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Abstract Recent developments in the endeavor to enhance
the efficiency of luminescent solar concentrators (LSCs)
are presented in this paper along with an analysis of LSC
devices. In recent years, several experimental and numer-
ical research works have been carried out to improve the
performance of LSCs in different ways. LSCs date back to
the 1970s and comprise an extremely interesting notion of
solar cells for various reasons. First, LSCs are cost-com-
petitive and function in diffuse light, and as such, it is not
necessary to use expensive solar tracking devices. Second,
luminescence facilitates the cells to gather only cold light,
which results in higher PV efficiency. LSCs generally
consist of transparent polymer sheets doped with lumi-
nescent species. The luminescent species absorb incident
sunlight and emit it with high quantum efficiency, such that
the emitted light is trapped in the sheet and travels to the
edges where the solar cells can collect it.
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1 Introduction

The objectives of enhancing renewable energy and reduc-
ing energy utilization and contamination are strongly based
on solar technology, which is one of the most attractive
means employed to develop conversion efficiency at lower
cost [1, 2]. Achieving higher efficiency at lower cost is the
key driver in innovative photovoltaic (PV) works and has
been so for a long time. On the other hand, the efficiency of
solar cells to date is not sufficiently proficient nor cost-
competitive. Solar power is still five to ten times more
expensive than power generated from fossil fuels [3, 4].
Different approaches are being pursued to reach lower PV
costs. It is reported that the most effective way of using
solar cells more efficiently is to use concentrators. Building
solar cells with large surface areas capable of capturing
abundant sunlight is not cost-competitive because lots of
materials are used. Instead, it is more cost effective to
collect and concentrate sunlight from a wide area to small
and highly efficient cells [5-7]. Many of the highly effi-
cient solar cells work even better under intense sunlight
conditions than in non-concentrated sunlight. Luminescent
solar concentrators (LSCs) offer an attractive approach of
concentrating sunlight economically and without tracking
and have been proposed as an alternative device for gen-
erating electricity from sunlight that may be well suited for
use in urban settings [8, 9]. We will illustrate how this is
achievable with the use of LSCs. LSCs generally consist of
transparent polymer sheets covered with luminescent spe-
cies. These luminescent species absorb incident sunlight
and emit it with high quantum efficiency. The emitted light
is thus trapped in the sheet and travels to the edges where it
can be collected by the solar cells [10]. One of the greatest
features of LSCs is their ability to be combined with
components such as windows, doors, or facades to create
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more appealing structures [11-13]. Figure 1 shows four
luminescent solar concentrators illuminated by ultraviolet
light. The main purpose of LSCs is to cut down the usage
of expensive solar cells in order to reduce the cost of PV
electricity generation. Compared with traditional geomet-
rical concentrators that commonly use tracking and cooling
systems, LSCs can accept both direct and diffuse light
without the expensive tracking system, while cooling sys-
tems are not required due to the long-wave, radiation can
transmit the device [4, 5]. The first part of this paper pro-
vides a definition of luminescent materials, followed by a
history of LSCs. In the next part, the working principles of
LSCs are evaluated. Then, a characterization of the com-
ponents in different configurations is discussed (LSC
materials and shapes). In this research, the current effi-
ciency and achievements of LSCs developed recently
(2012-2016) are introduced.

2 Luminescence

Luminescence is the emission of light by a material, which
is not caused by its temperature. There are many types of
luminescence, e.g., chemiluminescence, electrolumines-
cence, and photoluminescence. In these three types, lumi-
nescence is caused by energy freed by a chemical reaction,
an electric potential and absorbed photons, respectively.
Photoluminescence is luminescence with which a lumi-
nescent solar concentrator works, and it can be divided into
two sub categories, i.e., fluorescence and phosphorescence.
The difference between these two is mainly the decay time.
Fluorescent light is emitted almost instantly after absorp-
tion, whereas phosphorescent light is radiated significantly
longer after illumination. The reason is that phosphores-
cence is caused by spin-forbidden transitions, and fluores-
cence is caused by spin-allowed transitions [11-13].

Fig. 1 Snapshot of four luminescent solar concentrators illuminated
by ultraviolet light
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3 Luminescent solar concentrators (LSCs): past,
present, and future

Although the idea and invention of trapping fluorescence
inside a transparent body by total internal reflection (TIR)
have stemmed as early as 1949, the beginning of experi-
mentation on LSCs dates back to the late 1970s [14]. At
that time, the TIR effect of specific dyes was discussed in
terms of implementing solar components with reduced PV
surfaces in order to minimize technological costs [15-17].
Table 1 presents the history of LSCs since their discovery.

Lerner first had the idea of a device for collecting solar
energy using a solution of laser dye between two glass sheets.
He also published the first paper on LSCs in 1973 [28, 29].
LSC development was initially limited by the performance
of the luminescent dyes available some decades ago. Nev-
ertheless, efficiency of up to 4 % has been reported for a
stack of two plates, one being coupled to a GaAs solar cell
and the other to a Si solar cell [28—30]. The non-uniform light
decreases the greatest current capable of streaming, lessen-
ing the proficiency by around 20 % [31]. The increasing
realization of the lack of fossil-fuel availability is one of the
main causes for the meaningful enhancements in LSCs
within the last 10 years. Another reason is the various
designs suggested by different architectural and building
sectors for more freedom in their design choices [28, 29].
Nowadays, the needs of the architect can be fulfilled more
flexibly with their ideas, such as different colors, shapes,
transparencies, and weights [23, 32]. Rapp and Boling were
the first to report on a luminescent collector consisting of a
thin luminescent film deposited on an undoped substrate.
They appear to have coined the phrase LSC, which will be
used generically henceforth in this report of a broad range of
luminescent collectors [13]. In 2004, Earp et al. reported of
an LSC with a light transport half length of 1.2 m. Kennedy
et al. presented an LSC based on quantum dots, overcoming
the problem of photo-stability at the cost of lower lumines-
cent quantum yield [13, 32]. Recently, LSCs have attracted
much interest as an optical precursor device for PV cells
[33-35]. Two different types of LSCs can be identified. The
first is the single-plate concentrator, in which the lumines-
cence centers are homogeneously spread throughout the
plate. The second type is the thin-film LSC, which consists of
an optically passive glass- or polymer-based substrate coated
with one or more luminescent layers [36]. Today, LSCs
represent a very promising solar technology, especially
semitransparent LSCs that are suitable for building integra-
tion. These components can likely offer an effective way of
producing renewable energy while preserving the trans-
parency of the building envelope by using wide surfaces that
are at the moment neglected, such as windows, skylights,
shading devices, etc. [7, 37, 38].
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Table 1 History of LSCs

Year Cell type  References
1949-1970 Invention [13, 15, 16]
1970-1980 First experiments and publication [17-19]
1980-1990 Limitations of fluorescent organic dyes hindered further development GaAs/ [13, 20, 21]
silicon
1990-2000 Application of new luminescent materials semiconductor quantum dots (QDs) Silicon [22, 23]
2000-2010 Discovering materials such as photonic layers, liquid crystals have also been utilized to reduce losses Silicon [15, 16, 24]
within the devices
2010-2015 New material and developments in ray-trace, thermodynamic modeling software [25-27]

4 Working principles of LSCs

The luminescent molecules can be organic fluorescent
dyes, or inorganic phosphors or quantum dots. The absor-
bed light is re-emitted at longer wavelengths, and a fraction
of the re-emitted light is trapped in the waveguide by total
internal reflection and becomes concentrated along the
plate edges. Small PV cells attached to the waveguide
edges collect the emitted light and convert it to electricity
[1, 28]. Figure 2 illustrates the incident sunlight on the
front surface of the sheet being absorbed by a fluorophore
molecule and fluorescence then being emitted by the flu-
orophore and transported to the edge via total internal
reflection. The solar cells collect the fluorescence. Several
loss mechanisms are present that reduce the amount of
fluorescence reaching the solar cells [9, 21, 28].

One of the biggest challenges in LSC enhancement
involves diminishing LSC losses. The loss mechanism is
presented in Fig. 3 in detail. The overall optical efficiency
of an LSC, 7y, which is defined as the fraction of incident
solar power that reaches the edges, can be expressed as the
product of the efficiencies of the different processes within
the LSC. The first loss is sunlight that is not absorbed by
the dye molecules: This light is lost through the bottom
surface. The second loss is light emitted by dye molecules
at an angle that is refracted out of the waveguide instead of
being reflected internally. The third loss entails absorbed
photons that are not re-emitted by the dye molecules but
are lost instead as heat and vibrations. The re-absorption of

Fig. 2 Incoming sunlight is
absorbed by a luminophore. The
light is re-emitted at a longer
wavelength, and a fraction
becomes trapped by total

photons emitted by subsequent dye molecules via over-
lapping emission and absorption bands is the fourth loss.
Waveguides can exhibit parasitic absorption, especially in
the near-infrared spectrum, which is the fifth loss cited.
Sixth, waveguide surface imperfections may cause photons
in waveguide mode to leave the surface. Seventh, at the
waveguide edge, the PV cell has a non-uniform spectral
response, with a fraction of incident photons being lost due
to the finite conversion efficiency. Waveguide bulk
imperfections are responsible for the eighth loss—scattered
wave-guided photons. In addition, a small part of the input
light is reflected from the waveguide surface, entailing the
ninth loss. Finally, loss is caused by dye molecule degra-
dation, primarily due to UV absorption [39].

5 LSC sheets

Numerous materials and designs have been utilized in the
development and improvement of LSC devices, for
instance, a variety of host material sizes, thicknesses, and
shapes. This paper presents a review of these properties.

5.1 Material

The primary difficulties challenging luminescent materials
include: first, less absorption in cases of lower amounts of
the utilized spectrum. Another problem that was discussed
in the previous section is re-absorption. Emitted light re-

internal reflection. A
photovoltaic cells is attached to
the edge [32]

Plastic “waveguide”

Solar Cell

Luminescentdye
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Fig. 3 Loss mechanisms in
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absorption is followed by increasing escape-cone losses
and reduced FQY. Stability is another important factor,
which, for LSC plates, should take more than 10 years to
make more cost-competitive than existing PV systems. The
optical properties of fluorophores and their absorption
depend on the material used. Polymer poly(methyl
methacrylate) “PMMA” is the most well-known host
material. The main advantages of PMMA are its low cost,
high optical transparency, and the fact that it can be dis-
solved in the monomer prior to polymerization. It has great
photostability with lifetime of up to 17 years [40]. Some
researchers reported epoxy resins instead of PMMA, which
display about 30 % lower absorption in the visible region
than PMMA. This is an advantage for fluorophores due to
their sensitivity to temperature. Epoxy resins have lower
photostability compared to PMMA but unlike PMMA, they
have stability at room temperature. Another element that
can be used as a host material is glass owing to its inor-
ganic material and high transparency at NIR wavelengths
(>700 nm) unlike organic polymer, and in contrast to
polymer glass, glass is not subject to photodegradation.
However, glass has certain drawbacks such as in the pro-
cess of preparation. Glass should be prepared from a melt
at high temperatures (usually >600 °C), and consequently,
the choice of fluorophores is restricted to rare-earth ions
and other inorganic compounds that can resist the required
temperatures. The two basic types of luminescent materials
are organic and inorganic. The major inorganic lumines-
cent materials are quantum dots (QDs) and rare-earth (RE)-
based luminescent materials. Each type has certain benefits
and drawbacks, making neither the ideal LSC candidate
[41].

5.2 Shape

Considering the influence of shape on the uniformity of
edge illumination, one of the most common choices of
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shape for LSC sheets is square due to the simplicity of
manufacturing and covering. However, a square sheet
produces a non-uniform intensity distribution along the
sheet edge (and hence, along the solar cell). The power is
20-30 % greater at the center of the edge compared with
the ends. The non-uniform radiance decreases the maxi-
mum current and is followed by about 20 % decrease in
device performance. Shapes such as right-angle triangles
with a reactor on the hypotenuse reportedly result in
improved uniformity, while the best shape is a circular
sheet [42-44]. In another research, it was indicated that
the best shape is hexagonal, as it leads to using straight
solar cells with good illumination uniformity. Despite the
fact that the hexagonal shape is ideal for a generation
module, research has been centered on square and rect-
angular modules because they are easier to build physi-
cally. Sheet thickness is commonly in the range of
0.2-0.5 cm, based on the fact that sheet material (glass,
PMMA) is readily accessible in such thickness and can be
shaped easily. A sheet with minimal thickness has no
quality to support it over the width of the LSC. On the
other hand, a thicker sheet will expand the weight and
embodied energy of the LSC module. A thicker sheet can
also yield higher proficiency, as the desired fluorophore
concentration can be diminished, followed by reduced re-
absorption losses. Nevertheless, thickness must be adjus-
ted against the embodied energy expanded and material
cost [25]. A novel configuration with the PV cells on the
front face allows the cells to obtain both direct solar
irradiation and wave-guided photons emitted from a dye
embedded in an acrylic sheet, which is optically coupled
to the PV cells. Many investigations have been done on
waveguide thickness, window edge treatment, cell width,
and cell placement [45]. The effect of different LSC
designs on the photovoltaic performance of waveguide
devices has also been analyzed. An enhancement factor of
up to 5.7 in the maximum output power of FDSCs was
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realized through omnidirectional absorption enhancement
over a large area [46—48].

6 LSC current efficiency achievements
6.1 Experimental work

According to reports in tropical countries such as Malaysia,
photovoltaic systems are introduced as the most attractive
renewable energy sources because of how they consistently
obtain enormous measures of solar irradiation. However,
Malaysia is surrounded by South China Sea and the
Malacca Straits. The vapor from the ocean water with
occasional winds is the reason for abundant mist passing
over the country, henceforth creating the variety in direct
and diffuse sunlight throughout the day. The effect of
concentrators and reflectors for bifacial solar cells under
the various direct and diffuse sunlight has not been studied
thoroughly [14, 27]. As such, a couple of concentrators and
reflectors have been arranged, constructed, and set up
under particularly planed bifacial solar cells. The setup of
each concentrator and reflector is according to the
accompanying diffusing particles sprinkled over the plane
mirror under the solar panel [4]. Some experimental works
on static concentrator and reflector structures have been
recognized in perspective of the pilot results. An assess-
ment demonstrated the cost-competitive suitability of the
proposed solar cells [49]. It was shown that dye concen-
tration and LSC film thickness have a major effect on the
optical response of LSC devices. The efficiency is found to
decrease with increasing geometric gain, although satura-
tion is observed for high geometric gains, suggesting that
LSC devices perform best with very large LSC areas. The
surface roughness of the back reflector appears to have a
key role in improving LSC film efficiency because it
induces reduced specular reflectivity and increased iso-
tropic light scattering [50, 51]. Recently, a new thin film of
dye-doped parylene was synthesized by a deposition
method consisting of coarse vacuum co-sublimation of
parylene C dimer and perylenediimide dye Lumogens F
Red305 (LR). Another synthesis method was introduced by
depositing LR-containing parylene film on glass and
polymer waveguides [52-54]. Fluorescent polymeric
coatings as thin-film LSCs have emerged as a fascinating
application in the field of solar energy. Polymer-based thin-
film LSCs depend on poly methyl methacrylate (PMMA)
as the host matrix material. It has been reported that a load
of 30 % w/w of ceria nanoparticles offers a realistic
compromise in terms of UV protection and absorption in
the visible range. The coated PMMA sheet demonstrated
enhanced protection against UV degradation compared to
bare substrate, although the adherence should be further

improved for optimum performance [1, 38]. The reported
efficiencies of luminescent solar concentrator devices are
shown in Table 2. The addition of an offset Yell083-doped
pattern to a Red305-patterned waveguide increased the
total efficiency from 10.4 to 13.9 % [9]. It has been shown
that LSCs coupled to silicon solar cells could achieve a
combined theoretical efficiency limit of 26.8 % [55]. A
new mechanism to conventional theory was proposed to
illustrate the large enhancement in fluorescence efficiency
[56]. The plasmonic thin-film luminescent solar concen-
trator (PTLSC) was proposed as a potential application of
PMMA nanocomposite films doped with mixed coumarin
dye stuffs and noble metal nanoparticles in solar energy
conversion [31]. The two dyes used have been well studied
for solar concentrator applications, and both demonstrate
desirable stability, quantum yield, and complementary
absorption spectra. The concentration-dependent Forster-
type energy transfer in an LSC material containing two
high quantum yield laser dyes in a PMMA matrix has been
shown [57, 58]. However, the optical constants and pho-
toluminescence spectra of fluorescent nanohybrid films
showed an enhancement of the photon trapping efficiency
and matrix stability with increased concentration of SiO,
nanoparticles [59]. However, there are some limitations
when using PMMA-based LSCs because they still suffer
from degradation due to the limited photostability of the
polymer. Researchers have reported a new cross-linked
fluoropolymer-based system. It was shown that efficiency
values comparable to those obtained with optimized
PMMA-based thin-film LSC devices can be reached with
the new cross-linked fluoropolymer-based LSC system.
They also demonstrated that cross-linked fluorinated
polymers represent a class of promising host matrix
materials for achieving environmentally stable LSC devi-
ces [2, 60]. It was concluded that polysulfone is a good
candidate for obtaining guest/host composites [61, 62].
Another problem with LSCs is their lifetimes, but it was
found that in the long-term, the light exposure regime of
some additives may lead to improvements in LSC device
lifetime [65]. A study showed that the photodegradation
mechanism of perylene-based thin-film organic LSCs
facilitates the development of efficient stabilization
strategies to lengthen organic LSC lifetime [66]. Highly
efficient luminescent materials based on the europium
complex Eu(tta)3(phen) (tta = 2-thenoyltrifluoracetonato,
Phen = 1,10-phenantroline) incorporated into different
polymer matrices (polyvinyl butyral, polysulfone and
polyurethane) have been prepared. As a result of this
interaction, the efficiency of the doped films enhanced
dramatically (photoluminescence quantum yields in the
range of 58-86 %) compared with the precursor complex.
The luminescent Eu(tta)3(phen) complex hybrid polymer
materials developed in the study could be applied
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Table 2 Recent efficiencies of
LSCs devices

Year Luminophore Cell type 7 (%) References
2013 Red305/Yell083 Dye 139 [9]

2014 Red 305/DCM GaAs - [57]

2014 CdSe/CdS Silicon 35 [63]

2015 Red 305/Yellow 083 Silicon 24.2 [8]

2015 Red 305 Silicon 26.8 [55]

2015 Red 305 Silicon 11 [50]

2015 Red 305, Yellow 170, Yellow 083, Orange 240 and Violet 570  Silicon - [64]

successfully in optical devices as polymer light-emitting
diodes or active polymer optical fiber applications [67]. A
series of luminescent materials were prepared by embed-
ding the ternary europium complex Eu(tta)3(phen)(tta = 2-
thenoyltrifluoroacetonato, = phen = 1,10-phenanotroline)
into different polymer matrices (polystyrene, poly(vinyl
difluoride),  poly(acrylonitryle), and  poly(methyl
methacrylate)) in order to investigate the effect of the
polymer on the luminescent properties of the hybrid
materials. The results may support the conclusion that
while some polymers can interact with the complex, act as
antennae, and transfer energy to the central Eu(IIl) ion,
others may quench the luminescence of the complex [68].
The performance of LSC-PV elements with narrow PV cell
strips that can be integrated in an outdoor lighting pole was
evaluated. Silicon PV cells were attached to the back of
both flat and cylindrically bent PMMA light guide sheets
containing the dye Lumogen Red 305, and mirrors were
attached to the non-covered light guide edges. Due to the
reduced sensitivity to the angular dependence of incoming
irradiance, it was expected that these bent LSC-PV ele-
ments would perform well on both sunny and cloudy days
[7, 9, 69]. A new LSC phosphor, i.e., nanocrystalline
Cd,_,Cu,Se, was introduced, which outperforms all other
leading nanocrystals (NCs) by a significant margin in both
small- and large-scale LSCs under full-spectrum conditions
[70]. CdSe/CdS core/shell quantum dots (QDs) were opti-
mized for LSC applications [71-73]. It was found that
CdSe/CdS-seeded nanorods as tunable luminophores are
suitable for luminescent concentration [74]. From the
emission characteristic parameters of the 6A1 g (S) level,
X shows that CaZnBP glasses may have potential appli-
cations as luminescent optical materials, visible lasers, and
fluorescent display devices [75]. It is also suggested that
type-II semiconductor hetero-nanocrystals may offer a
solution to the self-absorption problem in LSCs [6, 76].
Upconversion is a promising technique for harvesting sub-
bandgap photons in photovoltaic devices. Furthermore,
energy transfer mechanisms were proposed for the reduced
efficiency of higher concentrations and depletion of
upconversion luminescence [77, 78]. Combining multiple
organic dyes to form a fluorescence resonance energy
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transfer (FRET) network is a useful strategy for extending
the spectral range of sunlight absorbed by an LSC. The
photostability and performance of an efficient FRET LSC
rest heavily upon the photostability and fluorescence
quantum yield of the final dye [79, 80]. To investigate the
effect of the luminescent emission of InGaP/InGaAs/Ge on
different operating conditions of the tandem, a combination
of electroluminescence (EL) and photoluminescence (PL)
measurements was conducted. Luminescence was recog-
nized at high temperatures, and it was found that significant
radiative recombination is available at even higher tem-
peratures. The significant amount of radiative recombina-
tion at the band-gap edges of the top junctions observed in
the measurements is evidence that optical coupling may
occur to the lower junctions [81]. The development and
current status of luminescent solar concentrators were
reviewed, and it was predicted that optimized LSCs could
offer potentially lower cost per unit of power compared to
conventional solar cells [25, 82]. It was also predicted that
the device can deliver three times more luminescent power
to an opposing GaAs photovoltaic cell, when the emission
profile is conically directed than when it is isotropic or the
non-imaging optic is absent. These results preset a signif-
icant general opportunity to improve LC performance for a
variety of applications, including photovoltaics, photo-
bioreactors, and scintillator-based radiation detection [83].

6.2 Modeling work

Several research works have reported results based on
modeling (Table 3). According to these research works,
there are two different methods of modeling LSCs. One
method is a detailed balance model that is related to the
radiative energy exchange between lattice points in the
concentrator plate, and the other is a ray-tracing model,
where each incident photon is followed, and its density
measured [27, 36, 43, 84].

The promising innovation of LSCs for building inte-
grated photovoltaics (BIPV) is reported. To enhance LSC
proficiency, the expansion of a photonic band stop (PBS)
was discovered. Simulations were analyzed in different
systems, with and without PBS. The loss mechanism was
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Table 3 Recent modeling works on LSCs

Year Modeling Purposes References
2012 Monte Carlo ray tracing To achieve high quantum yield [27]
2013 Thermodynamic and ray-trace modeling To improve the LSC efficiency [25]
2013  Detailed balance model To achieve high conversion efficiencies [85]
2013 Detailed balance model To derive the Shockley—Queisser limit [86]
2014 Homemade ray-trace Monte Carlo To improve the LSC efficiency [26]
2014 Ray-trace modeling To improve the LSC efficiency [64]
2015 Ray-tracing modeling To predict the expected electrical output [42]

2015 Presents a new model

To describe the angular dependence of the photon flux exiting the LSC edge [55]

predicted, and therefore, the expected improvement had an
additional photonic component. At that point, LSC and
PBS were determined and characterized [26, 87]. It was
indicated that the luminescent solar concentrator under a
solar simulator would allow the photovoltaic cells attached
to the edge to operate at up to 10 °C less than cells expe-
riencing direct solar exposure owing to the infrared light
avoided. The researchers also demonstrated the importance
of correct adhesion to avoid rupturing of the attached cell
[88]. Overall, the validated experimental results provide
confidence in the use of modeling for future, larger LSCs
for BIPV [43, 64]. Two model systems were suggested for
thin-film LSC systems. The first model had a transparent
PMMA/SiO, nanohybrid layer coated on a coumarin-
doped PMMA substrate. The second model was designed
with an ordinary configuration, in which coumarin dye was
dissolved in the PMMA/SiO, nanohybrid layer and then
coated on a transparent PMMA substrate. The obtained
results suggest the first model is a durable design for thin-
film LSC applications, especially in hot regions [89, 90].
Another new model was proposed that reveals the main
features of the angular distribution of light escaping an
LSC edge. The benchmark between this model and
experimental measurements provides an assessment of
non-ideal losses and identifying which emission angles are
affected most by these losses [55]. Each type of numerical
LSC modeling has specific benefits and drawbacks. In
device design, the ray-tracing model has led to more
choices and a greater number of luminophores and other
details, but it is quite demanding computationally. LSCs
with high efficiency have been simulated using the detailed
balance theory of a single-stage fluorescent collector with a
high-efficiency luminophore and wavelength-selective
surface reflectors. Such device demonstrated efficiency of
up to 90 % that of a directly illuminated cell of equivalent
size [91, 92]. The optical efficiency along the edge of a
square LSC and the influence of the tilt angle have also
been reported. Based on these results and colors achieved,
a model of a stained glass window (as shown in Fig. 4) was
constructed, and its performance throughout a solar day

Fig. 4 Stained window used for the

glass
(47 cm x 58 cm x 0.3 cm); this window was commissioned for a
Bristol house and was designed by artist Carol Arnold [64]

modeling

was simulated. Besides, the same modeling structure
mentioned already exists in our old buildings, so this
design can be useful for LSCs these days (Fig. 5).

7 Nanocrystals for luminescent solar
concentrators

The use of different exposed areas, back reflectors and/or
mirrors on the edges as well as efficiency evaluation using
different parameters makes the comparison of different
LSC setups quite difficult. Moreover, LSCs are sometimes
evaluated with parameters referring to other solar gener-
ating systems like photon-per-electron efficiency or fill
factors, which are meaningless in this specific case since
the LSC itself is not an energy-generating device but only
achieves light concentration [93-95]. Recent advances in
the synthesis of luminescent nanocrystals with high pho-
toluminescence quantum yields, tunable solar absorption,
and good photostability have stimulated interest in
nanocrystals for LSC technologies [27, 96, 97]. The col-
loidal chemical method is one of the most attractive
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Fig. 5 Examples of design structure

methods for preparing luminescent nanocrystals for appli-
cation in LSCs. Luminescent nanocrystals have many more
benefits compared with organic chromophores, for
instance, large absorption cross sections, tunable emission,
near-unity emission efficiency, enhanced photostability,
and the ability to be incorporated into organic or inorganic
matrices via solution-based procedures [90, 98]. Currently,
thin-film solar cells are the most interesting scheme in solar
cell development and research. Therefore, various
researchers are investigating new materials for use in solar
energy conversion [99]. Doping impurities into nanocrys-
tals enables the introduction and tuning of optical, elec-
trical, and magnetic properties. Growing interest in the
development of new types of doped colloidal nanocrystals
is motivated by both fundamental science and potential
applications. Successful nanocrystal doping requires an
understanding of the doping process and the development
of new doping strategies. There are two major classes of
doped nanocrystals: transition-metal-doped chalcogenide
semiconductor IIB—VI nanocrystals (e.g., CdSe, ZnSe, and
ZnS) and lanthanide-doped wide-bandgap insulator
nanocrystals (so far limited mainly to fluorides, phosphates,
and oxides) [93, 100-102]. A largely unexplored class of
nanocrystalline host materials is the alkaline earth sulfide
ITA-VI NCs, e.g., CaS and SrS. As bulk materials, they are
well-known hosts for a variety of luminescent dopant ions,
including Mn**, Cu™, Ce**, and Eu2 [93]. Researchers
have reported improvement in the quantum efficiency of
thin-film CdTe/CdS solar cells, predominantly in the
ultraviolet regime. Similarly, a broad enhancement in the
quantum efficiency of crystalline Si solar cells from the
ultraviolet to the visible regime can be expected for an
infrared-emitting LDSL based on PbS quantum dots. A
photoluminescence quantum yield of 80 % or higher is
required to achieve the maximum possible short-circuit
current increase of 16 and 50 % for the CdTe/CdS and
crystalline Si solar cells, respectively [103]. A new LSC
phosphor, nanocrystalline Cd,_,Cu,Se was introduced,
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which outperforms all other leading nanocrystals by a
significant margin in both small- and large-scale LSCs
under full-spectrum conditions. Several reports have pro-
posed that nanocrystals can mitigate the re-absorption
problem. One strategy for eliminating self-absorption
involves the growth of nanocrystal heterostructures that
integrate wider-gap semiconductors with small cores hav-
ing a narrower bandgap [104, 105]. A new, cost-competi-
tive, high-performance, and transparent luminescent solar
concentrator based on “zero self-absorption” doped
quantum dots was designed by researchers at the University
of Washington and Western Washington University in the
USA. This concentrator might even be ideal in applications
like smart windows. Although researchers have been
working on LSCs since the 1970s, LSC devices are still not
efficient enough to be employed in real-world applications.
Their main drawback is the so-called self-absorption. The
zero self-absorption doped quantum dots may be one way
of overcoming this long-standing fundamental problem.
The doped quantum dots that have been discovered absorb
high-energy UV light and re-emit it at lower energies. This
energy is too low to be re-absorbed by other quantum dots
within the concentrator, so the light can travel to the edges
of the concentrator relatively unimpeded. In turn, this
allows for larger, more highly concentrated, and efficient
solar light collection. In proof-of-concept experiments,
visibly transparent, ultraviolet-selective luminescent solar
concentrators have been prepared using colloidal Mn2 + -
doped ZnSe nanocrystals that show no luminescence re-
absorption. In summary, colloidal-doped nanocrystals seem
to be a promising new class of zero-re-absorption lumi-
nophores for LSC applications [93].

8 Conclusion and future research

A short overview of experimental works and numerical
modeling was discussed and presented in this paper. The
large number of methods and applications since
2012-2015 has led to the development of LSCs, espe-
cially in the field of thermodynamic and ray-tracing
models, which can predict and describe the performance
of LSCs. Moreover, new dyes and, more importantly, new
quantum dots have been developed and included in
polymer concentrators and nanocrystals. Security tests
over more than 2 years have demonstrated that great
competition exists for LSC utilization in terms of busi-
ness. There are a great number of advancements that can
and ought to be pursued on LSCs to render them a pro-
fessional device for usage in the urban environment.
Further research on LSC response to spatial disposition
and solar radiation spectral composition will be required
in the future. The Lumogen dye lifetime has an important
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role and is nominated as one of the major unknown fac-
tors in LSCs. Although there have been a few reports on
the photodegradation rate of these dyes, there has been no
endeavor to correlate real world with accelerated weath-
ering. Therefore, prediction is one of the most essential
factors to be addressed for LSCs in future works. Another
essential factor is the actual efficiency of the total internal
reaction (TIR). It is clear that after several decades of
research, actual LSC performance levels remain far below
par. It is primarily due to surface loss, the re-absorption of
emitted photons by other luminophores, limited absorp-
tion, photovoltaic losses, and waveguide losses. TIR
proficiency estimation would be considered more precise
with LSC performance modeling and simulation. In
addition, an especially attractive point to consider is the
chance to use organic-based photovoltaics (OPVs). The
biggest difficulty with OPVs is their powerlessness to
utilize the UV range. Moreover, laboratory research on
LSC technology should be aimed at optimizing the single
parameters of luminescent nanocrystals, which affect
overall LSC performance, such that Iuminescent
nanocrystals can be optimized and implemented together
in a functional and less expensive system. Finally, cost
optimization studies should prove the economic viability
of LSCs [39, 56].
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