excitation and emission spectra of phycocyanin extracted from C. merolae.

The optical performance of the fabricated LSCs was evaluated in terms of optical
collection efficiency (#pt), which quantifies the ability of an LSC to capture and guide
incident light toward the PV cells positioned along the plate edges. To decouple the optical
light-collection behavior from the intrinsic photovoltaic performance, 770y is defined as the
ratio between the power conversion efficiency of the integrated LSC system (#5c) and that
of the bare photovoltaic cell (7py) as follows:

HNopt = % (2)

In this definition, #; sc represents the power conversion efficiency of the photovoltaic
cells mounted on the edges of the LSC under AM 1.5G illumination using the same solar
simulator, reflecting the overall light-harvesting performance of the LSC module. In con-
trast, #py denotes the efficiency of the same photovoltaic cells measured independently
under direct illumination without the LSC, under otherwise identical measurement condi-
tions. Because both 77;sc and #py were obtained using the same photovoltaic cells and the
same measurement setup, systematic uncertainties associated with absolute calibration and
illumination geometry largely cancel out in the ratio defining 77opt. As a result, 770yt primarily
reflects the intrinsic optical light-collection and guiding capability of the LSC structure
rather than the characteristics of the measurement system. Accordingly, no additional
correction factors were applied in the evaluation of #70y. For each LSC configuration, one
device was fabricated and measured.

Because of the strong absorption and emission characteristics of phycocyanin, its
weight ratio and spatial configuration in LSCs are expected to play a crucial role in de-
termining the value of 7,t. Generally, the molecules of phycocyanin act as luminescent
centers that absorb incident sunlight in the green and red regions and subsequently re-
emit photons in the deep-red region. These photons are then guided toward the PV cells
through total internal reflection. The efficiency of this process depends on the balance
between absorption and re-emission. Specifically, an insufficient phycocyanin weight
ratio limits photon capture, whereas an excessive phycocyanin weight ratio can cause
self-absorption and scattering losses that reduce photon transport through the waveguide.
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The photovoltaic performance of the fabricated LSCs was first evaluated through their
current-voltage (I-V) characteristics. Figure 6a,b show the I-V curves of the LSCs with the
thin phycocyanin layer on the top and bottom surfaces of the glass plate across different
weight ratios. As the phycocyanin weight ratio increases, a significant enhancement in the
short-circuit current (Is.) is observed for both configurations, while the open-circuit voltage
(Voc) remains relatively stable. The extracted photovoltaic parameters, including Is. and
Voc, were used to determine the optical collection efficiency (#7,pt) of the LSCs according to
Equation (2). Notably, the devices with the emissive layer on the bottom surface deliver
higher current outputs compared to those with the top-surface configuration at identical
weight ratios. To further quantify these observations, Figure 7 presents the measured opti-
cal collection efficiency (170pt) of thin-film LSCs incorporating thin phycocyanin layers with
varying weight ratios coated either on the top or on the bottom surface of the glass plate.
When the weight ratio of phycocyanin was increased, additional photons were absorbed
and subsequently re-emitted within the emissive layer, leading to enhanced light capture
and guiding through total internal reflection within the glass plate. In both configurations,
the value of 77,y steadily increased with increasing phycocyanin weight ratio, indicating
that higher PC loading effectively promotes photon absorption, re-emission, and optical
coupling. This consistent increase in 77,y suggests that the combined effects of scattering
and reabsorption losses remain manageable within the tested weight ratio range, leading to
a net improvement in device performance. Furthermore, LSCs with the phycocyanin layer
deposited on the bottom surface exhibited consistently higher 7, values compared with
those with the phycocyanin layer deposited on the top surface, regardless of the weight
ratio of phycocyanin. This discrepancy can be attributed to lower reabsorption losses and
more efficient coupling of re-emitted photons into the glass plate, which enabled a larger
fraction of the emitted light to reach the PV cells located along the plate edges. In the
bottom-coated configuration, photons emitted toward the glass substrate are more readily
trapped by total internal reflection, while surface-related escape-cone losses at the air—glass
interface are suppressed. In contrast, top-coated configurations are more susceptible to
photon escape before effective waveguiding occurs. Taken together, these findings confirm
that optimizing both the weight ratio of phycocyanin and the placement of the emissive
layer is crucial for maximizing the efficiency of light harvesting in phycocyanin-based
thin-film LSCs. They also confirm the optical suitability of phycocyanin extracted from C.
merolae for transparent solar energy conversion systems.
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Figure 6. Current-voltage (I-V) characteristics of LSCs with the thin phycocyanin layer on the (a) top
surface and (b) bottom surface of the glass plate.
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4. Conclusions

In this study, phycocyanin, a bio-derived pigment extracted from the extremophilic
red alga C. merolae, was successfully used as a luminescent material in thin-film LSCs,
representing a renewable and environmentally friendly alternative to conventional syn-
thetic dyes. This pigment was found to be associated with strong and narrow emission
peaks centered around 670 nm, with high spectral compatibility to mc-5i PV cells. Operat-
ing as a proof-of-concept investigation, the fabricated LSCs demonstrated systematically
enhanced optical collection efficiency (i,pt) with increasing phycocyanin weight ratio,
with the bottom-coated configuration exhibiting higher performance compared with the
top-coated configuration because of its reduced reabsorption and improved optical cou-
pling. Overall, these findings confirm phycocyanin’s use as a sustainable luminophore for
next-generation BIPV technologies and other solar-energy-harvesting platforms. While
the reported values are based on single-device measurements for each configuration, the
clear and consistent performance trends across the tested concentration range validate
the device’s fundamental optical behavior. Detailed spectroscopic characterization of
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film transmission and absorption, along with an extended statistical analysis to evaluate
device-to-device reproducibility, will be addressed in future studies using appropriately
scaled samples. In addition, long-term photostability, thermal stability, and environmental
durability of phycocyanin-based LSCs under prolonged illumination will be systematically
investigated to assess their practical applicability.
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