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Otimização de concentradores solares luminescentes 

com recurso ao método de Monte Carlo 

 

 
Abstract— Despite photovoltaic (PV) advances in recent times, 

the technology still has not established itself as a key role player 

in the electricity supply market. Promising lower costs, 

Luminescent Solar Concentrators (LSCs) absorb short 

wavelength solar radiation and emits red-shifted light. The 

emission is then guided towards the sheet edges, where the 

concentrated light is absorbed by the solar cell to produce 

electricity. Moreover, their ability to concentrate sunlight onto 

small areas makes LSCs a useful complement to silicon-based 

PVs in a series of applications, such as urban integration and 

flexible fabrics towards mobile solar-energy. The present Thesis 

tries to provide an insight on these devices, allowing a deeper 

understanding of HOW they work and could be used to generate 

green energy. A theoretical view of the state-of-art is presented, 

not only regarding the greatest  LSC’s achievements, but also on 

the components used (Organic dyes, Quantum Dots and 

Lanthanide ions), plus a reproduction of LSCs working 

mechanisms with the assistance of the developed Monte Carlo 

Ray Tracing Simulation program. A batch of tests were prepared 

in order to study matrix geometry influence on device 

performance. Using two sets of phosphores with different 

properties the results show that despite not all matrix dimensions 

have the same impact on efficiency, in general smaller plate areas 

allow better results. Increasing LSCs surface, showed that it is 

possible to maintain performance for larger devices, being that 

the distance from the PV cell from the centre of the matrix 

remains the same. It is important to point out that the algorithm 

can be used not only to study geometry’s influence, but also to 

predict the effectiveness of recently discovered dyes or multiple 

solutions combination, since the simulator accurately describes 

the main optical features of LSCs. 

Keywords— Luminescent Solar Concentrators (LSCs), Monte 

Carlo,Waveguide, Fluorescent Dyes, Quantum Dots, Lanthanide 

Ions. 

I.  INTRODUCTION 

Fossil fuels increasing consumption all over the world, their 

rising prices and environmental issues have lead people and 

Governments to develop a conscious awareness towards the 

use of renewable energies. Despite of its great potential, the 

implementation of standard photovoltaic (PV) cells is not 

widespread mostly because the conversion of solar energy into 

electricity is not efficient enough and the associated cost is 

still too high [1]. To achieve a cost-competitive solution 

increasing efficiency, external devices should be taken into 

account [2]. Luminescent Solar Concentrators (LSCs), which 

have long been used to collect and concentrate solar energy, 

promising lower prices per watt-peak (Wp) and better 

efficiencies, but still have a long way to go in overcoming its 

limitations to reach full potential [3]. 
Luminescent solar concentrators consist of an optically 
transparent matrix made of plastic or glass which acts as a 
waveguide. Luminescent species (organic dyes, lanthanide 
ions, transition metals, quantum dots) are dispersed uniformly 
within the plate and absorb incident radiation, re-emitting this 
radiation at a specific wavelength [4]. 

Fig. 1 - Schematic 3D view of a LSC. Light is incident at the top surface. 

After absorption by the luminescent species it then re-emitted arbitrarily. A 

portion of the radiation is waveguided to the PV cell by total internal 
reflection, while the remaining portion either falls in the escape cone or 

vanishes due to other loss mechanisms [4] 

Research and development of LSCs began in the late 1970s. It 
was first referenced by Lerner in 1973 [5], who lead the way 
for the upcoming studies and further publishing about this 
subject. During the 1980s broader research was made, having 
slowed down after due to the dropping oil prices experienced at 
the time [6]. Flourishing as an alternative approach to reduce 
PV costs, interest has recently been refreshed in recent years 
[2] [7] [8] [9], whose number of related reports has exploded in 
the last few years since the first reports in the 1970s [10], 
mostly due to the improvement of luminescent species 
emission quantum yield and the development of alternative 
active centres, such as quantum dots and semiconducting 
polymers.  
The coupling of PV cells to the LSC edges is a very interesting 
strategy for PV urban integration, as LSCs could be embedded 
in façades, roofs, windows and walls and coupled to efficient 
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and small PV cells, allowing everyday buildings to be 
transformed into harvesting machines. Given that LSCs 
concentrate not only direct, but also diffuse light by a factor of 
5-10 [3], there is no need for tracking systems, allowing the use 
of smaller PV cells. Farrel et al. have shown that for common 
first generation LSCs, its cost when compared to a Si PV cell 
with an equivalent size should be 89% lower [11]. Using a thin 
film module (14x14x0.3 cm

3
) with a mixed-dye encapsulated, 

Friedman [12] managed to obtain an optical conversion 
efficiency (ηopt, defined as the ratio between the output optical 
power and the incident optical power) of ηopt=3.2% and 
ηopt=4.5% for Si and GaAs cells respectively. Wittwer et al. 
using a two-plate system configuration (40x40x0.3 cm

3
) with 

GaAs and Si cells attached to the above and below sheets 
respectively, attained a ηopt=4.0% [13]. In 2008, an efficiency 
record ηopt=7.1% was reached [14] using GaAs cells using a 
smaller configuration (5x5x0.5 cm

3
). 

 

 
Fig. 2 Schematic illustration of an LSC main events: (1) Total internal 
reflection; (2) Escape cone losses; (3) Re-absorption of emitted photons by a 

luminescent specie (solid sphere); (4a) non-absorbed radiation; (4b) Non 

radiative decay; (5a) Surface reflection; (5b) Self-absorption; (5c) Internal 
waveguide scattering; (5d) Surface scattering [2].  

Dienel et al. [15] quantified the optical conversion 
efficiency (ηopt) as the product of the efficiencies of each of 
the events that take place inside the LSC (see Figure 2): 

(1- )
opt abs SA yield Stokes trap tr

R      

 
(1) 

where: 

•R represents the Fresnel reflection coefficient of the light 
from the LSC surface. For a refraction index of 1.5 the 
reflection coefficient is ~0.4. 

•ηabs is the ratio of photons absorbed by the emitting layer 
to the number of photons reaching the LSC. 

•ηSA (self-absorption) is related to photon reabsorption by 
the luminophores after emission occurs and before collection at 
the edges by the PV cells. This happens when there is an 
overlap between the emission and absorption spectra of the 
emitting centres. When no overlap is observed, this efficiency 
metric turns into 1, and lower than 1 otherwise. 

•ηyield represents the emission quantum yield of the 
luminescent species defined as the ratio between the number of 
emitted photons and the number of absorbed ones. A near unity 
quantum yield is crucial for an optimised functioning LSC, 
especially if there is large overlap between its species emission 
and absorption spectra.  

•ηStokes is the Stokes efficiency. The Stokes shift can be 
explained as the energy gap between the maximum absorption 
and emission spectra. 

•ηtrap is the trapping efficiency, and can be defined as the 
ratio between the total amount of emitted photons and those 
that reach the edges. 

•ηtr has to do with the transport losses experienced due to 
matrix absorption and scattering. It is often considered 1, 
neglecting transport and scattering losses. 

 
We can separate the different types of active centres used in 

LSCs as organic and inorganic. For organic fluorophores we 
have several kinds of dyes, which differ in their absorption and 
emission ranges. Luminescent dyes present the simplest 
method to embody luminophores in the active layer, since they 
can easily be diluted in a vast number of polymers such as 
poly-carbonate (PC) and poly(methyl methacrylate) (PMMA), 
being the two the most common in the fabrication of these 
sheets. Rhodamines, coumarins and perylene (bisimide) 
derivatives are the most frequently used dyes. [2]. One main 
aspect of organic dyes is their high quantum yield, some of 
which exhibit a near unit (one of the desired characteristics for 
LSCs) as for Rhodamine 6G (0.98), but its poor photostability 
is a major drawback [5]. Notwithstanding, there have been 
already developed dyes that ally high ηyield and long stability, 
such as the Lumogen F types of dyes [16]. Another generalized 
issue about organic dyes has to do with the small Stokes shift 
they present, which as explained before increases losses due to 
re-absorption [2]. Inorganic semiconductor nanoparticles with a 
diameter around 3-5nm (Quantum Dots) make another class of 
active centres. These have been first proposed for use with 
LSCs in 2000 by Barham et al. [17]. QDs have numerous 
advantages when in comparison with organic dyes. They suffer 
less photodegradation, and present a broader absorption range, 
mainly in the UV-region. Additionally the absorption spectra 
can be tuned to a more desirable wavelength by adapting the 
QDs diameter. PbS and PbSe QDs for instance can tune 
emissions from 850 to 1900 nm. On the other hand their low 
ηyield (around 0.1) and long term stability (as they are very 
sensitive to light and oxygen) is a disadvantage. When 
commercially available and at a reasonable price, stable NIR-
emitting QDs would propose themselves as one of the main 
candidates for LSC design [18]. Complexes of lanthanide ions 
are known for their large ligands-induced Stokes shift, their 
reasonably high ηyield and great photostability [2]. Materials 
usually containing Neodymium (Nd

3+
), Ytterbium (Yb

3+
) and 

Europium (Eu
3+

) present themselves as a great promise for 
LSCs mainly due to its noteworthy lack of overlap between 
their absorption and emission spectra [19] [20]. This is because 
there is a very large energy gap between the absorption and 
emission spectra. In addition, lanthanide ions are known for 
their narrow emission peaks. On the contrary, their absorptivity 
tends to be relatively weak, and the overlap between the solar 
spectrum and the absorption spectra tends to be poor [19]. 
Combining Nd

3+
 and Yb

3+
, using the first as an absorber and 

the latter as an emitter is one way has proven that such a 
combination in a LSC device is able to absorb up to 20% of the 
solar spectrum in the 440-980 nm range [18]. The most used 
material in the fabrication of LSC sheets is PMMA, although 
glass is sometimes used as well but due to the small number of 
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luminescent species that can be embedded in it at the melting 
temperature it is not often mentioned [21]. This polymer, from 
the acrylic thermoplastics family, is highly transparent and 
available at low prices. Furthermore, its photostability is pretty 
decent with a lifespan up to 17 years, it has a great solubility in 
organic solvents and a high refraction index of nearly 1.5 [22]. 

II. LUMINESCENT SOLAR CONCENTRATOR MONTE CARLO 

SIMULATOR 

To study the working principle of LSCs and understand its 

processes a Ray-Tracing simulation model based on the Monte 

Carlo method was developed and implemented in Matlab®. 

This method is based on splitting the radiation in a finite 

number of solar beams, so that a tracing of each ray that enters 

the LSC matrix can be done. By modelling the path described 

by light one can know whether the photons were trapped 

inside the substrate, absorbed by the luminescent species, how 

many reflections have they suffered, lost in the matrix, or 

collected at the edges [23].  

 The Monte Carlo algorithm is stochastic and typically 

consists of random draws based on given distributions that 

characterize a sequence of local events that define a global one 

and lead to a final state. By repeating this process a 

considerable amount of times, an approximation of the 

solution is reached [24]. Hence, the more repetitions are made, 

the more accurate the solution will be and in order to grant this 

106photons are tested in each simulation. With each run of the 

algorithm, a photon with a randomly selected wavelength is 

launched. The wavelength of the photon is generated 

accordingly with the AM 1.5G Solar Spectrum and then we 

begin to trace its position. 

 

 

Fig. 3 - LSC Monte Carlo Ray-Tracing flow chart. 

Being the initial position at the top of the matrix (AIR region), 

the photon is launched either with 90 degree or a random 

angle incidence of the ray with respect to the surface of the 

LSC, depending on the chosen option. At each iteration there 

is a constant tracking of the region the photon is. If the photon 

does not miss the matrix or is reflected at the top, it enters the 

LSC region. In there a couple of tests are made to check if the 

luminescent species absorb and emit the radiation. Firstly, a 

comparison of a random generated number between 0 and 1 is 

compared with the absorption probability of the active centres 

for the previously predetermined wavelength of the photon. If 

ηabs proves to be higher than the random number generated 

then an absorption event has taken place. Otherwise the 

photon continues its path accordingly to its direction vector, 

until another check is made and it gets absorbed or is reflect or 

refracted at one of the edges of the LSC. If an absorption event 

in the LSC is recorded, then another test is made, comparing 

once again a random number between 0 and 1 and the 

Quantum Yield of the luminophore for that photon 

wavelength. In the case ηyield is higher than the number 

generated the active centre will fluoresce and emit the photon 

with a new wavelength (with respect to its emission spectrum) 

and a random direction. Should the photon fail this test it is 

considered lost to non-radiative losses and another photon is 

launched. When the photon reaches an edge, either unabsorbed 

or after absorption and posterior re-emission, two possible 

outcomes are possible. It can be reflected and remain in the 

LSC region or it can be refracted and enter the Waveguide, PV 

cell or AIR region. Considering that it hits the solar cell, a PV 

absorption is recorded, the corresponding wavelength of the 

photon is saved to check if there is the possibility of 

photocurrent conversion and we move to the next photon 

Inside the Waveguide region the photons suffers more 

reflections and refractions when it hits its edges and it may 

either return to the LSC region, hit the PV cell or even refract 

to an AIR surrounding region.  

 

 
Fig. 4 - Schematic of the matrix. The LSC is the polygon surrounded by red 
lines. Bellow the waveguide is represented and the PV cell is represented by 

the blue block. Surrounding all the panel there are air regions. Dimensions 

presented in µm. 
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There are two possibilities for the photon to be found in an 

AIR region. If it is its first iteration, it means that it is awaiting 

launch and it is allowed to move forward and try to penetrate 

the substrate. If not, then it has escaped from the matrix and is 

considered lost. Later on, the possibility of adding extra layers 

of LSC sheets was included. This allows us to test the matrix 

behaviour with the feature of multilayer, being able to 

combine different absorption and emission spectra from 

several kinds of fluorophores to make a better use of the solar 

spectrum and try to diminish some performance cutback 

factors such as reabsorption events. The flow chart that can be 

seen in Fig. 3 still applies either we have one, two or three 

sheets embedded with fluorophores stacked up in the matrix. 

The only difference is that when the photon leaves one LSC 

region, it can move to another fluorophore sheet, or as 

depicted before it can travel to the Waveguide, PV cell or 

escape to an AIR region. All of the layers that may be 

included in the Multilayer feature execute the same tests with 

the particularity that each have distinct dyes encapsulated. 

During the development of the Ray-Tracing model, a few 

assumptions were made to simplify the process. Transport 

losses experienced due to matrix absorption and scattering 

were considered non-existent and not taken into account in the 

results. Also only a fraction of the AM 1.5 G Solar Spectrum 

(from 280 to 1600 nm) was considered for simulation 

purposes. Every lateral surface of the matrix (with exception 

to the one where the PV cell is coupled) is 100% reflective, 

thus reproducing an edge treatment to achieve this. Finally, the 

refractive index of the Waveguide is considered constant all 

over its volume (1.49 as assumed for PMMA) and 

independent of the photon wavelength. 

A.  Reflections and Refractions 

During the writing of the program the first problem to be 
addressed was exactly how to calculate the reflected and 
refracted rays and how to express them in a vector form. 

 

Fig. 5 - Illustration of the incident, Reflected and refracted ray, their 
components and angles [25] 

Considering Fig. 5 a border is visible, separating two materials 
characterized by distinct refraction indexes (η1 and η2). 
Pointing up and orthogonal to the border we have the normal 
vector n Being that i, r and t are the incident, reflected and 
refracted ray, respectively, and given the fact that all of these 
are normalized we can say that: 

= = = =1i r t n  (2) 

 

The direction of these vectors can be detailed by adding their 
orthogonal and parallel components with respect to the 
crossing border. The normal component of any given vector 
can be calculated by its orthogonal projection on n. 
Remembering our premise that all vectors are normalized we 
can state that: 

2

x.
x = n = (x. )

n
n n

n
 (3) 

Vector x is a generic vector, so this rule applies to either i, r or 
t. In addition, being that the orthogonal and parallel 
components are orthogonal between them we know that: 

||x .x = 0
 

(4) 

 Also, we know from the law of reflection that the angle of 
incidence θi is equal to the angle of reflection θr  [26]. 

i r 
 

(5) 

To calculate the reflection vector only in terms of i and n we 
must take into account that: 

cos cosr i    r i
 

(6) 

|| ||cos cosr i   r i
 

(7) 

Finally we have the reflected ray: 

|| || = + =  r r   r i i
 

||=

= [ ( . ) ] ( . )

= 2( . )



 



r  i  i

   i i n n   i n n  

   i  i n n
 

(8) 

 

Calculating the refracted ray is a little bit trickier. 
Remembering Snell’s Law [26] we know that: 

1 2sin sini t   
 

(9) 

Given the fact that the orthogonal components from both the 
incident and refracted ray are parallel and have the same 
direction but with different magnitudes we can write: 

1 1
|| ||

2 2

[ cos ]i

 


 
  t i i n

 

(10) 

Making use of the Pythagoras Theorem and having in mind 
that all vectors are normalized it follows: 

2 2 2

||  t t t
 

(11) 

2

||1  t t n
 

(12) 

Which gives us the refracted ray: 
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t i + t n

 

(13) 

Replacing Eqn. 10 in Eqn. 13 and bearing in mind that: 

2

2 21 1

2 2

sin sin sin (1 cos )t i t i

 
   

 

 
    

   

(14) 

  

We have finally the refracted ray with respect to index 
refractions and incident and refracted ray: 

2 2

1 1 2 2 1 2 2 1

1 1 2 2 1 2 2 1

cos cos cos cos

cos cos cos cos

2

n n n n

n n n n
t

   

   

    
   

    
 

(15) 

Eqn. 8 and 15 are all that is necessary to write the resulting 
reflected or refracted ray from an incident ray and angle. 

B. Tracking the Photon 

The first approach when it comes to locating each photon was 

clearly distinguishing every region designed in the algorithm. 

To do so, each sector was unequivocally defined. In addition, 

it has been determined that all faces of any given region 

should have their unitary normal vector pointing outwards, so 

that neighbour planes had opposite signs when comparing 

their norms. This concept can be seen in Fig.6.  

 

 
Fig. 6 - Normal vectors of different surrounding regions. Here we can see that 
consecutive faces norms have opposite directions. 

 

We know that scalar dot product is defined as the algebraic 

operation that takes two coordinate vectors and returns a 

single number [27]: 

( , , ).( , , )x y z a b c xa yb zc    (16) 

Imagine we draw a vector from a reference point inside the 

boundary of the face we want to test until the photon’s current 

position. If we determine the dot product between this vector 

and the norm of the respective face, we will have three 

possible outcomes [28]: 

 if the resulting value is lower than zero it means that the 

photon is below the face in question; 

 a null result means that the photon is sitting on the 

boundary between two boxes, since faces are coincident. This 

is obvious because the two vectors would be orthogonal, and so 

their dot product returns zero; 

 a positive number, by exclusion of all parts would mean 

that the photon is above that face, or by other words on the 

same side of its norm. 

The photon is considered to be inside a “box” if every dot 

product between all the regions faces norms and the vectors 

described by their reference points and the photon position all 

return a negative value. 

Still, this test can only give us an adequate response when the 

photon is exactly inside a region. If it stands on a border 

between two sectors it won’t be able to tell us which one is 

exactly. We must then perform another test to see where the 

photon is heading and cross it with the previous result to have 

a final zone for its location. In order to do this an intersection 

test is made to see which face will the photon hit with its 

current direction. 

Let us assume that we have a ray r from P0 to P1 and a plane 

P with a normal N and containing a point V0. The parametric 

line that characterizes the ray is given by [29]: 

( ) 0  ( 1 0)P r P r P P  
 

(17) 

The intersection between the ray and the plane will occur at 

the point P(ri) defined as: 

.( 0 0)

.( 1 0)
i

N V P
r

N P P





 

(18) 

If the denominator is equal to 0, the ray will be parallel to the 

plane and consequently will never intersect it or it is 

completely within the plane. When ri is a positive real number 

the ray will intersect the plane only when its value sits 

between 0 and 1. 

An additional test is necessary to make sure the intersection 

happens within the borders of a face. This test is called the 

“Winding number” [30] or the “Sum of Angles” test [31]. If 

the point lies inside the face, the sum of the angles it makes 

with the polygon vertices two by two will be 360º. If the point 

lies on the outside the same some of angles will not have the 

same result. 

III. RAY-TRACING SIMULATION RESULTS 

In order to have a structured plan to study LSC geometry’s 

influence in its efficiency we started with a design of a 2cm x 

2cm (with a height of 0.8 cm and 0.2 cm for the waveguide and 

LSC sheet respectively) with a ray incidence of 90º and kept 

increasing its dimensions from this basis. 

We began to increase the matrix length (dimension where the 

PV cell is attached to), with a fixed width of 2cm (see Fig. 7 

for a better understanding). Since reabsorption does not 

characterize this lanthanide ion, we would only expect that no 

significant difference would be noticed between the different 

designs, since the distance from the PV cell is not affected. 
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Fig. 7 - Scheme illustrating the increasing length of the LSC with a fixed 

width (the PV cell is represented in blue). 

 

After several trials with a fixed width, we moved on to test 
what would the results be increasing the length instead, having 
set the width at 2cm (see Fig. 8).  

 

Fig. 8 - Scheme illustrating the increasing width of the LSC with a fixed 

length (the PV cell is represented in blue). 

 

With that said, we may we used two different methodologies: 

• Approach 1: Increasing length with a fixed width; 

• Approach 2: Increasing width with a fixed length. 

On both approaches, increments of 2 cm were made in each 

simulation up to 10 cm, with a final experiment of 20 cm. The 

configurations used are depicted in Table 1. 

 
TABLE 1 - Configurations used for the Monte Carlo Ray-Tracing 

Simulator. 

LSC Configurations 
Waveguide Height = 0.8 cm ;  

LSC Sheet Height = 0.2cm 

Width = 

2cm 

Length (cm) 

Length = 

2cm 

Width (cm) 

2 2 

4 4 

6 6 

8 8 

10 10 

20 20 

 
Bas In each configuration the same concentration of photons 
was used (1.6 x 109 photons/m2). The results are discussed 
comparing one approach against the other throughout each of 
the loss mechanisms detailed in Eqn. 1. 

A. Case Study: Europium (Eu
3+

) 

There have been several studies of LSC’s design using Eu
3+

-

based complexes as the luminescent species embedded in the 

substrate [32] [33] [34]. The Eu
3+

-based complex used in our 

simulations has an absorption range that falls in between the 

200-400 nm, at near UV region. These ions are characterized 

by large ligands-induced Stokes shifts, and thus self-

absorption is neglected since their emission spectrum is set in 

the 570-720nm, which peaks at around 610 nm. 

 

Fig. 9 - Simulated Eu3+-based complex normalized absorption and emission 

spectra, and its quantum yield and refraction index with respect to photon’s 
wavelength range. 

 

Having a quantum yield that peaks around 310 nm with values 

close to 0.7, several simulations were made for a 

comprehensive study and analysis of the LSC’s loss 

mechanisms. 
Since reabsorption does not occur, only escape cone losses can 
be correlated to matrix geometry. Reflexion, no absorption and 
non-radiation are independent of the configuration.In general, 
the values for the Eu

3+
-based complex are low when it comes 

to ηopt varying around values between 1.71-1.80%. The 
estimated error associated with the simulation is ±0.03%. 
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Fig. 10 - Optical efficiency for the Eu3+-based complex. Contrast between 

approach 1 (blue) and approach 2 (yellow). 
 

By looking at the evolution in both approaches in Fig. 10, we 

can see that there is a big difference between increasing length 

and width. We notice that by increasing length (the side the PV 

cell is coupled to) no noticeable changes are observed when 

compared with the second approach, where we increase width 

instead. In fact, the values for the first approach remain almost 

stable around 1.79%. In addition, if we compare the lowest 

value obtained increasing length, we can see that it is higher 

than the second highest value when increasing width This 

clearly sets a distinction between both approaches, as is visible 

that increasing width affects optical efficiency a lot more than 

increasing length. That can be noticed in Fig. 10, where a 

decreasing trend is clear, contrary to the first approach, where 

the evolution of optical efficiency is mostly constant.  

After studying the evolution of the LSC optical conversion 

efficiency with the different configurations tested, another 

simulation was made. A 2.5 x 2.5 x 1 cm
3
 design was simulated 

in order to understand what would happen to the optical 

conversion efficiency and the generated short circuit current 

while reducing the solar spectrum range gradually to values 

that are concordant with Eu
3+

-based complex absorption 

spectrum. 

 

Fig. 11 - Schematic of the position where the photons hit the PV cell. The 
colours are representative of their wavelengths, accordingly to the light visible 

spectrum as shown. 

 

Starting with a solar spectrum range from 0-1600 nm (as in the 
previous simulations), three more tests were made, reducing 
the spectrum to 1000, 750 and 500 nm progressively from the 
initial test using the 1600 nm spectrum. A record was kept, for 
every simulation made, of the wavelengths of each launched 
photon and each photon that reaches the PV cell. Using Eqn. 
19, 20 and 21 we can calculate the incident power simulated on 
the simulation and the power generated by the photons that hit 
the side the PV cell is coupled to. 

  i

i

hc
E


  (19) 

500,750,1000,1600

280
  

SIM SIM

i

SIM i ii
E E N




   (20) 

500,750,1000,1600

280
  

PV PV

i

PV i ii
E E N




   (21) 

Eqn.19 represents the photons’ energy, being that c is the speed 
of a light particle, h represents Planck’s constant and λi 
represents each photon’s wavelength. Summing over the 
energy of a photon for each wavelength times the numbers of 
photons recorded with that wavelength we get ESIM, the 
incident power simulated and the power of the photons that 
made it to the PV cell, EPV. Having this in mind, we have made 
some approximations for our calculations.  

The incident power of the Sun (Pin) varies accordingly to the 
solar spectrum range used. Integrating over the AM 1.5 G Solar 
Spectrum, we can calculate the solar irradiance that would be 
generated for each spectrum range. The values used can be 
found in Table 2.Using the value calculated with Eqn.20 we 
can get the incident power simulated on the LSC, PSIM, where q 
is the elementary electric charge of an electron and the area of 
LSC used was 0.025 x 0.025 m

2
. 

2 [W/m ]SIM
SIM

LSC

E q
P

Area
  (22) 

Taking into account the solar irradiance comes in W m
-2

 s
-1

 

and assuming that all photons launched in the simulation hit 

the matrix in one second we need to calculate the ratio of the 

incident power we are using in our simulations: 

 SUN

SIM

P
Correction Ratio

P
  (23) 

Since we assume that all photons are launched in one second, 
we can get the ratio using Eqn. 23, where PSUN represents the 
solar irradiance in one second for each spectrum range. In order 
to calculate the power generated by the photons re-emitted 
from the LSC to the PV cell, an external quantum efficiency 
(EQE) of 0.15 was assumed for a regular Si-based solar cell. 
The EQE is described as the ratio of the number of charge 
carriers collected by the solar cell to the number of incident 
photons. 
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 [W]PV PVP E q EQE    (24) 

Since to accurately reproduce the incident power of the sun we 

would need a much larger number of photons (one million was 

used in each simulation), we will apply the ratio calculated 

with Eqn.23 to the power generated at the PV cell (Eqn.24). 

  [W]
CorrectedPV PVP P Correction Ratio   (25) 

If we assume a unitary resistance of 1 Ω we can get the short 

circuit current generated at the PV cell 

 [A]
CorrectedSC PVI P  (26) 

Finally, after explaining the method used to calculate the short 

circuit current generated by the LSC, we can discuss the 

results displayed in Table 2. 

 
TABLE 1 - ηopt, PPV corrected and ISC with different ranges of the 

solar spectrum. 

Solar Spectrum 

Range (nm) 

PSUN 

(W/m
2
/

nm) 

ηopt    

(%) 

PPV 

Corrected 

(10
3

 W)  

ISC 

 (10
2

 A) 

0-1600 969 1.75 1.68 4.10 

0-1000 786 2.20 1.54 3.92 

0-750 583 3.01 1.40 3.74 

0-500 233 8.76 1.30 3.61 

The incident power of the four spectral ranges were calculated 
integrating the AM 1.5G Solar Spectrum. As predicted, by 
shortening the solar spectrum range, we would get more 
photons with wavelengths within Eu

3+
-based complex 

absorption range hitting the matrix in each simulation, thus 
meaning a greater absorption efficiency and accompanying that 
an increasing optical efficiency. When we narrowed the solar 
spectrum to only 500 nm, it is noticeable a major escalation in 
the optical efficiency, up to 8.76%. On the other hand, reducing 
the solar spectrum we can see that the output power decreases 
and consequently so does the short-circuit current generated 
(assuming a unitary resistance). This could be foreseen, since 
that by narrowing the solar spectrum we are limiting the 
incident power at the PV cell, and although the optical 
efficiency increases lower energy photons are hitting the 
matrix. 

 

Fig. 12 - Evolution of power output and optical efficiency with respect to the 
solar spectrum range the solar irradiance associated. 

B. Rhodamine 6G 

Another case was studied using a laser dye, Rhodamine 6G 

(R6G), which unlike the Eu
3+

-based complex is characterized 

by an overlap between its absorption and emission spectra. 

Rhodamine 6G has been widely studied and used along the 

time, mostly due to its high quantum yield, wide absorption 

spectrum and emission in the visible spectrum, around 500-

700 nm [35] [36] [37] [38].  

 
Fig. 13 - Rhodamine 6G normalized absorption and emission spectra, 

quantum yield and refraction index with respect to photon’s wavelength. 
The absorption spectra peaks around 535 nm, being that the 

emission spectra peaks around 560 nm. The overlap between 

the absorption and emission spectra, allows us to study the 

influence LSC geometry has on some loss mechanisms that 

did not characterize Eu
3+

, such as reabsorption, and its effects 

on LSC optical efficiency. 

Bringing reabsorption to the table clearly makes a difference 

between increasing the PV cell’s dimension or width. 

Reabsorption adds new loss mechanisms that, when not in its 

presence, are not correlated to LSC geometry or the effect is 

not noticeable, such as escape cone and no-radiation losses 

after reabsorption. And as we can see in the final results (see 

Fig. 14), this makes a lot of difference. 

 
Fig. 14 - Optical efficiency for R6G. Contrast between approach 1 (blue) and 

approach 2 (yellow). 
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In this case, the discrepancy between both approaches is in a 

much bigger scale. Bringing reabsorption to the table clearly 

makes a difference between increasing the PV cell’s 

dimension or width. Examining Approach 1, we notice that 

ɳabs stays almost constant throughout the various 

configurations tested, with a maximum deviation in absolute 

value of nearly 0.7 percentage points. In the configuration 

with the greatest area, we even got a higher optical efficiency 

than the one with the smallest area. 

 On the other hand, the configurations used in Approach 2, 

started with ɳabs =8.74% for the smallest area and the results 

went down from then on, culminating with ɳabs =7.85% for the 

greatest area.  

 

C. Case Study: Multilayer (EU3Eu3+,R6G) 

After studying the Eu
3+

-based complex and Rhodamine 6G as a 
single fluorophore, we moved on to see what benefits could the 
multilayer system add to our results, by making use of this 
feature in our simulator. So, two different tests were made, 
using the fluorophores from the previous case studies. One 
simulating two stacked LSC sheets with the one on the top 
embedded with Rhodamine 6G and the one bellow embedded 
with Europium. The second test, used the same LSC sheets, but 
stacked the other way around, with Europium on top and 
Rhodamine 6G down below. 
The greatest advantage a multilayer system can bring to the 
table is the broadening of the absorption range. By properly 
combining the right fluorophores, a greater portion of the Solar 
Spectrum can be covered and thus be absorbed for posterior re-
emission The tricky question is combining fluorophores that do 
not overlap the emission spectrum of one of them and the 
absorption spectrum of the other, since this would lead to more 
reabsorption and possibly losing the leverage that multilayer 
systems can add. 
 

 
Fig. 15 - Rhodamine 6G normalized absorption and emission spectra, 

quantum yield and refraction index with respect to photon’s wavelength. 
 

In Fig. 15, we can analyse the combination of both solutions 
absorption and emission spectrum. We can see how the Eu

3+
 

based complex emission spectrum starts just after Rhodamine 
6G absorption range. This is the only point where an overlap 
might occur between the two solutions, since there is a wide 
gap between Rhodamine’s emission spectrum peak and that of 
the Eu

3+
-based complex absorption range. 

The dimensions used for these two tests were 2 x 2 x 1.2 cm
3
 

(initial configuration from the previous case studies). The 

thickness of the whole matrix is divided in the same way (0.8 

cm for the waveguide and 0.2 cm for each layer). 

For the first test, with Rhodamine on top, the number of 

photons reaching the PV cell represent an optical efficiency of 

~9.06%. Eu
3+

 optical efficiency for this configuration was 

around 1.78%, being that Rhodamine had values around 

8.74%. This means a considerable increase in optical 

efficiency by stacking these two LSC sheets. Some dropdowns 

such as photons lost without absorption and escape cone after 

reabsorption, have contributed to the gain in optical efficiency 

with respect to Rhodamine 6G case study. Notice that besides 

absorbing more photons, some of the losses that were minored 

have to with reabsorption. This has to do with the fact that this 

effect is not present in the Eu
3+

-based complex. Another test 

was made to check if the other way around (Eu
3+

-based 

complex on top and Rhodamine below it) stated out similar 

results (~9.06%). Not only did we have nearly the same 

results, but we also were able to confirm layer disposition does 

not have a great influence on the final outcome. 

 

IV. CONCLUSIONS 

This Thesis has given an insight view of a wide range of LCS 

device’s properties, their mechanisms and effects that 

influence their performance. From design to reabsorption 

losses studies, we have analysed geometry and fluorophore’s 

influence in LSC sheets performance. 

The performance of an LSC matrix with several configurations 

with a constant sheet thickness using two different sets of 

fluorophore data was carried. For a single layer LSC, the 

fluorophore that presented best results was the simulated 

Rhodamine 6G, having around 8.81% of photons reaching the 

PV cell.  

The efficiency gradually decreases when growing the layer in 

a perpendicular manner to where the cell is coupled due to 

more photons lost to reabsorption and no-radiation mostly. On 

the other hand we have noticed that when increasing the side 

where the PV cell is attached to this decrease in efficiency is 

not so evident and in general there is almost any difference 

from its performance in the initial configuration.  

Overall, the purpose of this Thesis was achieved. We have 

developed a fully operational Monte Carlo Simulation 

program that can represent the working model of LSC devices, 

their loss mechanisms and can be used to predict dye’s 

performance with a good level of accuracy if the right data is 

used. The algorithm has been extremely useful in the writing 

of the paper “Sustainable luminescent solar concentrators 

based on organic–inorganic hybrids modified with 

chlorophyll” [39], published in the “Journal of Materials 

Chemistry A” in April 2018, for which I made my 

contribution as a co-author.  

Although LSCs prove to have the potential to reduce the costs 

of harvesting solar energy and have the evident capability of 

concentrating sunlight, improvements must be made in order 

to compete with nowadays PV cells. New luminescent species 

will surely come up in the forthcoming years and if they are 

able to present greater absorption within the range of the 

visible light, a bigger gap between emission and absorption 

spectrum, higher fluorescence quantum yield and life-span 
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greater than a decade, research and develop concerning LSC 

devices will fluoresce. Accompanying this discovery of new 

fluorophores engineering must be focused on the design, 

quality of materials and waveguide components and structures 

that can reduce the loss mechanisms we have seen throughout 

this Thesis.  

We hope in the future we will be able to see more of these 

devices, integrated in building façades, allowing the world and 

especially great metropolitan areas contribute to a world 

fuelled by green energy. 
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