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Luminescent solar concentrators (LSC) collect ambient light from a broad range of angles and

concentrate the captured light onto photovoltaic (PV) cells. LSCs with front-facing cells collect

direct and indirect sunlight ensuring a gain factor greater than one. The flexible placement and

percentage coverage of PV cells on the LSC panel allow for layout adjustments to be made in order

to balance re-absorption losses and the level of light concentration desired. A weighted Monte

Carlo ray tracing program was developed to study the transport of photons and loss mechanisms in

the LSC to aid in design optimization. The program imports measured absorption/emission spectra

of an organic luminescent dye (LR305), the transmission coefficient, and refractive index of acrylic

as parameters that describe the system. Simulations suggest that for LR305, 8–10 cm of

luminescent material surrounding the PV cell yields the highest increase in power gain per unit

area of LSC added, thereby determining the ideal spacing between PV cells in the panel. For

rectangular PV cells, results indicate that for each centimeter of PV cell width, an additional

increase of 0.15 mm to the waveguide thickness is required to efficiently transport photon collected

by the LSC to the PV cell with minimal loss. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4807413]

I. INTRODUCTION

Building Integrated Photovoltaics (BIPV) is becoming an

increasingly attractive method to supplement the high energy

needs of today’s dense urban cities by generating some of the

buildings power requirement on-site. Development in photo-

voltaic (PV) technology has continuously improved upon the

efficiency of PV cells and aggressively reduced their cost, but

it still remains expensive relative to competing forms of

energy sources. Luminescent Solar Concentrators (LSCs) are

static non-imaging concentrators that represent a low cost and

simple method to implement BIPV. LSCs achieve higher

power outputs per cell area via the concentration of incoming

light onto a smaller PV area, and shifting the collected light

spectrum to longer wavelengths in which the PV cells exhibit

higher external quantum efficiencies.1–11 To do this, one or

more types of luminescent dyes/particles are infused or coated

onto a waveguide. Incident light is absorbed and reemitted at

longer wavelengths with a fraction, whose emission angle is

larger than the critical angle, remaining trapped in the wave-

guide through total internal reflection and later redirected to

the PV cells. The ability to concentrate both direct and diffuse

light negates the need for costly solar tracking systems and

allows LSC panels to be incorporated into a variety of loca-

tions such as façade claddings in addition to the more com-

monly found roof top fixtures. With tunable color and partial

transparency, the technology can also be applied to windows,

skylights, and greenhouse panels.12–16 Installation and support

structures currently make up half the cost of PV panels on the

market. Utilization of BIPV merely adds the cost of the lumi-

nescent sheet and PV cells to an existing building structure,

saving the cost of the glass substrate and metal frame.

Research on LSCs first started in the late 1970s17–20 and

has experienced renewed interest in recent years with the

advent of luminescent materials with improved ultraviolet

stability and quantum efficiency. Available materials include

organic dyes, quantum dots (QDs), and semiconducting

polymers.21–24 Unfortunately, no material possesses all the

requisite qualities to make an ideal LSC and each suffer

from one or more shortcomings such as a narrow absorption

band, self absorption, poor Stoke’s shift, low quantum effi-

ciency or rapid degradation. These effects can result in a

LSC yielding lower power output than the PV cell used in

the LSC if the PV cell was directly exposed to solar irradia-

tion. The low gain can be overcome by mounting the PV cell

so that it does not undergo filtering by the luminescent mate-

rial (a face-mounted structure); however, such structures

have not been well studied until recently.25 Such face-

mounted structures favor lower concentration factors than

edge-mounted structures that can be justified by rapidly

decreasing costs of the PV cell itself. Here, we present a

detailed Monte Carlo simulation study of face-mounted

LSCs.

The power gain (cpwr) as used in this paper is defined as

cpwr ¼
Powerpanel

Powerctrl
¼ VLSC � ILSC þ VPV � IPV

VPV � IPV
; (1)

where V is the open circuit voltage (Voc) and I the short cir-

cuit current (Isc). Subscripts panel and ctrl refer to the LSC

panel and reference PV cell, respectively. The gain measures

the increase in output power attributed to the addition of a

luminescent layer to the panel. The control consists of PV

cells with equivalent PV area and position attached to clear
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waveguides. In this definition, the fill factors for all PV cells

used in experiments are presumed to be equal which agrees

with our actual measurements.

LSCs are frequently configured with the PV cell mounted

onto the side of the waveguide.2–8 While high concentration

factors are realized, the optical efficiency26 of the panel is of-

ten compromised by reabsorption losses and the luminescent

particle’s limited absorption of the solar spectrum.27 In this

work, PV cells are mounted front facing and surrounded by

luminescent material to capture both direct sunlight and

wave-guided concentrated light, as shown in Fig. 1.25 Such a

layout inherently guarantees that cpwr per cell is greater than

one and imparts flexibility with cell positioning and area cov-

erage when attempting to balance the level of light concentra-

tion against losses from re-absorption. The LSC panel is

further separated into a thin luminescent absorbing layer on

the back of a thick waveguide, thereby extending the mean-

free-path (MFP) between absorption events.26 Efficiency of

the system is given by

gpanel ¼
APV

Apanel

� �
gPE þ

ALSC

Apanel

� �
gPL � gabs � gWG

� gDC � gMPE; (2)

where A is the area and g is the efficiency. The subscripts panel,

PV, PE, PL, abs, WG, DC, and MPE refer to the overall panel,

PV cell, PV conversion efficiency, dye photoluminescence,

dye absorption, waveguide, wavelength down-conversion and

efficiency at emission wavelength, respectively.

Although PV cells have comparatively high efficiency

per unit area, they typically cost an order of magnitude more

than the acrylic waveguide and luminescent dyes used in the

LSC. The goal of this work is not to maximize the LSC

panel’s power conversion efficiency as that can always be

achieved by increasing the fraction of PV cells to achieve a

power efficiency of up to 20%. Instead our focus is to reduce

the cost per watt of power generation while enabling the

transparency needed for window integration. For simulations

and later experiments, a commercial dye (LR305) and silicon

PV cells were used, fixing the values of gPE, gDC and gMPE.

This leaves the LSC to PV cell area ratio and remaining effi-

ciency variables as design parameters to be determined. Dye

concentration alters the absorption ðgabsÞ and photolumines-

cence efficiency ðgPLÞ, with higher concentrations not only

improving absorption but also leading to PL quenching due

to dye aggregation. Reabsorption loss is also adversely

affected by high concentration when significant overlap

exists between the absorption and the emission spectra of the

dye. Waveguide efficiency ðgWGÞ comprised many factors

including waveguide surface conditions, embedded scatter-

ing centres, its refractive index, and owing to the forward

facing PV cell design, matching between the waveguide

thickness and the PV cell dimension. The LSC to PV ratio

will be determined by a trade off between the power conver-

sion efficiency, cost per watt desired, concentration factor,

and reabsorption losses. This paper builds upon the results in

Ref. 25 by providing Monte Carlo simulations that trace

each photon and therefore allow determination of the mecha-

nisms behind how photons are lost or efficiently converted to

power. This provides insight into the operation of the LSC as

well as how to improve its efficiency through modification

of the design.

Optimizing the system experimentally is time consum-

ing, costly and often does not provide an adequate under-

standing of the physical parameters involved. A ray tracing

simulation based on the Monte Carlo method3,26,28–33 has

been developed, incorporating the measured absorption/emis-

sion spectra of the luminescent dye dispersed in thin acrylic,

and the background scattering effects of acrylic. Simulation

results closely parallel data collected from constructed mock

up panels and permit detailed study of the distribution of pho-

tons and various loss mechanisms present in the LSC panel.

The non-linear change in cpwr with LSC:PV-cell area implies

the existence of an optimum ratio and hence the ideal cell to

cell separation. For a rectangular PV cell, matching the wave-

guide thickness and PV cell width produces the highest cpwr.

Simulations reveal how cpwr is affected by both parameters

and the means by which this occurs.

In Sec. II, the workings of the ray tracing program are

explained. The analysis of several LSC panel simulations,

comparisons with experimental data, and the implications on

the panel design follow in Sec. III. The various loss modes

present in the LSC are also examined. Finally, Sec. IV sum-

marizes the work and conclusion.

II. WEIGHTED MONTE CARLO RAY TRACING
SIMULATION

Ray-tracing has often been used to model optical sys-

tems in many applications, particularly where wave effects

can be ignored. Monte Carlo ray-tracing models for LSCs

while not as fast as thermodynamic models4,34,35 is a less

complex and hence easier model to implement. It affords

greater flexibility in altering the panel dimensions and multi-

ple physical effects included in the model. The LSC model

consists of layered planar structures divided into several

FIG. 1. Schematic of the LSC panel. (a) Incident photon; (b) luminescent

particle; (c) re-emitted photon; (d) wave-guided photon; (e) luminescent

layer; (f) waveguide; (g) PV cell; (h) photon escape-cone trajectory.

214510-2 Leow et al. J. Appl. Phys. 113, 214510 (2013)
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regions as shown in Fig. 1. A single layer of acrylic forms

the top of the panel. The second layer is broken into regions

of thin acrylic infused with LR305, interspaced by PV cells.

Because the PV cells are much thinner than the surrounding

luminescent layer, an air gap is added below each PV cell in

the model to make up the difference and account for the rare

occurrence when photons travel beneath the PV cell.

Rectangular boxes are used initially to simplify analysis, but

the program is able to handle non-rectangular dimensions

and can simulate any number of additional layers.

The ray-tracing program follows the path of each indi-

vidual photon launched at the LSC panel, tracking its posi-

tion and interaction within the panel until termination, either

via collection by a PV cell or lost through non-radiative

absorption and escape trajectories. The path and interactions

of a photon are strongly influenced by its wavelength. Solar

radiation is non-uniform in its wavelength distribution and is

dependent on a number of factors such as geographical loca-

tion, time of day, season and prevailing weather conditions.

A weighted Monte Carlo algorithm36–38 is employed to

incorporate this biased probability into the determination of

photon outcomes. The initial wavelength of illuminating

photons is randomly selected but skewed in its distribution

to replicate the AM 1.5 solar spectrum over a large number

of samples. To adequately reproduce the spectrum and obtain

statistically reliable results, a minimum of 105 photons were

simulated in each run. The photon is given an initial direc-

tion, and the starting position on the LSC top surface is ran-

domly determined to distribute photons evenly over the

entire panel length or any desired region.

Fig. 2 depicts the ray-tracing simulation algorithm. In

summary, based on the photons current location and simula-

tion parameters, the event (absorption, scattering, interface

interaction, collection, loss) that is first encountered along

the photon’s direction is determined; this gives the path

length travelled and hence the new photon location. Event

specific interactions are evaluated updating the simulation

parameters and the photon’s current state. In accordance

with the Monte Carlo method, outcomes of photon interac-

tion with interface boundaries, luminescent particles, and

scattering centers are determined by comparing calculated

probabilities with randomly generated numbers. At the PV

cell, a photon is deemed to have been successfully collected

when it strikes the top of the cell from above and has a

energy above the bandgap of the silicon PV cell, namely

1.1 eV. Any other approach or position hit is recorded as a

loss. Collected photons are further categorized into those

with and without sufficient energy to generate photocurrent.

Only current generating photons are counted towards cpwr

calculations.

A. Photon localization

The prevailing effects acting on the photon depend on

its locale. Localization is carried out by simultaneously com-

paring the photon’s current coordinates with the boundary of

every region in the simulation zone. To cover a multitude of

conditions, two localization tests39,40 (line intersection and

point-in-box) are applied. Each test identifies a set contain-

ing one or more regions in which the photon might reside in.

Both sets intersect at only one region, which always pro-

duces the correct outcome.

1. Line intersection test

The light ray and the interface vectors are each defined

by a point plus a direction vector

Light Ray : QðrÞ ¼ Q0 þ rv
*
; Interface : PðsÞ ¼ P0 þ su

*
:

(3)

By setting v
*

and u
*

to the mean-free-path and length of the

interface, respectively, we can determine a result from the

sign and magnitude of r and s. A successful ray-interface

intersection occurs when the ray is projected to cross the

interface in front of the ray (r > 0) and within the length of

the interface (0 � s � 1). If intersection occurs at a distance

longer than the mean-free-path (r � 1), then an absorption or

scattering event flag is raised.

From the vector diagram (Fig. 3), we have at the point

of intersection

Pðs0Þ � Q0 ¼ wþ s0~u ¼ r~v; (4)

since r~v is perpendicular to~v?:~v?:ðwþ s0~uÞ ¼ 0.

Rearranging to solve for s0

s0 ¼ �~v?:w
~v?:~u

¼ vywx � vxwy

vxuy � vyux
: (5)

Similarly for r, we have s~u is perpendicular to ~u?, hence

~u?:ð�wþ r0~vÞ ¼ 0

r0 ¼ ~u?:w
~u?:~v

¼ uxwy � uywx

uxvy � uyvx
: (6)

By projecting the photon’s path from its current location and

examining the intersections it makes with the boundary of

FIG. 2. Ray-tracing algorithm flow chart. The simulation is broken up into

several distinct mutually exclusive interactions, namely the interface and

layer effects on the photon. Determining the photon location applies the

appropriate action for each iteration.
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the region, we can determine if the photon is currently inside

or outside the region. In the majority of circumstances, if the

defined region is a convex polygon, a light ray originating

from within will intersect with only one interface of the

region. For a concave polygon, multiple boundary intersec-

tion can occur. An odd number of interface intersections

indicate that a photon is within the region. One drawback is

that this test fails to discriminate the photon’s position accu-

rately when the photon is projected to intersect with one or

more vertices of the actual region it is residing in.

2. Point-in-box test

This test uses the two-point method to describe a line.

Each region in the simulation is delineated by a polygon

which can be decomposed into a number of straight lines.

Given two consecutive vertices, ðx1; y1Þ and ðx2; y2Þ, the line

equation derived from the slope is given as

y2 � y1

x2 � x1

¼ y� y1

x� x1

¼¼¼¼¼)
rearranging

ðy2 � y1Þx

þ ðx1 � x2Þyþ y1x2 � x1y2 ¼ 0: (7)

Substituting the coordinates of the photon into the left hand

side will yield a number indicating its position relative to the

line, with zero being exactly on the line. A positive or nega-

tive number signifies that the photon is either on the right or

left of the line, with respect to the line direction, depending

on the order of the vertices used. Performing the tests in a

clockwise direction, a photon is deemed to be within a region

when it lies to the right of all lines that make up the region’s

boundary. A limitation to this test occurs when the photon

position is exactly on a boundary, in which all regions adja-

cent to that boundary would be marked as being positively

identified.

B. Interface interaction

In the algorithm, we consider three classes of interface

that represents the possible boundary interactions in the LSC

panel. The simplest class is a transparent interface, which

represents the boundary between adjacent optically coupled

regions. The photon is allowed to simply pass through with

no additional effects. The next class is that of a reflective

interface, where a photon undergoes a reversal in the direc-

tion normal to the reflective plane. This class can be config-

ured to be partially absorbing by comparing the result from a

random number generator and the probability of absorption.

The last class of interface presents a refractive surface to the

photon where the photon is either reflected or refracted. With

the assumption of unpolarised light, the reflection coefficient

is calculated using Fresnel’s equation

R¼ n1 cosh1�n2 cosh2

n1 cosh1þn2 cosh2

� �2

þ n1 cosh2�n2 cosh1

n1 cosh2þn2 cosh1

� �2
" #

�2;

(8)

where the subscripts 1 and 2 represent the incident and trans-

mitted zones, respectively.

Although the refractive index of acrylic varies slightly

with wavelength,41 a fixed index of 1.491 is chosen for

simplicity.

C. Absorption, emission, and scattering

The acrylic waveguide has high optical transparency,

but for large panels, trapped photons can travel long distan-

ces in the waveguide, thus matrix (Mtx) scattering should

be considered. The MFP of a photon can be calculated from

transmission measurements using the Beer-Lambert law

given as

MFP ¼
���� t

ln½TðkÞ�

����; (9)

where t is the thickness of sample and T(k) is the transmis-

sion level measured for each wavelength.

The Mtx MFP is substituted into the line intersection

test described earlier to determine if a boundary collision or

scattering event arises first. Scattering is assumed to be per-

fectly elastic and a new random direction is assigned to the

photon. The Mtx MFP is tracked at all times and should

other events precede scattering, the distance travelled is sub-

tracted from the current MFP and reused in the next iteration.

Whenever the photon leaves the acrylic matrix (e.g., refracts

into the air gap), the Mtx MFP is reset to its maximum value

as determined by (9).

Luminescent particles in the dye layer act as a second

scattering center overlying the acrylic matrix. As the two

scattering/absorption events are considered independently, a

second mean-free-path is introduced for the dye (Dye MFP)

calculated using the absorption spectrum measured (Fig. 4).

Spectrometer (N&K UV-vis) readings were taken, with a

clear acrylic sheet of the same thickness acting as the base-

line; hence, the results obtained are purely attributed to the

LR305 dye. The two MFPs are compared at each iteration,

with the smaller value substituted into the intersection test.

The Dye MFP is tracked and updated similarly to Mtx MFP;

whenever the photon leaves the dye layer, Dye MFP is reset.

This can be extended to include more than one luminescent

particle or scattering centers to model a multi-dye LSC or

one infused with nanoparticles.

FIG. 3. Vector diagram illustrating the line intersection test. ~u and~v are the

unit vectors of each line. w is a vector joining the points of origin for each

line and P(s) the point of intersection.

214510-4 Leow et al. J. Appl. Phys. 113, 214510 (2013)
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The measured quantum efficiency of LR305 in acrylic is

85%.25 A random number is compared against this figure to

determine if photon re-emission occurs. Emission is assumed

to be isotropic and a random angle is assigned. Emission

wavelength selection follows the same weighted algorithm

as the initial photon and has its distribution weighted to the

photoluminescence spectra (Fig. 4) measured (LS-45 Perkin

Elmer spectrometer).

III. SIMULATION RESULTS

An array containing the vertex coordinates of all regions

in the LSC model is provided as input. The initial photon

angle can either be defined or randomly selected. The num-

ber of PV cells, their position, and the number of layers can

all be varied to model a number of different LSC panel

designs. To obtain a qualitative feel on the behavior of pho-

tons in the LSC, the photon trajectories can be imaged onto a

2-dimensional panel representation. Fig. 5 shows the visual-

ization of a LSC panel with two PV cells; each event

encountered by the photon can be clearly distinguished.

A. Waveguide thickness and cell dimensions

For trapped photons in the waveguide, the horizontal

distance traversed in plane is determined by the waveguide

thickness and given as

Dx ¼ h tan h (10)

where h is the waveguide thickness and h is the photon direc-

tion with respect to the plane normal. Thicker waveguides

help suppress reabsorption by allowing photons a longer

travel path in the dye-free waveguide. The design objective

for LSCs is to channel photons to the PV cell with minimal

reabsorption. For front mounted PV cells, a situation arises

in which there exists an ideal waveguide thickness for each

PV cell dimension. As illustrated in Fig. 6, waveguides that

are too thick or thin increase the number of reflections, and

thus interactions a photon endures with the luminescent layer

before striking the PV cell.

Standard glass thickness used in windows is between

2-6 mm. In this paper, acrylic with similar optical transmis-

sion as glass was used as the waveguide material. Standard

PV cells purchased are 12.5 cm by 12.5 cm. From these, 1 cm

or 2 cm wide strips were readily diced and used in panel con-

struction. A single cell was placed in the middle of the LSC

and simulations for increasing waveguide thickness were ex-

ecuted for each cell width. The number of trapped photons

that were collected by the PV cells was recorded and the

results are shown in Fig. 7. With LR305 as the luminescent

species, peak collection occurred at approximately 2 mm and

3 mm thickness for the 1 cm and 2 cm wide cells, respec-

tively, with the 2 cm wide cells exhibiting greater robustness

to waveguide thickness variations. A thicker luminescent

absorbing layer will exacerbate reabsorption losses increas-

ing the curve roll-off on either side. For large panel structural

FIG. 4. Absorption (solid) and emission (dotted) spectra of LR305 in acrylic

with clear acrylic as the reference baseline.

FIG. 5. Visualization of simulated waveguided rays in the LSC panel with

an incident spot size of 5 mm and an entry angle of 640�.

FIG. 6. Illustration of the effect waveguide thickness and PV cell width has

on the transport efficiency of photons to the PV cell.

FIG. 7. Photons collected by PV cell through waveguiding action as a per-

centage of total photons, versus waveguide (acrylic) thickness for a single 1

or 2 cm wide cell.
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integrity, a final thickness of 3/16 in. (4.76 mm) was chosen

instead.

Since both direct and indirect light are being collected,

cpwr is maximized when waveguided photons are able to

reach all parts of the PV cell and are evenly distributed

across its surface. To better understand the physical effect,

cell widths were varied on a 3/16 in. thick waveguide and

simulated. The PV cell length is divided into 500 lm sec-

tions. Coordinates of every waveguided photon collected by

the PV cell are recorded and each photon is assigned to one

section. From Fig. 8, photon concentrations initially become

more even as the cell width increases. From 4 cm onwards, a

marked decline in photons reaching the middle of the cells is

observed, indicating that parts of the cell were not being

enhanced by the LSC, resulting in a decrease in cpwr. On

very wide cells, the middle received only direct illumination

with virtually all of the photons absorbed within 3 cm from

the edge. Together with the waveguide thickness simula-

tions, we can estimate that each centimeter of PV cell width

requires an additional 0.15 mm of waveguide thickness for

the best result. The eventual thickness of the LSC panel

though would be dictated by more practical issues such as

cost, weight, strength, and accepted standards in industry.

B. Panel layout

Larger area of LSC increases the quantity of photon cap-

tured by the LSC panel which in turn raises the LSC current

contribution. As such, from (1), cpwr is expected to improve

with higher LSC to PV cell ratio. In opposition to this, pho-

tons captured by the LSC further away from the PV cell

experience higher probabilities of reabsorption and scatter-

ing, which may negate any augmentation by the LSC. An op-

timum LSC to PV ratio results in the highest cpwr per area

LSC added. This in turn would translate into the optimum

separation between PV cells on the LSC panel. A series of

simulations with increasing panel size were carried out and

cpwr plotted. The PV cell width was set at 2 cm and the illu-

mination angle normal to the LSC panel.

Simulation results in Fig. 9 show an initial linear

increase in cpwr with LSC size which gradually approached a

plateau. The linear portion indicates that the additional pho-

tons captured by extending the LSC experience little or no

reabsorption/scattering events. The simulation suggests that

each PV cell should have 7-9 cm of LR305 luminescent ma-

terial on each side for the highest improvement in cpwr per

area LSC added.

To corroborate this experimentally, a mock up LSC

panel was constructed and tested outdoors. To approximate

different sized panels, areas of the LSC panel were masked

off to block incoming sunlight. Measurements were taken

from 1 to 3 pm in the middle of September, which places the

sun at approximately 48� from the horizon.42 A setup repli-

cating the experiment was simulated; a comparison of the

two results in Fig. 10 shows a high degree of correlation

with an offset between the two. The non-linear transition

occurs more gently but begins at about the same point as

before, with the mask edge around 7-9 cm from the PV cell.

The difference between experimental and simulation

results can be attributed to an overestimation of the overlap

between the LR305 absorption/emission curves which leads

to higher reabsorption losses in the simulation model.

FIG. 8. Waveguided photons absorbed by the PV cell are counted and grouped by the position absorbed. PV cell length is divided into 500 lm sections each

representing a group. Waveguide thickness: 4.76 mm (follows experimental panels).
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Differences in the reference used for cpwr calculation are also

a contributing factor. Experimental results make use of a

completely masked of cell (0 cm LSC on each side) as a base

line. Whereas in simulation, the number of photons from

direct illumination collected by the PV cell in each run is

used as the base line.

C. System response to illumination angle and edge
surface treatment

An advantage often cited for LSCs is the ability to col-

lect indirect or diffuse light, enabling it to eliminate the need

for solar trackers found in other concentrator systems. To

study the operating range of the LSC panel as the sun angle

changes, the composition of photons collected by the PV cell

was extracted from simulations and plotted (Fig. 11). The

setup consists of a 2 cm wide PV cell with 10 cm of LR305

luminescent material on each side and reflective panel edges.

Light intensity on the LSC surface was diminished accord-

ingly with the cosine of the solar zenith angle. Fig. 11(a) is

plotted as a percentage of the total incoming photons on the

panel surface. Fig. 11(b) shows the same graph but with per-

centages referenced to the maximum solar intensity when

the solar zenith angle is at 0�.
Over a large range of angles, photon contribution from

the LSC remains fairly constant with a slight increase at

higher solar zenith angles. Direct illumination on the PV cell

on the other hand declines gradually with larger angles.

When summed together, the percentage of photons collected

by the cell remains within 10% of the maximum up to an

angle of 70�. Reflections off the waveguide top increase dra-

matically beyond this and are manifested by the sharp

decline in photons collected. Plotting the data in terms of

power gain (Fig. 12) highlights the larger proportional con-

tribution by the LSC to gain at larger zenith angles.

The front-face orientation of the PV cells allows light to

escape through the edges of the waveguide. To alleviate this

issue, we consider modifying the edge surface to make it re-

flective, keeping light trapped in the waveguide. Doing so

raises cpwr by 0.2 (Fig. 12), a 14% increment, over an

unmodified LSC panel. A detailed breakdown of the photon

distribution (Fig. 13) on a 22 cm wide LSC panel shows all

escaping photons redirected onto the PV cell without

increasing reabsorption losses. Higher LR305 concentrations

or luminescent particles with larger absorption-emission

curve overlaps might result in a percentage of reflected pho-

tons being reabsorbed, in which case the panel size would

have to be reduced.

D. LSC loss mechanisms

In examining the loss mechanism distribution of the

LSC panel constructed (Figs. 13 and 14), we can attribute

the bulk of it to the narrow absorption bandwidth of LR305.

Over 60% of the solar spectrum lies outside the absorption

bandwidth of the luminescent dye. Expanding the absorption

FIG. 9. Power gain versus increasing LSC panel length on each side of the

cell. PV cell width: 2 cm, photons incident angle: 0� with respect to plane

normal. FIG. 10. Power gain versus the size of exposed LSC, comparing experimen-

tal (triangle) and simulation (diamond) results.

FIG. 11. Apportion of photons collected by the PV cell as a function of the incident illumination angle. (a) % of photons referenced to the total number of inci-

dent photons on the LSC panel. Light intensity is reduced for larger angles as light is spread over a larger area: (b) % of photons referenced to the maximum

number of incident photons possible (0�) on the LSC.
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bandwidth offers the largest potential gain, but this has to be

coupled with a larger stoke shift to prevent reabsorption

losses from mounting. Incident photons reflecting off the top

of the waveguide give a constant 4% loss irrespective of

panel size and can be suppressed with anti-reflection coat-

ings. With the assumption that light is emitted isotropically

from the luminescent dye, approximately 10% is lost from

emission angles that are less than the critical angle and leave

the waveguide through this escape cone. A number of solu-

tions include increasing the refractive index of the wave-

guide material but the drawback is higher top reflections.

Luminescent particles with anisotropic emission can be ori-

ented to transmit light in directions favorable for total inter-

nal reflection. Reabsorption losses amount to 5% of the total

photons as a result of significant overlap in the dye’s emis-

sion and absorption spectrum (Fig. 4). Quantum dots with

larger stoke shifts and multi-dye LSC have been proposed as

viable options but care must be taken to ensure that quantum

yields remain high enough to not deplete any potential gains.

Reviews on LSCs, their loss mechanisms, and proposed solu-

tions have been extensively covered in literature.21,43–45

The sharp rise in losses from 0 to 3 cm (Fig. 14) is

mostly from the drop in direct illumination following an

increase in the LSC:PV-cell area. For larger panel sizes, this

value becomes less significant and levels out. Non-radiative

losses from first absorption events attain a constant value

due to the higher quantum efficiencies provided by the

LR305 dye. Losses from unabsorbed photons and escape

cone will continuously increase with panel size as larger pro-

portions of incident photons are exposed to the luminescent

layer. As expected, re-absorption losses show an initial faster

rise with panel size due to the increase probability of absorp-

tion with distance travelled. But as each reabsorption event

can only result in emitted photons with longer wavelengths,

a red-shift occurs in the emission spectrum profile until no

overlap occurs with the absorption spectrum and a plateau is

eventually reached.

IV. SUMMARY AND CONCLUSIONS

Results from the LSC model closely parallel the behav-

ior of data collected from the experimental mock up panels.

This enables the model to reasonably predict the dimensions

and layout of a LSC panel for the desired performance pa-

rameter. By tracking the photon’s path of travel and analyz-

ing its final outcome, a greater appreciation on the physical

mechanisms at work is obtained. Scrutinizing the distribution

of the photon outcomes reveals the effect of various design

parameters on the power gain, effective operating angles,

and loss mechanisms in the LSC panel.
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