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1. Introduction

Solar energy exploitation plays a key role in the sustainable
development and energy efficiency of buildings [1]. The European
goals to improve renewable energy and to reduce energy con-
sumption and pollution [2] are strongly based on solar technology,
which is one of the preferred ways used to construct “nearly zero-
energy buildings” [3]. Although the Building Integrated Photovol-
taic (BIPV) sector is constantly growing [4], the use of standard
modules for building integration involves serious constraints: the
most efficient components are opaque and have a standard shape,
and, in addition, they need a high availability of direct solar
irradiation.

When transparency and a more extensive use of diffuse radia-
tion are required, LSCs components may be a good alternative to
traditional PV [5]. However, their durability and technical-
economic competitiveness must be ensured [6].

The first experiments on LSC can be found already in the late
1970s [7e9] when the total internal reflection (TIR) effect of specific
dyes was discussed to implement solar components with reduced
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PV surface, in order to minimize the costs of the technology.
Furthermore, the crucial issues of self-absorption, constraining size
and shape of the components and different dyes and guest mate-
rials were studied [10e12]. Commercial dyes are now available and
this paper describes a new component which uses a mix of two
dyes (i.e. a commercial dye and a custom-produced dye), which
improves the energy performance.

This paper describes, in section 2, the operating principles of the
LSC analyzed, while in section 3 a characterization of the compo-
nent in different configurations is carried out (i.e. a free plate and a
plate equipped with a frame), based on LSCs specific parameters
deduced by technical literature. During the research, the LSC pro-
totype developed was assembled in a LSC module, which under-
went an outdoor measurement campaign described and discussed
in sections 4 and 5. The electrical performance results of the LSC
module, compared with those of the traditional PV technologies,
are reported in section 5. Section 6 summarizes the conclusions and
the follow-up of the research activities on the LSC.
2. Operating principles of LSCs

This work concerns a specific LSC developed by the ENI Done-
gani Institute and tested at the Politecnico di Milano. The concept
consists essentially in a semitransparent yellow plate with PV cells
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Fig. 2. Absorbance and emission spectra of DTB and DPA in PMMA; experimental 
measurements carried out at ENI Donegani Institute.
on the edges. Dye molecules are dispersed into a square transparent 
plastic polymethylmethacrylate (PMMA) sheet and strips of single 
crystalline solar cells (SceSi) are glued to the four edges of the 
plate. The SceSi PV technology used was chosen due to its good 
efficiency as well as to technical-economic reasons.

Fig. 1 shows the operating scheme of the LSC. Fluorescent 
molecules act as spectrum converters: they absorb and emit pho-
tons with different frequencies. The photons emitted from a 
molecule of dye spread into the plate and, due to total internal 
reflection, are concentrated at the edges of the slab, where the 
photovoltaic cells are located. The silicon-based solar cells absorb 
and convert visible radiation and part of the infrared radiation [13] 
as discussed in section 4, according to the external quantum effi-
ciency (EQE) curve plotted in Fig. 5. The features of the LSC panel 
allow a better exploitation of the cells by means of the spectrum 
conversion, shifting solar radiation to more favorable wavelengths 
and, in addition, reducing the self-absorption effect of the dyes.

Furthermore, the possibility to direct and concentrate solar ra-
diation to the edges of the panel by total internal reflection (TIR) 
allows to minimize the PV surface [14].

The specific concentration of the dyes in the guest material, 
which is about 100 ppm, makes it possible for a 25% of the whole 
solar radiation incident on the aperture area (i.e. the front surface) 
of the LSC plate to be absorbed, while the remaining 75% passes 
through. Then, part of the absorbed radiation hits the solar cells at 
the edges, with a subsequent change of the spectrum and of the 
related energy content.

The solar radiation absorbed by the fluorescent molecules at 
frequency n1 is emitted at a lower frequency n2, at which it is sub-
jected to a lower self-absorption by the other fluorescent 
molecules.

Therefore, the crucial self-absorption problem is minimized and 
the re-emitted radiation, guided by total internal reflection, is 
concentrated on the edges of the solar cells.

The LSC panel realized by ENI Donegani Institute uses a 
50 � 50 cm PMMA plate, 6 mm thick, doped with two dyes: DTB 
(4,7-di(2-thienyl)benzo[c]1,2,5-thiadiazole) synthesized by ENI, 
and DPA (9,10-diphenylanthracene), a commercial dye (Patent 
Number(s): WO2011048458-A1; WO2011048458-A8).

The curves of absorption and photoluminescent intensity of 
emission related to the two dyes are shown in Fig. 2. It can be noted 
that the peaks of absorption of the DTB dye are located at 300 and 
450 nm and the emission peak is at about 600 nm. The DPA dye has 
peaks of absorption around 350 and 400 nm and peaks of emission
Fig. 1. Diagram of the incident photons and of the photons emitted by a dye molecules
inside the LSC (source: ENI Donegani Institute).
3. LSC panel characterization

Primary experimental evaluations were carried out at ENI
Donegani Institute to define the basic characterization of the LSC
panel.

In order to calculate the electric gain and the efficiency of the
LSC component, it is possible to refer to some specific parameters,
as described hereafter.

First, the electric gain (gp) of a single cell of the LSC is defined as
the ratio between the ideal output power of the cell [15,16] and that
of a reference PV cell, according to the following equation [17],
where quantities are referred to Standard Test Conditions (STC):

gp ¼ Isc;LSCVoc;LSC

Isc;REFVoc;REF
(1)

where:

Isc,LSC is the short circuit current of the cell integrated in the LSC
plate [A];
Voc,LSC is the open circuit voltage of the cell integrated in the LSC
plate [V];
Isc,REF is the short circuit current of the reference PV cell [A];
Voc,REF is the open circuit voltage of the reference PV cell [V].

The reference cell is a PV cell with the same area and charac-
teristics as the ones integrated in the LSC plate, and with the same
tilt and azimuth angles of the LSC plate.

at 420 and 450 nm. Thus the dyes perform a shifting of the wave-
length from the ultraviolet to the visible and infrared (IR) light, 
more favorable to PV devices with respect to the specific PV cells 
used.

The LSC panel is equipped with 88 monocrystalline PV cells, 
22 � 7 mm each, in a combined series-parallel connection, 
assembled with silicone into the four edges of the plate (Fig. 3). The 
characteristics of the cells are listed in Table 1.

By assembling six 50 � 50 cm panels in a single metal frame, a 
108.4 � 161.8 cm LSC module was realized, as shown in Fig. 4. The 
total nominal power of the 528 cells installed in the module 
amounts to 11.77 Wp.



Fig. 3. (a) Assembly of the PMMA panel with the crystalline PV cells and (b) Flash Test of the panel performed at the SUPSI (University of Applied Sciences and Arts of Southern
Switzerland) Institute laboratories.

Table 1
Characteristics of the photovoltaic cells.

Units

Technology SceSi
Gross area [cm2] 1.54
Active area [cm2] 1.01
Maximum power Pmpp [mW] 22.3
Maximum power voltage Vmpp [V] 0.5
Maximum power current Impp [mA] 44.6
Short circuit current Isc [mA] 50
Open circuit voltage Voc [V] 0.63
Temperature coefficient aVoc [%/�C] �0.33
Cell efficiency (on active area) [%] 22

Table 2
Main characterization parameters of the LSC panel by the ENI Donegani Institute.

Parameter Symbol Unit Simple LSC LSC with edge frame

nEF EF

Geometric gain G [e] 20.83 20.42
Electric gain gp [e] 1.19 0.97
Overall electric gain Gp [e] 0.06 0.05
Electric efficiency he [%] 1.26 1.03
Optical efficiency hopt [%] 6.4 5.3
Afterwards, the ratio between the ideal power of the cells
attached to the four edges of the LSC panel along the perimeter and
the power produced by a PV surface equivalent to the LSC aperture
surface is defined as the overall electric gain (Gp). The equation
describing this parameter can be written as:

Gp ¼ gp

G
(2)

where:

gp is the electric gain [e];
G is the geometric gain, defined as the ratio of the aperture
surface and the edge area of the collector [e]; for square plates it
can be calculated as:
Fig. 4. LSC module made by six LSC panels assembled in the custom-designed metal
frame.
G ¼ L
4d

(3)
where:

L is the length of the LSC plate's side [cm].
d is the thickness of the LSC plate [cm];

The electric efficiency (he) of the LSC panel, which depends on
the aperture area, type of dye and technology of the PV cells, can
thus be defined as:

he ¼ GphPV (4)

where hPV is the efficiency of the PV cells integrated in the LSC
component [%].
Fig. 5. External quantum efficiency of the SceSi cells (square dots) and wavelength of
absorption (continuous line) and emission (dot line) of the DTB and DPA dyes.



Fig. 6. (a) ENI module and (b) standard photovoltaic modules at the PV Test Facility of the Politecnico di Milano University, Italy.

Table 3
Characteristics of the standard modules compared with the ENI LSC module.

Units LSC ENI
module

POLI
module

MONO
module

Tandem
module

Technology SceSi MceSi SceSi mceSi
Module area [m2] 1.75 1.63 1.63 1.421
Cells area [m2] 0.053 1.46 1.42 1.45
Maximum power Pmpp [W] 14.08 240.21 250.00 148.80
Maximum power

voltage Vmpp

[V] 24.29 30.10 30.60 49.20

Maximum power
current Impp

[A] 0.58 7.98 8.20 3.02

Short circuit current Isc [A] 0.63 8.50 8.61 3.45
Open circuit voltage

Voc

[V] 30.16 37.54 37.40 59.80

Temperature
coefficient aVoc

[%/�C] �0.33 �0.42 �0.44 �0.30
Finally, because the real performance of a LSC is correlated to its
optical characteristics, it is important to calculate the optical effi-
ciency (hopt). This parameter is affected by a series of factors [18,19]
but can be calculated by the following simplified equation [20]:

hopt ¼
_PLSC
_PREF

1
G

(5)
Fig. 7. Sunny day: cell power density of the diffe
where:

_PLSC is the output power density of the solar cell integrated in
the LSC [W/m2];
_PREF is the output power density of the reference cell [W/m2];
G is the geometric gain, defined in equation (3) [e].

As described in section 4 below, the flow of solar radiation 
through the LSC plate causes a modification of the spectrum and 
consequently e due to the spectrum shift e quantum efficiency 
changes between the LSC integrated cell and the reference PV cell; 
for this reason, equation (5) represents a simplified method to 
calculate optical efficiency (hopt).

According to the previously reported definitions, the specific 
values of various parameters related to two different configurations 
of the LSC panel analyzed, with an edge frame (EF) and without an 
edge frame (nEF), were calculated and summarized in Table 2. The 
data reported are calculated on the values registered during the 
Flash Tests performed at SUPSI Institute in Standard Test Conditions 
(STC).

It can be noted that an edge frame of 0.5 mm, realized with 
opaque adhesive tape to simulate the presence of the frame needed 
to integrate the panel in a hypothetic building component, causes a
rent modules and solar radiation monitored.



Fig. 8. Sunny day: performance ratio comparison between the different modules and air temperature.
reduction of the aperture area of 2%, with a consequent decrease of
the electric and optical efficiency of about 1/6.

In view of the size and the technologies used in the LSC plate
realized by ENI Donegani Institute, the electric and optical perfor-
mances can be considered high [21e25].

4. LSC module testing

Previously defined equations and parameters refer to a single
LSC plate; however, the aim of this study is to extend the concept
from the plate to a whole component, i.e. a LSC module. In this case
it is interesting to evaluate the LSC performances compared to one
or more standard PVmodules, rather than to a single reference cell.

For this reason a wider analysis is carried out and equation (5)
has been calculated for the LSC module under analysis,
comparing the results obtained to those of three standard PV
modules. In this sense, the equation (5) can be written as follows:

hopt ¼
_PLSCALSC
_PMAM

¼ PLSC
PM

(6)
Fig. 9. Partially cloudy day: cell power density of the
where:

_PLSC is the maximum output power density of the solar cell in-
tegrated in the LSC [W/m2];
ALSC is the active area of the cells integrated in the LSC module,
considering all the LSC slabs constituting the component [m2];
_PM is the maximum output power density of the module used as
reference [W/m2];
AM is the active area of the module used as reference [m2];
PLSC is the maximum output power of the LSC module [W];
PM is the maximum output power of the module used as
reference [W].

Equation (6) compares the power of the LSC module to a
reference PVmodule. More in detail, in this study the performances
of the LSC module analyzed are compared to PV modules of
different technologies (crystalline and thin film silicon), tested in
the same climatic conditions. In this way, it is possible to analyze in
depth the advantages that can be achieved by the LSC component.
different modules and solar radiation monitored.



Fig. 10. Partially cloudy day: performance ratio comparison between the different modules and air temperature.
Moreover, equations (5) and (6) describe the optical performance of 
the LSC device only, focusing on the concentrating factor.

However the operating behavior of the LSC module presents 
further advantages, thanks to the reduction of the reflective losses 
and, primarily, allowing a better exploitation of the solar radiation 
[26]. The dyes, in fact, absorb the solar radiation and re-emit it into 
a spectrum more favorable to the PV conversion with respect to the 
specific PV cell used. Fig. 5 shows the shifting between the absor-
bed and the re-emitted spectrum towards the most effective areas 
of the quantum efficiency curve of the PV cells.

As it is well known, the quantum efficiency is an important 
parameter to evaluate the performance and the quality of a solar 
cell; the two declinations of this parameter are the external 
quantum efficiency (EQE) and the internal quantum efficiency (IQE)
[27]. EQE measures the ratio between collected electrons and 
incident photons, as a function of the wavelength of the incident 
monochromatic light. Similarly, IQE is the ratio of collected elec-
trons and absorbed photons as a function of the wavelength. The 
two parameters are connected by the light absorption capacity or
Fig. 11. Sunny day: PRLSC/PRPV daily performance ratio relat
light harvesting efficiency (LHE) of the absorbing material as a 
function of the wavelength [28].

In Fig. 5 the EQE is plotted as a function of the wavelength of the 
solar cells used in the LSC module analyzed and it is overlapped to 
the absorption and emission curves of the two dyes casted in the 
PMMA (see Fig. 2).

In order to analyze in real operating conditions all the described 
features of the LSC module investigated, using an all-
comprehensive parameter, in this work the PV performance ratio 
(PR) was considered.

In detail, the PR measures the deviation between the actual 
performances of a PV system and those theoretically achievable 
working at Standard Test Conditions (except for solar irradiance)
[29] and can be defined both on output electrical power and on 
produced energy, according to the following formulas:

PRi ¼
Pi

G
Gstc

� P
(7)
ed the LSC ENI module and the standard PV modules.



Fig. 12. Partially cloudy day: PRLSC/PRPV daily performance ratio related the LSC ENI module and the standard PV modules.
PRd ¼ E
H � P

(8)
Fig. 13. Daily performance ratio related the ENI module and the standard PV modules.
S ¼ sunny days; C ¼ partially cloudy days.
Gstc

where:

PRi is the instantaneous performance ratio [e];
Pi is the output power generated in direct current by themodule
[W];
G is the solar irradiance on the module [W/m2];
P is the STC power of the module [W];
PRd is the daily performance ratio [e];
E is the energy generated in direct current during a day [Wh];
H is the daily solar irradiation on the PV module [Wh/m2day].
Gstc is the irradiance at STC, equal to 1000 W/m2.

The calculation of the PRi and PRd parameter in outdoor con-
ditions was carried out by field measurements. Moreover, in order
to assess the confidence on results, an uncertainty analysis on
measurements was performed; in detail, for multiplied or divided
independent quantities, the uncertainty on the result can be ob-
tained by calculating and then adding up the fractional un-
certainties, according to the specifications of the measuring
instruments, which are the following:

� Solar irradiance, acquired by a solarimeter equipped with a
photodiode sensor: ±4%;

� Electrical power, acquired by amultifunction testing devicewith
voltage and current sensors: ±1%;

� Module temperature, measured by a PT100 sensor: ±3%;

As a consequence, the final maximum uncertainty on PR could 
be considered as being equal to ±5%;

In detail, electrical output measurements were conducted on six 
sample days (3 sunny days and 3 partially cloudy days), in August 
2012, and the LSC performance was analyzed in comparison with 
the reference standard PV modules. The tests were carried out in 
Milan, Italy, at the PV Test Facility of the Politecnico di Milano 
University. All monitored modules, including LSCs, were positioned 
facing south, with a tilt angle of 30�. As introduced before, the 
comparative analysis described in this paper is based on the 
operating data collected from three reference standard PV modules 
(crystalline and thin film) and from the LSC module (Fig. 6).
The technical parameters of the different modules are 
summa-rized in Table 3.
5. Test results

Figs. 7e10 show the measured and calculated data related to a 
day with a perfectly clear sky and a clear day with occasional clouds 
(hereafter defined “partially cloudy”), in order to test the response 
to variable irradiance. The power density generated by the LSC 
module, referred to the actual active PV cell surface, is comparable 
to that generated by the standard modules, although the trans-
parent LSC absorbs only 25% of the solar radiation (about 75% is 
transmitted).

During sunny days, the PRi graph shows higher values for the 
LSC module in a range between 20 and 40%, depending on the 
technology being compared (higher variations refer to tandem thin 
film cells). During partially cloudy days, the PRi values for the LSC 
module are even higher, up to 30e45% higher than the PV standard 
modules. It can be noted that PRi decreases during the day, due to 
the increase of the operating temperature.



Defining gPRi as the ratio between the instantaneous perfor-
mance ratio of the LSC module and that of the photovoltaic mod-
ules, the daily trends can be plotted as in Figs. 11 and 12.

It is possible to appreciate that gPRi is always higher than 100%
during both the sunny and the cloudy days, for all the different 
technologies considered as reference.

Fig. 13 shows the daily performance ratio values (PRd) on energy 
produced for the LSC module and the PV reference standard 
modules.

The PRd of the ENI LSC module is always higher than the other 
modules, in particular in clear-sky conditions during the moni-
toring period.

The relationship between temperature and PR is highlighted in 
Figs. 8 and 10, which allow to appreciate during the afternoon a 
decrement of electrical performance, more relevant for the crys-
talline silicon cells than for the amorphous silicon substrate. The 
effect of temperature is stronger during sunny days and also the LSC 
module shows a performance dependent on high temperature; 
however the cells are not steadily exposed to direct to solar radi-
ation, as in the traditional modules.

The average PRd value for the crystalline modules is 7% lower 
than the ENI module value during sunny days and 8% lower during 
cloudy days. The range of the values goes from 5 to 10% less than 
the PRd of the LSC module. The PRd values of tandem modules are 
17e18% lower than the PRd of the LSC module, registering no 
relevant differences between sunny and cloudy days.

6. Conclusions

As it was observed, the LSC operating principle allows a wider
exploitation of solar cells' quantum efficiency, with a higher con-
version rate, which simplymeans that, in the same conditions, solar
cells can perform better in term of performance ratio. In particular,
it was observed that the LSC module's performance ratio is gener-
ally higher than those of other standard PV modules.

Further work will be performed in order to assess the energy
performance of the system in a more extensive monitoring ses-
sions, and to precisely qualify the spectral response of the
component.

Finally, the goal of a more detailed testing session that will be
carried out in the next months will be the evaluation of the per-
formance of a LSC module installed with different tilt angles, in
different climatic conditions and along longer time periods.

It has to be noted that the experiments conducted on the
smallest samples at variable exposition and solar irradiation on
both surfaces showed higher sensitivity to diffuse radiation [30,31].
Further researches on the LSC response to spatial disposition and
solar radiation spectral composition will have to be carried out in
the future.
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