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providing an aesthetic view to them.

ABSTRACT

Building integrated photovoltaic (BIPV) plays an essential role in realizing net-zero energy buildings. Unlike utility-scale photo-
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reflector
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voltaic (PV) power plants, the aesthetic of BIPV is a crucial issue for entering the market. Therefore, the demand for colored
PV increases rapidly to fulfilling the increased energy consumption in an urban area. In this review, we would like to introduce
the current status of colored PVs and four dominant printing-based approaches for demonstrating them. First, the Fabry-Perot
filter, controlling the device's thickness, intensifies the PVs' color. Secondly, bandgap engineering of the light-absorbing layer
enables us to generate a color by transmitting a specific range of incident light. Third, the selective layer, multiple stack of
two dielectric layer, provides color to PVs. Lastly, the printing of luminophore on the top of PVs makes them colorful by con-
verting high energy photons to visible ones. The progress of colored PV technology will help PVs enter into BIPV market by
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Fig. 1. (a) Levelized cost of energy of utility scale photovoltaic system. Adopted with permission from [2].
Copyright 2021, National Renewable Energy Laboratory, (b) Expected market of BIPV based on the
data from [3]. Examples of BIPV and vehicle integrated PV modules, (c) Gang-dong gu community center,
Seoul Korea (crystalline Si mono-facial cell, Credit: SK solarenergy Inc. Korea) and (d) a test vehicle.
Adapted with permission from [4]. Copyright 2018, MDPL
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Fig. 2. Technological approaches for colored photovoltaics.
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Fig. 3. (a) Working principle of Fabry-Perot filter based
colored photovoltaic cells, (b) Colored organic
photovoltaic cells with various color. Adapted
with permission from [6]. Copyright 2020,
American Chemistry Society. (c¢) amorphous
silicon based colored PV cells. Adapted with
permission from [14]. Copyright 2020,
American Chemistry Society. (d) perovskite
PV cells with thickness controlled color layer
under 1 sun condition Adapted with permis-
sion from [9]. Copyright 2020, American
Chemistry Society.
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Fig. 4. (a) DSSC based colored photovoltaic window. Adapted with permission from [20]. Copyright MDPI, 2019.
(b) photograph and film absorption spectrum of perovsite film depending on the halide ion concentration.
Adapted with permission from [26]. Copyright 2016, American Chemistry Society. (c) device perf-
ormance parameters of perovskie solar cell regarding perceived color and corresponding photograph image.
Adapted with permission from [16]. Copyright 2015, American Chemistry Society. (d) photo of semi-
transparent blue, green, orange, and red filtered organic solar cells. Adapted with permission from [31].
Copyright 2019, American Chemistry Society.
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Fig. 5. (a) Working principle of selective reflector with multi-stack of dielectric layers (b) colorful perovskite solar cell
with SiO,/TiO, reflective layer. The peak of reflected light can be controlled by modifying their thickness
Adapted with permission from [33], Copyright 2019, American Chemistry Society. (c) Attainable color
from c-Si PV cell by controlling the thickness of anti-reflection layer. Adapted with permission from [34],
Copyright 2017, EDP Sciences. (d) CIGS PV cell with selective reflective layer. Adapted with permission
from [35]. Copyright 2019, American Chemistry Society.
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Fig. 6. (a) PV module with selective reflector. The incorporation of colorful glass to opaque PV cell (c-Si) enables
colored PVs to enter into commercial market. Adapted with permission from [40], Copyright 2017,
European PV Solar Energy Conference and Exhibition (b) colored glass with photonic crystal with
periodic silver layer. Adapted with permission from [42], Copyright 2017, Springer Nature. (c) mica
pigment for colored glass and PVs. Adapted with permission from [44]. Copyright 2018, MDPI.
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Fig. 7. (a) Schematic of colored PV module with printed reflective layer, (b) effective transmission of glass depending
on the coverage, (c) PV module with printed selective reflector. Adapted with permission from [45,46]
Copyright 2017, European PV Solar Energy Conference and Exhibition (d) noise barrier with colored
PV module installed at Seoul Energy Cooperation in Korea. Here, printed glasses are incorporated to the
colored PV modules (Credit: SG Energy, Korea).
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Copyright 2020, Elsevier
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LCOE: Levelized Cost of Energy

PV: Photovoltaic

BIPV: Building integrated photovoltaic

VIPV: Vehicle integrated photovoltaics

CIGS: copper indium gallium selenide solar cell

ITO: Indium-tin oxide

DSSC: Dye sensitized solar cell

P3HT: poly(3-hexylthiophene)

PCDTBT: poly[N-9-heptadecanyl-2,7-carbazole-alt-5,

5-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)|

ITIC: 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-d
ithieno[2,3-d:20,30-d0]-s-indaceno[ 1,2-b:5,6-b
0] dithiophene

PTB7: benzodithiophene polymer
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