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Highlights 

• A self-consistent modelling framework of radiative transfer in LSC is presented. 

• Application to Lumogen F Red 305 dye doped in PMMA is demonstrated.  

• Transmission loss is the dominant loss mechanism and accounts for 76–92%.   

• 12.5% external photon efficiency is predicted at dye concentration of 0.0002 mol/L.   

Abstract 

A luminescent solar concentrator (LSC) offers a viable solution to spectrally convert and concentrate 

both direct and diffuse sunlight without the need for tracking. Its potential for commercialization is 

currently limited by the optical performance. A detailed understanding of the effects of both waveguide 

and luminophore properties is crucial for designing efficient LSCs. Herein, a self-consistent modelling 

framework of radiative transfer in LSCs is presented to analyze these effects by incorporating all 

properties at multiple length scales. A modified radiative transfer equation (RTE) is derived capturing 

the requirement that both photon absorption and photoluminescence quantum yield (PLQY) should 

occur simultaneously to trigger the PL emission. The Monte Carlo method is used to solve this modified 

RTE along with its boundary conditions. This framework is further employed to investigate the 

performance of LSCs doped with Lumogen F Red 305 dye. For the realistic scenarios, the transmission 

loss forms the main loss mechanism and accounts for 76.2–92.1% depending on the specific dimensions 

and LFR305 doping. An external photon efficiency of 12.5% is predicted for an LSC of 10 ×10 ×0.5 

cm3 with a dye concentration of 2×10-4 mol/L. As to the hypothetical scenarios, the waveguide 

refractive index affects both the top reflection and the escape cone losses, while by contrast, the PLQY 

and the Stokes shift mainly affect the QY loss. Future efforts on LSC optimization should be directed 

towards reducing the transmission loss.  

Keywords: luminescent solar concentrator, modified radiative transfer equation, Monte Carlo ray tracing, 

Lumogen F Red 305 dye, performance optimization  
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1. Introduction 

A luminescent solar concentrator (LSC) is a promising photonic technology with potential applications 

in, for example, building-integrated photovoltaic structures, horticulture, photochemical reactors, or 

smart windows [1]. An LSC is typically composed of a waveguide doped or coated with well-quantified 

concentrations of one or more luminophore species, including organic dyes, inorganic phosphors, and 

quantum dots. Such a design allows the sunlight incident on the top surface to be absorbed by the 

luminophore(s), and then emitted at a different wavelength in the form of photoluminescence (PL), 

which will be transported to the edges via total internal reflection (TIR), thus achieving spectral 

conversion and light concentration (see Fig. 1). Compared with the conventional solar concentrating 

technologies, LSC offers the advantages of being able to utilize both direct and diffuse sunlight without 

tracking, and the flexibility to tune its PL emission spectrum by using different luminophores [1]. 

However, the LSC is not yet commercialized primarily due to its modest performance (record external 

photon efficiency so far is 11.7% [2]).  

Computational models have been developed to predict the performance of a variety of LSC concepts. 

They fall into two categories: (i) thermodynamic modelling [3-6], and (ii) Monte Carlo (MC) ray tracing 

simulations [7-9]. The thermodynamic approach [3, 4] is essentially a 3D flux model claimed to not 

require the PL emission spectrum as an input, and its application is limited to those LSCs containing a 

single luminophore species [10]. However, this 3D flux model [3, 4] is obtained by performing 

integration over a range of solid angles for the radiative transfer equation (RTE) following the 

Schwarzschild–Milne Method, which is valid only for 1D, plane-parallel, and isotropic scattering media 

[11]. In addition, the RTE and the total radiative energy balance equation in Refs. [3, 5, 6]  remain 

inconsistent, for the former cannot directly lead to the latter without providing the quantum yield (QY). 

It is thus desirable to develop a self-consistent, 3D modelling framework with respect to the spectral 

intensity as it travels within the LSC. As to the MC method, a number of ray tracing codes have been 

developed for specific LSCs with different geometries (planar, cylindrical, wedge-shaped, etc.), 

configurations (doped, thin-film, single layer, multi-layer, etc.), and luminophore properties (scattering, 

non-scattering) [7-9]. Nonetheless, most of the MC work is focused on detailing the history of each 

photon during the ray tracing process, and very few efforts have been made to describe the governing 

equation and boundary conditions in order to offer a clear picture of this problem. The lack of a well-

stated governing equation in the MC method perhaps helps explain the fact that the thermodynamic 

model and the MC method have long been viewed as two different approaches [8, 10]. On the other hand, 

Kennedy et al. [10] showed that the predicted LSC performance based on these two methods is in 

agreement, which motivates us to hypothesize that the thermodynamic model and the MC method are 

equivalent. This is for example the case in the high-temperature thermal community where the MC 

method is widely employed to solve the conventional RTE for participating media in the absence of PL 

emission [11-13].  

Herein, we first present a generic modelling framework of radiative transfer in LSCs by making an 

energy balance for the spectral intensity, with an emphasis on analyzing the PL emission from the 

luminophore. A modified RTE is derived, based on which the total radiative energy balance equation is 

obtained via integration over all solid angles and the full spectrum, thus demonstrating model self-

consistency without additional input. To solve this modified RTE along with its associated boundary 
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conditions, the MC method is employed, which confirms the hypothesis that the thermodynamic model 

and the MC approach are equivalent. To demonstrate its application, this methodology was applied to a 

specific LSC composed of poly(methyl methacrylate) (PMMA) as the waveguide doped with a 

commercial dye Lumogen F Red 305 (LFR305). Its performance under both realistic and hypothetical 

scenarios are explored in order to offer insights on performance optimization.  

2. Methodology 

The model system is a 3D planar LSC doped with well-defined concentration of luminophores (e.g. with 

dyes, quantum dots, or phosphors) as shown in Fig. 1, which also illustrates the key light–matter 

interactions at multiple length scales. To model the radiative transport within the LSC, unlike the 

conventional RTE derived for a participating medium in the absence of PL emission, a modified RTE 

will be developed to account for this effect based on the radiative energy balance.   

 
Fig. 1. Schematic of (a) the LSC model system irradiated by a light source at the macroscopic scale, (b) an infinitesimal 

volume at the microscopic scale used to derive the modified RTE, and relevant light–matter interactions at (c) the luminophore 

particle scale, and (d) the luminophore molecular scale using Jablonski diagram. The circled numbers represent: ① light 

reflection at the top surface, ② light transmission through the bottom surface, ③ QY loss, ④ escape cone loss, ⑤ light 
collection at edges due to TIR by the waveguide, ⑥ light absorption by the waveguide, ⑦ light absorption and ⑧ 
light scattering by the luminophore particles, and ⑨ PL emission from the luminophore particles.  

The following assumptions are made: (i) the LSC is treated as a homogeneous medium with 

luminophores being uniformly distributed within the waveguide matrix; (ii) the LSC medium is 

stationary, non-polarizing, and at local thermodynamic equilibrium [11], justifying the quasi-steady 

radiative transfer treatment in the LSC; (iii) light is only scattered by the luminophore particles in an 

elastic manner, and light scattering by the waveguide matrix is hence not considered; (iv) PL emission 

from the luminophore is assumed isotropic, a typical treatment made in literature [9, 14]; (v) the 

characteristic length of the infinitesimal volume (Fig. 1b) is assumed much larger than the wavelength 

of both the incident light and the PL emission such that the laws of geometric optics are valid; (vi) the 

LSC medium has a constant refractive index, so the light travels through it along straight lines;  (vii) the 

top, bottom and all edge surfaces of the LSC are assumed optically smooth; (viii) the absorptive index 

of most waveguides (glass, PMMA, di-ureasil) is usually far lower (at least two orders of magnitude) 

than their refractive index in the AM 1.5 standard spectrum [15, 16], such that light reflection and 

refraction at the waveguide–air interface can be modelled via Snell’s law and Fresnel’s relation; (ix) all 

edge surfaces are treated as perfect absorber; (x) the LSC is assumed a cold medium, so blackbody 

intensity at the medium temperature is neglected; and (xi) the luminophore particles are of uniform size 

and shape, so particle size effects are not considered.  
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2.1 Modified radiative transfer equation 

Attenuation by absorption and out-scattering. Similar to the phenomena involved in deriving the 

conventional RTE, the spectral light intensity in the LSC can be attenuated due to light absorption by the 

waveguide, as well as light absorption and out-scattering (assumption (iii)) by the luminophore particles: 
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where ,wg , ,p , and s ,p  are the spectral absorption coefficient of the waveguide, the spectral 

absorption and scattering coefficients of the luminophore particles, respectively. The determination 

of these coefficients will be discussed in Section 2.2.  

Augmentation by in-scattering and PL emission. Different from the conventional RTE applied to cold 

media (assumption (x)) where beam augmentation purely comes from light in-scattering, a new 

contribution in the LSC is the PL emission from the luminophore particles:  
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where s ,p , PL , PL ,pP  and PL ,p are the scattering phase function, the photoluminescence quantum 

yield (PLQY), the PL wavelength function, and the PL phase function of the luminophore particles, 

respectively. The dummy symbols of   and  denote the incoming solid angles. The first term on 

the right-hand side (RHS) of Eq. (2) is the rate of light in-scattering by the luminophore particles from 

all other incoming directions ŝ  into the propagation direction ŝ ; while the second term on the RHS 

represents the rate of PL emission after absorbing all incoming photons from all directions ŝ  within the 

range of absorption spectrum 
abs . The PLQY  in Eq. (2) is a quantum-based property defined as the 

ratio of the PL emitted photons to the absorbed ones per unit time, PL ,abs/N N  = . Due to the non-

radiative decay effect such as luminescence quenching, not every photon that is absorbed by the 

luminophore will be emitted via PL, leading to non-unity PLQY. The combined term PL abs    in 

Eq. (2) serves to account for the energy difference between the absorbed intensity and the PL emission 

intensity due to Stokes shift effect:  

 abs abs
PL
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The PL wavelength function PL ,p ( )P    appearing in Eq. (2) describes the probability that a photon will 

be emitted at wavelength  via PL. It is assumed independent from the absorbed wavelength, because 

PL emission usually occurs from the lowest excited electronic state regardless of the vibrational level of 

the excited electron state after photon absorption, a phenomenon known as Kasha’s rule [17].  

Consequently, the following relation will be automatically satisfied: 

 
PL,max

PL,min
PL ,p ( )d 1P






  =   (4) 

The PL wavelength function PL ,pP  is a unique characteristic of the specific luminophore material, and 

can be obtained from its normalized emission spectrum intensity.  
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Finally, the PL phase function PL ,p  in Eq. (2) describes the probability that an absorbed photon 

coming from one direction ŝ  will be emitted via PL into direction ŝ , and follows a similar definition 

to the scattering phase function:  

 L
4
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1ˆ ˆ( , )d

4
s s


  =   (5) 

where   represents the outgoing solid angle. For isotropic PL emission (assumption (iv)), we have 

PL ,p
ˆ ˆ( , ) 1s s
 = . The determination of s ,p , PL  and PL ,pP   will be described in Section 2.2.  

Radiative energy balance. The change in spectral intensity in the LSC is found by summing up all 

contributions, Eqs. (1) and (2),  leading to the following modified RTE:  
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where we have introduced the spectral incident radiation function
4

ˆ( , )dG I r s 


 =  , and 

exchanged the order of integration over wavelength and solid angle given their independence. 

Compared with the conventional RTE applicable for participating media in the absence of PL 

emission [11], the modified RTE, Eq. (6), incorporates a new term at the end of its RHS to account 

for the PL emission effect, which introduces additional challenge in solving it. In addition, unlike the 

RTE of LSC in Ref. [6] that treats photon absorption and PL emission independently without the need 

for PL emission spectrum, our Eq. (6) requires the inputs of absorption and PL emission spectra as 

well as PLQY. This fundamentally respects that both photon absorption and PLQY should occur 

simultaneously in order to trigger the PL emission. Failing to capture this fact in Ref. [6] is the source 

of model inconsistency between its RTE and the total radiative energy balance equation. A similar 

modified RTE is also found in literature [18-20] for a different application—phosphor-converted 

light-emitting diodes.  

To get the net radiative energy balance within an infinitesimal volume (Fig. 1b), Eq. (6) can be 

integrated over all solid angles, and its final version becomes: 
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The divergence of the total radiative heat flux can be further acquired by performing integration over 

the spectrum for Eq. (7): 
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where we have introduced the mean absorption and emission spectrum, respectively: 
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=  . Equation (8) states that the 

net radiative energy loss within an infinitesimal volume is equal to the absorbed radiation by the 

waveguide plus the radiation loss from the luminophore due to the change in wavelength between 
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absorption and PL emission spectra. Different from the self-inconsistent thermodynamic model 

developed in Refs [3, 5, 6], our modified RTE (Eq. (6)) and the total radiative energy balance equation 

(Eq. (8)) here are mutually consistent without additional input.   

2.2 Determination of photophysical properties 

The photophysical properties appearing in Eq. (6) can be determined using combined theoretical and 

experimental techniques. The absorption coefficient of the waveguide matrix ,wg  is a purely 

material-dependent property, and can be readily determined from the electromagnetic theory [21]: 
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where ,wgk  and 
0  are the absorptive index of the waveguide and the wavelength of the light in 

vacuum. Alternatively, one can refer to the UV–Vis spectroscopy technique to measure both the 

spectral reflectivity 
,wgR  and transmissivity 

,wgT  of the waveguide based on the following relation: 
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where Hwg is the thickness of the waveguide sample.  

The properties of the luminophore particles ( ,p , s ,p  and s ,p ) depend not only on the 

material type, but also on their concentration and shape. When the luminophore concentration is low, 

the clearance between particles will be large enough that independent scattering can be assumed [11], 

leading to the following relation for uniform luminophore particle size (assumption (xi)): 

 ,p p abs,pN C =   (11) 

 s ,p p sca,pN C =   (12) 

 s ,p sca,p
ˆ ˆ ˆ ˆ( , ) ( , )s s s s
  =   (13) 

where Np, Cabs,p, Csca,p, and sca,p  are the luminophore particle number density, the absorption cross 

section, the scattering cross section, and the scattering phase function of a single particle, respectively. 

The determination of the particle-level properties of Cabs,p, Csca,p and sca,p can refer to one of the two 

modelling approaches depending on the particle shape: (i) Lorenz–Mie theory for spherical particles 

[11, 21], and (ii) discrete dipole approximation for non-spherical particles of arbitrary shape [22]. 

Both approaches require the knowledge of the complex refractive index of the luminophore material, 

which can be predicted by classical theories [21] or measured experimentally [23]. When the 

luminophore concentration is so high that independent scattering becomes invalid, the properties of 

,p , s ,p  and s ,p  can be determined either theoretically [24, 25] or experimentally [14]. On the 

other hand, if the complex refractive index of the luminophore material is simply not available, one 

needs to rely on experimental techniques [14] to determine these properties, regardless of the 

luminophore concentration and particle shape in the LSC.  

Finally, the PLQY PL , and PL wavelength function PL ,p ( )P   of the luminophore can be 

determined experimentally using a fluorometer–integrating sphere setup [26] and a fluorometer [27], 

respectively.  
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2.3 Boundary conditions 

 
Fig. 2. Schematic of the outgoing ( ˆ ˆ 0n s  ) spectral intensity specified at each boundary surface of the LSC (front view 

of Fig. 1a, not to scale).  

The modified RTE, Eq. (6), is a steady-state, first-order differential equation for the spectral intensity 

in an arbitrary direction ŝ , so only one boundary condition is required for each direction in order to 

solve it. The spectral intensity leaving a wall into direction ŝ  will be specified in the following.  

For the top surface, the outgoing intensity towards the waveguide is composed of both the 

refracted intensity of the incident light from air to waveguide and the reflected intensity within the 

waveguide itself (see Fig. 2). The refracted intensity ,refract w
ˆ( , ( ))I r s   can be calculated based on 

radiative energy balance: 
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where ,sourceI  is the external spectral intensity incident on the top surface of LSC. For collimated 

irradiation impinged onto the LSC in the direction of 
inŝ , we have: 
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where  
,sourceq
  is the radiative flux of the light source, and   is the Dirac delta function defined as:  
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The solid angle in Eq. (14) can be eliminated using 
in ind sin d d     =  and d sin d d   =  (the 

azimuthal angle  does not change when light passes from air to waveguide). Introducing the Snell’s 

law (assumption (viii)) and its differential version, air in wgsin sinn n  = , air in in wgcos d cos dn n     =

, along with the differential version of the wavelength relation air wgd dn n  = , Eq. (14) is simplified 

to: 
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Consequently, the boundary condition at the top surface is:  
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where ,in,topI  is the internal spectral intensity incident on the top surface within the waveguide.  

In terms of the bottom surface, the outgoing spectral intensity is composed of self-reflected 

intensity only (see Fig. 2):  
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The bi-directional spectral specular reflectivity terms (
,top,air , 

,top,wg  and
,btm,wg ) appearing in 

Eqs. (14), (17)–(19) can be readily determined from Fresnel’s relation [11] (assumption (viii)):  

 

2 2

wg in in wg

,top,air

wg in in wg

cos cos cos cos1

2 cos cos cos cos

n n

n n


   


   

     − −
 = +       + +     

  (20) 

 

2 2

wg r in r wg in 1

in wg

wg r in r wg in,btm,wg ,top,wg

1

in wg

cos cos cos cos1
, sin (1/ )

2 cos cos cos cos

1, sin (1/ ).

n n
n

n n

n

 

   


    



−

−

      − −
  +         + + = =      




  (21) 

Finally, for the edge surfaces, the assumptions of perfect absorber (assumption (ix)) and cold 

medium (assumption (x)) lead to the following boundary condition (see Fig. 2): 
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2.4 Solution via Monte Carlo method 

Given that the modified RTE (Eq. (6)) for the LSC is a complicated integral–differential equation as a 

function of location, direction and wavelength, solving it using conventional numerical techniques (finite 

volume method, spherical harmonics method, zonal method, etc.) would become extremely difficult. On 

the other hand, such a problem can be readily solved by the MC method in which the history of a large 

number of photons is traced and spectrally resolved to any degree of accuracy [9, 28].  

2.5 Performance metrics 

The key performance metrics for the LSC as a photonic device are the internal and external photon 

efficiencies following the protocols proposed in Ref. [29]: 
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where ,edge,iN , ,absN , and ,inN are the spectral photon rates collected at edge i, absorbed by the LSC, 

and incident on the LSC, respectively. The internal photon efficiency is a measure of the quality of 
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light transport process after photon absorption, which is independent of both the light source and 

absorption spectra. While on the other hand, the external photon efficiency captures the whole light 

transport process and is more relevant for evaluating the commercial viability of an LSC.  

3. Application to LSCs doped with Lumogen F Red 305 

The modelling framework described above is applied to investigate the LSCs composed of PMMA 

as the waveguide matrix doped with a commercial organic dye LFR305, the benchmark luminophore 

widely employed in the field of LSC [16, 30, 31]. Nonetheless, most of the LFR305 based LSCs are 

in the form of thin-film type [31, 32] and are often investigated together with photovoltaic cells for 

electricity generation [33]. Very few efforts have been made to study its doped counterpart and to 

treat it as an independent photonic device. In addition, there is a lack of systematic studies on the 

impact of both the waveguide and luminophore properties in order to analyze different loss 

mechanisms [16, 26, 34], which is crucial for designing efficient LSCs.  

3.1 Photophysical properties 

Unlike other types of luminophore such as inorganic phosphors [9, 35] or quantum dots [36] that are 

essentially scattering, the LFR305 is a non-scattering organic dye, so both the scattering coefficient  

and scattering phase function in Eq. (6) become zero: 
s ,p s ,p 0  = = . The remaining photophysical 

properties of the LFR305 doped in PMMA can be determined following the approach described in 

section 2.2, and are found available from literature [8, 26, 37] as shown in Fig. 3. Note that the 

absorption coefficient of LFR305 in Fig. 3b is the spectral molar absorption coefficient 
,p , and its 

relation to the spectral absorption coefficient 
,p  is given by [37]: 

 
,p

p 10

p

log e
c


 =   (25) 

where 
pc  is the molar concentration of luminophore particles assuming that Beer–Lambert law is 

valid within the range of LFR305 concentration (see Table 1). It is obvious that the absorption 

spectrum of PMMA mainly lies in 300–400 nm, while that of LFR305 extends towards the visible 

spectrum of up to 620 nm, so competition in light absorption between PMMA and LFR305 occurs in 

the UV range only. The PL emission spectrum of LFR305 is roughly in the range of 570–800 nm, 

and an overlap of 570–620 nm exists between its absorption and emission spectrum, leading to PL 

re-absorption for downstream light transport process. Note there is a red shift in the peak intensity 

between the absorption and emission spectrum ΔλS, a phenomenon known as Stokes shift, and its 

effect will be investigated hypothetically in section 3.3.2. The PLQY of LSCs doped with LFR305 is 

found independent of the excitation wavelength [26], and decreases linearly with the dye 

concentration but always stays above 93% when LFR305 concentration is below 2×10-4 mol/L.   



10 

   
(a)                                                           (b)                                                                    (c)                                                                                    

Fig. 3. Photophysical properties of LSCs composed of PMMA doped with varying concentrations of LFR305 dye: (a) 

spectral absorption coefficient of PMMA from Wilson [37],  (b) spectral molar absorption coefficient (left y-axis) and 

normalized PL emission spectrum (right y-axis) of LFR305 from Zhang et al. [8],  and (c) PLQY at varying LFR305 

concentrations from Tummeltshammer et al. [26].  

3.2 Numerical solution and validation 

Once the photophysical properties are available, Eq. (6) along with its boundary conditions (Eqs. (18)

–(22)) can be readily solved using the MC ray tracing approach. Here, we only consider the scenario 

where the light source is normally incident on the LSC (
in 0 = ) in order to explore the LSC 

performance under varying design and material choices. Readers are referred to Ref. [38] for the 

effect of light incident angle. A number of open-source MC codes are available in literature [8, 9, 39, 

40], and the one developed by Zhang et al. [8] is adopted here with modifications including: (i) instead 

of the AM 1.5 standard solar spectral irradiance (Fig. S1a), its spectral photon flux (see Fig. S1b)  

will be used as the light source in order to be consistent with the quantum nature of the performance 

metrics as defined in section 2.5, and (ii) light losses via top reflection and bottom transmission are 

further distinguished to quantify different loss mechanisms. A flowchart describing the MC ray 

tracing process can be found in Fig. S2. For each simulation, a ray number independence check is 

needed to warrant sufficient confidence in the result, and an example for the baseline case (see Table 

1) is put in Table S1. To validate the MC ray tracing model, the experimental data of LSCs doped with 

Coumarin 6 at varying dye concentrations reported by Tummeltshammer et al. [26] are used, and good 

agreement is achieved between measurement and simulation as shown in Fig. S3.  

3.3 Performance analysis 

The key model parameters used for the MC ray tracing simulation are summarized in Table 1 which 

includes both the baseline and parametric scenarios. The baseline case is a square shaped LSC 

(LLSC=WLSC) with dimensions of 10 cm×10 cm×5 mm composed of PMMA as the waveguide with a 

spectral average refractive index of 1.49 doped with LFR305 dye at a concentration of 1×10-4 mol L-

1 with 95% PLQY. The parametric case is aimed to examine the effects of certain geometric and 

material parameters, under both realistic and hypothetical scenarios. The realistic scenarios consider 

the effects of LSC length and thickness, as well as the molar concentration of LFR305, while the 

hypothetical scenarios assume different material properties, such as the waveguide refractive index, 

the PLQY of the luminophore particles, and the Stokes shift. Note that the parametric study will be 

conducted by varying the variable of interest within its range while keeping all other parameters 

constant at their baseline values, unless stated otherwise. 
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Table 1. Summary of model parameters for MC ray tracing simulation 

Parameter Baseline value Parametric values Unit 

LLSC 10 5–25 cm 

HLSC 5 2–10 mm 

pc  1×10-4 1×10-5–2×10-4 mol/L 

wg,hypon  1.49 1.1–2.1 – 

PL,hypo   0.95 0.5–0.99 – 

S,hypo  33 0–100 nm 

 

3.3.1 Realistic scenarios 

Baseline scenario. Fig. 4 displays the baseline performance for both external and internal photon 

fates. Among all external loss mechanisms, transmission loss is the dominating pathway (79.4%), 

followed by the escape cone loss (4.8%) and the top reflection loss (3.9%). This is mainly due to the 

low fraction of the LFR305 absorption spectrum (300–620 nm) within the broadband solar spectrum 

(300–4000 nm) and also to the non-scattering nature of LFR305, leaving most sunlight, particularly 

those outside the LFR305 absorption spectrum, directly lost via bottom transmission. The QY loss is 

the lowest (1.2%) mainly due to the high value of PLQY (0.95). Consequently, an external photon 

efficiency of 10.6% is predicted for the baseline LSC. The escape cone loss dominates over the QY 

loss (28.9% vs 7.2%) among the internal photon fates after light absorption, a result of the PMMA 

refractive index of 1.49 and high PLQY of 0.95. The internal photon efficiency is 63.8%.  

              

(a)                                                                                     (b) 

Fig. 4. LSC baseline performance in terms of (a) external photon fate, and (b) internal photon fate. 

Effect of geometric parameters. The effect of LSC length is shown in Fig. 5 for both the external 

and internal light transport processes while holding other parameters unchanged at their baseline 

values. Given the constant contribution from the top reflection loss (3.9%) and the transmission loss 

(79.5%) as shown in Fig. 5a, a minor decrease of 6% is observed for the external photon efficiency 

as the LSC length increases, from 11.0% at a length of 5 cm to 10.3% at a length of 25 cm. This 

indicates that the performance of a lab-scale LSC can be roughly maintained for a pilot-scale device, 

implying good scale-up potential that is crucial for future commercial deployment. As to the internal 

transport process (Fig. 5b), a larger LSC represents longer light transport path that will trigger more 

PL re-absorption events by downstream LFR305 particles, leading to both higher escape cone loss 

and QY loss. Consequently, the internal photon efficiency decreases monotonically with higher LLSC, 

from 65.9% at 5 cm length to 62.0% at 25 cm. 
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(a)                                                                                     (b) 

Fig. 5. Effect of LSC length on: (a) external photon fate (left y-axis) and external photon efficiency (right y-axis), and (b) 

internal photon fate (left y-axis) and internal photon efficiency (right y-axis) of LFR305 doped LSCs. Other parameters 

are kept constant at their baseline values as listed in Table 1.  

Fig. 6 illustrates the effect of LSC thickness on its performance. For the external light transport 

process (Fig. 6a), higher LSC thickness signifies longer path along the light incidence direction, 

leading to enhanced light absorption and hence a decreased transmission loss from 85.1% at 2 mm 

thickness to 76.2% at 10 mm thickness. Consequently, more photons will be PL emitted and guided 

to the edges via TIR, though the escape cone loss and QY loss also increases slightly. This results in 

a 90% increase in external photon efficiency from 6.8% to 13.1%. As to the internal photon transport 

process (Fig. 6b), a sublinear increase trend is found for ηint as the LSC becomes thicker, mainly due 

to the drop in escape cone loss fraction—from 30.7% to 27.0%—among the absorbed photons. The 

highest ηint of 65.6% is achieved at a thickness of 10 mm.  

             
(a)                                                                                        (b) 

Fig. 6. Effect of LSC height on: (a) external photon fate (left y-axis) and external photon efficiency (right y-axis), and (b) 

internal photon fate (left  y-axis) and internal photon efficiency (right  y-axis) of LFR305 doped LSCs. Other parameters 

are kept at their baseline values as listed in Table 1.  

Effect of dye concentration.  Fig. 7a displays the normalized photon intensity collected at the edges 

at varying LFR305 concentration versus front-face PL emission (see Fig. 3b). It is obvious that the 

edge photon spectrum resembles the front-face PL emission, confirming light transport via TIR by 

the waveguide of the PL emission from LFR305 towards the edges. As the dye concentration 

increases, the edge photon spectrum become red-shifted in comparison to the front-face PL spectrum, 

from 12 nm at 1×10-5 mol/L to 27 nm at 2×10-4 mol/L. This is due to the re-absorption effect by 

downstream LFR305 particles as mentioned earlier. The external photon efficiency (right y-axis) 
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along with the fractional photon fate (left y-axis) is shown in Fig. 7b to reveal different loss 

mechanisms. Dye concentration mainly affects the external process through influencing the 

transmission loss. Higher dye concentration leads to higher sunlight absorption, thus lower 

transmission loss given the constant reflection loss at the top surface (3.87%). Consequently, more 

photons will be PL emitted and transported towards the edges via TIR, despite the accompanied 

higher escape cone and QY losses, leading to sublinear increase in the external photon efficiency. 

The best performance is achieved at the highest dye concentration of 2×10-4 mol/L with an external 

photon efficiency of 12.5%. For the internal transport process after light absorption (Fig. 7c), ηint is 

found to decrease monotonically as LFR305 concentration increases—from 66.2% at 1×10-5 mol/L 

to 62.8% at 2×10-4 mol/L, mainly due to the enhanced QY loss as a result of the QY drop at higher 

cp (see Fig. 3c). A similar trend in ηint is also reported for thin-film LSCs based on LFR305 [32]. 

Given the opposite trends observed in the external and internal photon efficiencies, a higher dye 

concentration is recommended to aim for higher ηext, since ηext is a relevant figure of merit for 

assessing the commercial potential of an LSC.  

     
 (a)                                                               (b)                                                               (c)                                                                                    

Fig. 7. Effect of dye concentration on: (a) normalized photon intensity collected at edges versus front-face PL emission, 

(b) external photon fate (left  y-axis) and external photon efficiency (right  y-axis), and (c) internal photon fate (left  y-

axis) and internal photon efficiency (right  y-axis) of LFR305 doped LSCs. Note that cp,# in the legend of subfigure (a) 

represents # ×10-5 mol/L, and other parameters are kept at their baseline values as listed in Table 1.  

3.3.2 Hypothetical scenarios 

Effect of waveguide refractive index. Fig. 8 illustrates the effect of hypothetical refractive index of 

the waveguide on LSC performances. As nwg,hypo becomes higher, the top reflection loss increases 

monotonically (see Eq. (20)), but in the meantime, the escape cone loss descends significantly due to 

the shrink in the critical angle of TIR (
1

wg,hyposin (1/ )n−
), leading to a non-trivial trend in the external 

photon efficiency as observed in Fig. 8a. The best performance is achieved with an ηext of 11.9% at a 

medium nwg,hypo of around 2.1, which well balances the competing effect between high escape cone 

loss at low nwg,hypo and high top reflection loss at high nwg,hypo. By contrast, the internal photon 

efficiency is found to increase sub-linearly with higher refractive index, from 35.0% when setting 

nwg,hypo at 1.1 to 86.7% at 3.3, mainly due to the substantial drop in the escape cone loss that dominates 

over the slight increase in the QY loss (Fig. 8b).  
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(a)                                                                                              (b) 

Fig. 8. Effect of hypothetical refractive index of the waveguide on: (a) external photon fate (left y-axis) and external 

photon efficiency (right y-axis), and (b) internal photon fate (left y-axis) and internal photon efficiency (right y-axis) of 

LSCs composed of a hypothetical waveguide material doped with LFR305 dye at a concentration of 1×10-4 mol/L. Note 

that all other photophysical properties and model parameters remain the same as shown in Fig. 3 and Table 1 (baseline 

values), respectively.  

Effects of PLQY and Stokes shift. The effect of PLQY of a hypothetical luminophore on LSC 

performances under varying Stokes shift scenarios is shown in Fig. 9. Since the top reflection loss 

(3.9%) and the transmission loss (79.5%) remain unchanged as PLQY varies, these two terms are not 

illustrated in the external photon fate (right y-axis of Fig. 9b). A stack version of all photon fates is 

put in Fig. S4. As the PLQY increases, the QY loss drops significantly, leading to remarkable 

improvement in both the internal and external photon efficiencies, despite the slight increase in escape 

cone loss. Both efficiencies are increased by 1.5 times—from 27.6% to 67.8% for ηint and from 4.6% 

to 11.3% for ηext—as PLQY grows from 0.5 to 0.99 at a Stokes shift of 33 nm. As to the effect of 

Stokes shift, a higher ΔλS,hypo signifies less overlap between the absorption and emission spectrum 

thus weaker PL re-absorption, resulting in both lower QY and escape cone losses. Consequently, both 

efficiencies tend to increase until reaching the threshold Stokes shift at around 100 nm, above which 

the efficiencies begin to plateau due to the absence of re-absorption effect from zero spectral overlap. 

In addition, the efficiency improvement is more pronounced at lower PLQY. For instance, the 

increasement in both efficiencies is 74% (from 21.4% to 37.1% for ηint and from 3.6% to 6.2% for 

ηext) at a PLQY of 0.5 when ΔλS,hypo rises from 0 nm to 100 nm, while that becomes only 12% (from 

65.5% to 73.6% for ηint and from 10.9% to 12.3% for ηext) at a PLQY of 0.99.  

        
(a)                                                                                                 (b) 

Fig. 9. Effect of hypothetical PLQY on: (a) internal (left y-axis) and external (right y-axis) photon efficiencies, and (b) 

internal (left y-axis) and external (right y-axis) photon fates of LSCs composed of PMMA as the waveguide material 

doped with hypothetical luminophores at varying Stokes shift scenarios. Note that all other photophysical properties and 

model parameters remain the same as shown in Fig. 3 and Table 1 (baseline values), respectively. 
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4. Conclusions 

A self-consistent modelling framework of radiative transfer has been described for a generic LSC to 

account for the light–matter interactions at multiple length scales. A modified RTE along with its 

boundary conditions was rigorously derived based on radiative energy balance, and can be solved 

using the MC ray tracing approach. Such a framework was then applied to a specific type of square 

shaped LSC composed of PMMA as the waveguide doped with LFR305 dye as the luminophore, and 

its performance and losses has been quantified for various scenarios.  

The realistic scenarios examined both the baseline performance as well as the effects of LSC 

dimensions and LFR305 concentration. For the baseline scenario, an external photon efficiency of 

10.6% was predicted for the LSC with dimensions of 10×10×0.5 cm3 at a LFR305 concentration of 

0.0001 mol/L. The transmission loss accounts for 79.4% of the incident photons, and is the 

dominating loss mechanism fundamentally due to the relatively narrow absorption spectrum of 

LFR305 within the solar spectrum and the non-scattering nature of LFR305. The LSC length has a 

minor effect on the external photon efficiency, and an efficiency drop of 6% (from 11.0% to 10.3%) 

is observed as LSC length increases from 5 cm to 25 cm, demonstrating good scale-up potential. By 

contrast, the LSC thickness and LFR305 concentration have a more pronounced effect on the LSC 

performance, mainly by influencing the light absorption behavior thus the transmission loss. 

However, the transmission loss still dominates and accounts for 76.2–92.1% depending on the 

specific thickness and dye concentration.   

The hypothetical scenarios aimed to investigate alternative material properties for potential 

efficiency improvement in order to guide follow-up LSC design. As to the impact of waveguide 

refractive index (nwg), a non-trivial trend is observed for the external photon efficiency, revealing 

inevitable tradeoff of competing effects between high escape cone loss at low nwg and high top 

reflection loss at high nwg. Consequently, an optimal nwg at around 2.1 exists leading to a peak ηext of 

11.9%, an increase of 12.3% as compared to the baseline performance. The hypothetical PLQY and 

Stokes shift are found to mainly affect the QY loss, and high PLQY combined with high Stokes shift 

synergistically contributes to improvement in both internal and external photon efficiencies. The best 

ηext is 12.3% when PLQY is 0.99 and the Stokes shift is above 100 nm to disable the re-absorption 

effect. In light of these results, future improvement on LSC efficiency should be focused on mitigating 

the predominant transmission loss by capturing more sunlight over broadband spectrum, such as using 

bottom reflectors, multiple luminophores, or tandem LSC configurations.  

Nomenclature 

top edge,, iA A  area of the top surface and the edge surface i of an LSC (cm2) 

c    speed of light (m s-1) 

pc    molar concentration of luminophore particles (mol/L) 

abs,p sca,p,CC   absorption and scattering cross section of a luminophore particle (m2) 

G    spectral incident radiation function (W m-2 nm-1) 

h   Planck constant ( 346.626 10 J s−  ) 

LSCH   thickness of an LSC sample (mm) 

I   spectral light intensity (W m-2 nm-1 sr-1) 
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,wgk    absorptive index of the waveguide (–)  

LSCL   length of an LSC (cm) 

nwg, nwg,hypo refractive index of a waveguide and of a hypothetical waveguide (–) 

pN    number density of luminophore particles (m-3) 

λN    spectral photon rate (s-1) 

PL ,pP     photoluminescence wavelength function (–) 

,rad rad,q q   spectral and total radiative heat flux (W m-2) 

,wgR    spectral reflectivity of a waveguide sample (–) 

,wgT   spectral transmissivity of a waveguide sample (–) 

LSCW   width of an LSC (cm) 

Greek symbols 

λ,edge    spectral absorptivity of the edge surfaces (–) 

,p    spectral molar absorption coefficient of luminophore particles (L mol-1 cm-1) 

    Dirac delta function (–) 

S    Stokes shift (nm) 

int ext,   internal and external photon efficiency (–) 

in in,      dummy angles of incidence (  ) 

λ    spectral absorption coefficient (cm-1) 

abs PL, ,    wavelength of light, mean absorption and photoluminescence spectrum (nm) 

    frequency of light (s-1) 

λ    spectral bi-directional reflectivity (–)  

s,λ    spectral scattering coefficient (cm-1) 

PL   photoluminescence quantum yield (–)  

    azimuthal angle (  ) 

PL ,p s ,p,     photoluminescence and scattering phase function (–) 

, ,      solid angles (sr) 

Subscripts 

0  vacuum condition 

abs  absorption 

btm  bottom surface of an LSC  

hypo  hypothetical  

in   incidence direction 

p  luminophore particles 

r, refract refraction direction 

rad  radiative 

S  Stokes shift  

s, sca  scattering 

w  wall 

wg  waveguide 

Abbreviations 

LFR305 Lumogen F Red 305 

LSC  luminescent solar concentrator 

MC  Monte Carlo 
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PL  photoluminescence 

PMMA poly(methyl methacrylate) 

QY  quantum yield 

RHS  right-hand side 

RTE  radiative transfer equation 

TIR  total internal reflection 
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1. AM 1.5 standard direct solar spectral irradiance  

         
(a)                                                                                          (b) 

Fig. S1. AM 1.5 standard solar spectral (a) irradiance and (b) photon flux from Ref. [1].  

2. Monte Carlo ray tracing flowchart 

 
Fig. S2. Monte Carlo ray tracing flowchart 

                                                 
* Corresponding author.  
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3. Ray number independence check 

Table S1. Ray number independence check for the baseline case 

Ray number ηext ηint 
Edge 

collected 
QY  
loss 

Escape  
cone loss 

Transmission 
loss 

Top  
reflection loss 

6.0×104 10.75% 64.23% 10.75% 1.23% 4.75% 79.46% 3.81% 
6.0×105 10.68% 64.10% 10.68% 1.20% 4.79% 79.44% 3.89% 
9.0×106 10.66% 63.97% 10.66% 1.21% 4.80% 79.45% 3.88% 
3.6×107 10.66% 63.97% 10.66% 1.21% 4.80% 79.45% 3.88% 

 

4. Model validation 

 
Fig. S3. Comparison between measurement by Tummeltshammer et al. [2] and Monte Carlo ray tracing simulation from this 
work for LSCs doped with Coumarin 6 at varying dye concentrations.   
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5. Performance analysis 

        
(a)                                                                                   (b) 

        
(c)                                                                                   (d) 

Fig. S4. Effect of hypothetical PLQY on: (a) (c) external photon fate (left y-axis) and external photon efficiency (right y-
axis), and (b) (d) internal photon fate (left y-axis) and internal photon efficiency (right y-axis) of LSCs composed of 
PMMA doped with hypothetical luminophores at varying scenarios of Stokes shift for (a) (b) 0 nm, and (c) (d) 100 nm. 
Note that all other photophysical properties and model parameters remain the same as shown in Fig. 3 and Table 1 
(baseline values), respectively.  
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