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Abstract: Luminescent solar concentrators enhance the power output of solar cells through wave-
guided luminescent emission and have great potential as building-integrated photovoltaics. Lumi-
nescent solar concentrators with a variety of geometries and absorbing-emitting materials have
been reported in the literature. As the breadth of available experimental configurations continues to
grow, there is an increasing need for versatile Monte Carlo ray-tracing simulation tools to analyze
the performance of these devices for specific applications. This paper presents the framework for a
Monte Carlo ray-tracing simulation tool that can be used to analyze a host of three-dimensional
geometries. It incorporates custom radiative transport models to consider the effects of scattering
from luminescent media, while simultaneously modeling absorption and luminescent emission. The
model is validated using experimental results for three-dimensional planar and wedge-shaped lu-
minescent solar concentrators employing scattering phosphor films. Performance was studied as a
function of length, wavelength, and the angle of incidence of incoming light. The validation studies
and the code (written using the Python programming language) associated with the described
model are available on GitHub and deposited as supplementary electronic material on the journal
website.

Keywords: luminescent solar concentrator; Monte Carlo; ray-tracing; flux gain; geometric gain; ef-
fects of shape; incidence angle; rotation matrices; spectral response; experimental validation;

1. Background and Motivation

In response to the intensifying effects of climate change [1], global adoption of sus-
tainable technologies is increasing rapidly. The Energy Information Administration (EIA)
forecasts that almost half of all electricity generation will be renewable by the year 2050,
with nearly 20% of all electricity powered by solar energy specifically [2]. Amidst this
immense growth, building-integrated photovoltaics (BIPV) have remained a relatively
niche market [3], even though buildings contribute 40% of greenhouse gas emissions [4].
In response, increasingly aggressive renewable energy policies have been instituted
across the globe. In California, all new residential buildings had to be net zero as of 2020,
with commercial buildings following in 2030 [5]. New York has also recently passed a bill
to achieve a net-zero carbon economy by 2050, arguably one of the most aggressive re-
newable policies in the US [6]. Additionally, the European Union has required that all
new buildings be “Nearly Zero Energy Buildings” by the end of 2020 [7]. In the face of
these stringent energy policies, the solar industry will need to adapt rapidly, and BIPV is
an obvious solution due to the abundance of surface area available in the built environ-
ment [8]. As a result, even amid the COVID-19 crisis, the BIPV market is expected to reach
USD 39.9 billion by 2027, up from USD 12.7 billion in 2020 [9].

More than just an attachment, a BIPV product must be able to function as the build-
ing exterior, providing insulation value and structural integrity, while still functioning as
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a PV product that harvests energy efficiently. Deploying BIPV can involve compromises
in energy efficiency as aesthetic changes to a solar panel often mean a decline in perfor-
mance [10]. The impact of these challenges can be seen in the adoption of thin-film solar
panels as BIPV. In a 2015 study, Bonomo et al. [11] found that, despite being less efficient,
44% of BIPV products found on building facades are thin-film solutions, as compared with
34% for crystalline and 22% for systems incorporating mounting structures (the most en-
ergy-efficient solution). It was suggested that this was likely due to aesthetic appearance
and the lower cost per m? associated with thin-film panels. In other words, thin-film pan-
els offer superior flexibility as compared with crystalline panels, despite being less effi-
cient. To enhance the flexibility of BIPV technologies beyond that of thin films, novel BIPV
technologies are necessary.

While there are a variety of novel approaches to BIPV [12], solutions incorporating
luminescent solar concentrators (LSCs) are of increasing interest in academia and indus-
try. Unlike solar panels (which attempt to maximize solar cell area), LSCs typically seek
to reduce PV material while retaining high efficiency. To accomplish this, LSCs incorpo-
rate transparent wave-guiding materials and luminescent particles to concentrate light
and encourage red-shifted luminescent emission [13,14]. To minimize losses within LSCs,
different materials and design configurations have been researched.

A variety of LSC shapes and sizes have been studied including planar [15], wedge-
shaped [16,17], and cylindrical devices [18]. There are also several available transparent
plastics that have been suggested for use within LSCs [19]. Many absorbing—emitting lu-
minescent materials have been identified as well [20]. Among these, organic dyes have
been studied extensively despite long-term stability issues [21]. Quantum dots are also
frequently cited as effective absorbing—emitting materials, though it is difficult to create
quantum dots that can survive over a long period of time [19]. On the other hand, inor-
ganic phosphors (the absorbing—emitting substance illustrated in this paper) have proven
to be stable and inexpensive over the long term [22]. That being said, phosphors are fre-
quently cited to increase scattering losses relative to dyes and quantum dots [23]. The
same fundamental trade-offs in flexibility and efficiency discussed in [11] for thin-film
and crystalline solar panels also exist when comparing LSCs of differing configurations
and luminescent species.

To evaluate trade-offs in the power output and efficiency of the numerous LSCs that
have been studied in the literature, they must be modeled consistently for an effective
comparison. However, few LSC models have the ability to evaluate a variety of LSC de-
signs, resulting in a growing list of custom, inaccessible Monte Carlo (MC) codes specific
to particular configurations, geometrics, and applications (as discussed in Section 2). In
an attempt to generalize, this paper provides the framework for a versatile MC ray-tracing
simulation tool that can be used to analyze a host of three-dimensional (3D) LSC geome-
tries. The tool described can also model scattering luminescent media in addition to con-
sidering the absorption/emission effects traditionally incorporated in LSC models, a
unique capability. Perhaps most importantly, though, the structure of the model pre-
sented is described comprehensively, and a copy of the code with data required to repro-
duce the graphs presented in this paper is found on GitHub [24] and in the supplementary
materials section of this journal.

The remainder of the paper is organized as follows: Section 2 presents a review of the
most advanced MC simulation tools available in the literature. Section 3 describes the
classes of objects established within the code. Section 4 demonstrates how these pre-de-
fined objects (representing the components of an LSC) are used within the context of the
MC simulation for ray-tracing. Section 5 presents a series of validation studies to demon-
strate model accuracy. Section 5 starts by presenting the specific attributes assigned to
various objects that are used in validation studies, before discussing MC simulation re-
sults for wedge and planar LSCs as compared with experimental results.
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2. Existing MC Models in the Literature

Modeling photon transport through an LSC is usually done using the MC ray-tracing
method. A number of these modeling efforts have been reported in the literature. Carras-
cosa et al. [15] were the first to describe a MC model for planar LSCs, exploring the effect
of length, insolation, and geometry on performance. Leow et al. [25] developed a MC
model for LSCs employing LR305 organic dyes in a thin layer, exploring relative perfor-
mance benefits as compared with a bare solar cell. They studied LSC performance as a
function of size and solar cell orientation, achieving good experimental alignment for
front-facing solar cells. Sahin et. al. [26] also modeled planar LSCs employing quantum
dots, studying LSCs with solar cells along the edge(s). While a purely theoretical study,
this model also demonstrated the capability of modeling both isotropic and anisotropic
luminescent media. In a primarily experimental study also using quantum dots, Bomm et
al. [27] were able to show promising alignment of simulated external quantum efficiency
(EQE) with experimental data over a broad spectrum of wavelengths using an MC ray-
tracing model.

However, in all aforementioned studies, specific details of the simulation tool are
relatively sparse, the source code is unavailable, and experimental validation is not always
provided. Consequently, new researchers entering this area are often starting from
scratch, developing their own modeling tools. Breaking from this trend, Zhang et. al. [28]
published a graphical user interface (GUI) for an LSC model employing organic dyes
which achieves great alignment with experimental data and provides downloadable
source code. This model simulates a planar geometry capable of handling up to two types
of luminescent species. Kerrouche et al. [29] also demonstrated that home-grown MC
models are not the only effective ray-tracing approach, using a commercial software to
model curved LSC geometries assembled within a stained-glass window employing or-
ganic dyes. Combining many of the attributes of the MC models described above, PVtrace
is perhaps the most comprehensive, non-commercial ray-tracing model created thus far
[30]. Available on Github, PVtrace is open-source and has been used for a number of pub-
lished works. Jakubowski et al. [31] used PVtrace to simulate polymer plates with homog-
enous dispersion of LR305 Lumogen Red organic dyes, with trends aligning with experi-
mental data. Moraitis et al. [32] were able to modify the behavior of PVtrace to model
anisotropic quantum dots, exploring the performance of three different types of nanocrys-
tals with varying emission characteristics. Furthermore, Videira et al. [33] achieved exper-
imental alignment for cylindrical LSCs employing PVtrace to model both 2D and 3D con-
figurations of LSCs.

While PVtrace is a powerful program, it does have limitations. Although not impos-
sible, it is relatively difficult to customize individual surfaces within an LSC using PVtrace
[34]. PVtrace does have certain “surface coatings” already built into the model, but both
the planar and wedge geometries modeled in this paper would necessitate custom-built
configurations to appropriately evaluate surface characteristics. Additionally, PVtrace al-
lows for a few basic geometries (box, cylinder, sphere, and mesh) [35], which is convenient
for many LSCs. However, irregularly shaped geometries, such as the wedge-shaped LSCs
discussed in this paper, do not fall easily within this system. For example, a wedge-shaped
geometry would necessitate a combination of custom-built 3D meshes to be imported into
PVtrace, which would be cumbersome and slow down the program significantly. Further-
more, PVtrace is geared toward modeling non-scattering absorbing—emitting media [36],
such as organic dyes and quantum dots. Incorporation of luminescent scattering phos-
phors in PVtrace would require further modification to the model.
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3. General Description of Classes Used within the MC Model to Establish LSC Com-
ponents

The simulation tool presented here is based on the planar MC model first produced
by Hughes et. al. in [37], which was later modified to include modeling of scattering lu-
minescent phosphors [22]. The original concept was reimagined to allow for the evalua-
tion of many combinations of convex polyhedrons. As an example, two geometries are
modeled and validated here (Figure 1): the planar LSCs seen in [22], and the wedge-
shaped LSCs experimentally investigated in [17]. This section describes the MC model
used in detail. The reader is encouraged to view the code while reviewing the paper.

To evaluate both planar and wedge-shaped LSCs using a single model and create the
potential for an infinite array of geometric configurations, LSC components have been
broken up into a number of general categories. Therefore, in the model, a generic 3-D
LSC’s geometry consists of the following classes of objects:

e Bundle: A bundle object represents a “packet of photons”. It tracks the characteristics
and position of the packet of photons as it moves through various volume objects
and interacts with boundary and particle objects. Bundles are tracked in lieu of pho-
tons, as they have constant energy and can be easily sampled from irradiance spectra.

e Volume: A volume object is a bounding region that consists of a particular material,
providing the medium that a bundle will traverse through. Each volume has corre-
sponding boundary objects, representing the facets of a particular volume. There are
three types of volumes: basic volumes, absorbing volumes, and particle volumes.
Bundles may be absorbed as they move throughout volume objects. Absorbing vol-
umes inherit all functionality of basic volumes, and particle volumes inherit all func-
tionality of absorbing volumes. Additionally, as bundles move through particle vol-
umes, they may interact with a particle object.

e  Boundary: A boundary object contains the properties inherent to a facet. At a bound-
ary, a bundle can be reflected, transmitted, or absorbed with varying probability, de-
pending on the characteristics specific to that boundary object. There are four types
of boundaries: basic boundaries, transparent boundaries, opaque boundaries, and PV
boundaries. Opaque and transparent boundaries inherit all functionality from the
basicboundary class. PV boundaries inherit all functionality from the opaque bound-
ary class.

o  Particle: A particle object represents a scattering and/or absorbing and emitting ele-
ment and tracks the characteristics of that element. A single particle object repre-
sents the many particles dispersed throughout a particular volume. In other words,
a particle object is assigned to a particle volume to process light interaction with
luminescent particles. For the LSCs modeled here, these are phosphor particles.

The classes of objects used in the tool are summarized in Figure 2. Each class is described

in further detail, highlighting the method to set up LSC geometry using the tool, before
subsequently discussing the process to model photon trajectory.

3.1. Bundle

The attributes of a bundle object are updated stochastically as it moves through an
LSC. Upon boundary or particle interaction, bundle position and direction may be up-
dated. Upon particle emission, bundle wavelength, 4, and the number of photons, Nj,
will be updated. The distance that a bundle has traveled will also be logged to determine
the location of particle interaction and/or bundle absorption. Tracking these attributes
then determines the likelihood that a bundle finds a particular fate as it interacts with
various objects.
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Figure 1. General planar and wedge-shaped configurations used for model validation. The wedge-shaped LSCs have

similar dimensions as the planar LSCs, where applicable.
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Figure 2. An LSC consists of four main classes of object: bundle, volume, boundary, and particle. Bundle interactions with
various LSC objects are displayed above. There are four types of boundary: basic boundaries, transparent boundaries,
opaque boundaries, and PV boundaries. Bundles interact with various boundary objects as they travel through volume
objects. Opaque and transparent boundaries inherit all functionality from the basic boundary class. PV boundaries inherit
all functionality from the opaque boundary class. There are three types of volume: basic volumes, absorbing volumes, and
particle volumes. Bundles may be absorbed as they move throughout volume objects. Absorbing volumes inherit all func-
tionality of basic volumes, and particle volumes inherit all functionality of absorbing volumes. Additionally, as bundles
move through particle volumes, they may interact with a particle object. A particle object is assigned to a particle volume

to process light interaction with a luminescent species.
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The model assumes a uniform distribution of light incident on the entrance boundary
of an LSC. Therefore, if the bundle is entering the top surface of the LSC, separate random
numbers between 0 and 1 would be multiplied against the length and width to find the
entry point. Additionally, the initial direction of incident rays is defined in spherical co-
ordinates by 0iand ¢i. When initially specified for an entrance boundary, 0iand ¢: are
measured relative to an outward facing normal vector (or local z-axis). Figure 3 depicts
initial bundle position and direction. As a bundle interacts with various objects, its posi-
tion and direction are updated until it is collected or lost.

Figure 3. At the start of a simulation, bundle direction and position (0, ¢i), (xi, yi, zi) are deter-
mined in the global system of coordinates (x, y, z). The local coordinate system is shown (x’, y’, z)
without the y-axis for ease of visibility.

To determine initial bundle wavelength, 4;, the energy-normalized emission spec-
trum of the light source must be known. For the validation studies discussed later, this is
the spectrum of a full spectrum solar simulator (model 92193 from Newport [38]). Because
A; is sampled from the entire useful range of the emitted spectra, a trapezoidal Riemann
sum is used to find the cumulative normalized intensity (see Figure 4), which can be ran-
domly sampled to determine 4;. Given that it is a sum of the normalized intensity, the
steeper slopes of the cumulative normalized intensity correspond with the higher peaks
in normalized intensity. As a random number is generated between zero and the maxi-
mum value of the cumulative normalized intensity, the range of A associated with steeper
slopes in the cumulative normalized intensity will have a higher likelihood of being se-
lected. The sampled A; can then be later updated if a bundle interacts with a luminescent
particle.
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Figure 4. Normalized intensity of light as a function of A, and cumulative normalized intensity
from a full spectrum solar simulator (model 92193 from Newport [38]).

As discussed earlier, bundles are packets of photons. Therefore, once a bundle has
been absorbed by a solar cell, the number of photons must be determined. The incident
power on an LSC is divided equally between all bundles used for a simulation, though
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N, will vary depending upon A, as discussed next. The power of the solar spectrum sim-
ulator used in the validation studies is 451 W/m?. Therefore, using the area of the top sur-
face of the LSC, the power per bundle can be found, depending on the number of bundles
set for the simulation. Once a bundle has been absorbed, the number of photons, Nj, is
calculated using the following expression [39]:

_E2

" he

where E is power (or instantaneous energy), A is wavelength, & is Planck’s constant, and
c is the speed of light in a vacuum.

At the start of a simulation, the distance traveled by a bundle is set to zero. A bundle
will track the distance that it has moved throughout the LSC to find the point at which it
could be absorbed by the matrix. Additionally, a bundle will separately track the distance
it has moved inside of a volume that has a luminescent species homogeneously dispersed.

Q)

The importance of separately handling absorption by the matrix and particle interaction
is discussed next in the context of the various types of volume objects.

3.2. Volumes

The basic volume class has two derived classes built-in to represent the behavior of
different types of materials. Therefore, the volume classes that have been created behave
in one of the three following ways:

3.2.1. Basic Volume

The basic volume class simply exists as a medium to track bundle position but does
not process absorption losses or allow for scattering by the volume. Good use cases for
this class are volumes consisting of air, or thin layers of material, where absorption may
be negligible. A basic volume will be assigned properties necessary for computing the
index of refraction, but a bundle cannot be lost within it. The index of refraction can be set
as a constant (such as air, where n = 1.0), or as a function of A from experimental or theo-
retical means. For example, the index of refraction, n, for a transparent medium can be
determined theoretically using the Sellmeier equation [40]:

by A?
= 2
n \[1+/12—c1 )

where b; and c; are experimentally determined Sellmeier coefficients.

3.2.2. Absorbing Volume

The absorbing volume class inherits the functionality of the basic volume class, but
also probabilistically determines the pathlength, or the distance a bundle will travel before
it is absorbed. If a bundle is absorbed and lost, the simulation resets and a new bundle is
launched. For the LSC devices modeled later in this paper, an absorbing volume would
be the matrix of the LSC, which consists of transparent silicone (Dow Corning Sylgard 184
[41)).

1
I, =——In(r,) 3)
Im,a
where a,,, is the experimentally determined spectral absorption coefficient for the ma-
trix as a function of A, and 7, is a randomly generated number from O to 1.

Figure 5 shows a,,; as a function of A for the matrix material (silicone) used in val-
idation studies. The distance a bundle has traveled towards [,,, is denoted as l,,,;. [, is
recalculated and [, is set to zero at the start of a trial and when a bundle is emitted by
a particle. I, and [, are not reset under any other circumstance (i.e., no bundle reset
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upon boundary interaction, when a bundle changes volume, or when a bundle is scat-
tered). This process is further detailed in [42].

300 400 500 600 700 800 900 1000
A

Figure 5. a,, ; as a function of bundle wavelength, A for Dow Corning Sylgard 184 [41] as deter-
mined experimentally [43].

3.2.3. Particle Volume

The particle volume class inherits all functionality from an absorbing volume but is
additionally tied to the characteristics of a particle object assigned to the volume. A parti-
cle volume allows for a bundle to be lost, scattered, or absorbed and re-emitted by a par-
ticle separate from the absorption taking place due to the matrix material alone. In the
LSCs characterized in this paper, a particle volume is the silicone matrix with phosphor
particles homogenously dispersed.

Employing Equation (3) alone with the spectral absorption coefficient of the phos-
phor assumes that absorption and emission by luminescent particles occurs continuously
(i.e., no spaces between phosphor particles) and that scattering is negligible. However,
even for high concentrations of phosphor particles, there is a non-negligible distance be-
tween particles and scattering which is significant. Therefore, while the model still incor-
porates the Beer-Lambert law to effectively model absorption in continuous media (such
as the silicone matrix in which phosphor particles are embedded), a modified version is
used concurrently to incorporate the impact of the non-continuous attenuation of light by
the luminescent species. A particle extinction coefficient, I, is found experimentally (as
described in [42]) to determine the distance a bundle will travel to a particle, l,, using the
analogous expression below:

L, = —2In(r,) 4)

where 7, is a randomly generated number from 0 to 1.

The distance a bundle has traveled towards [, is denoted as [,,. [, is recalculated
and [, is set to zero at the start of a trial and when a bundle interacts with a particle. [,
is only increased when a bundle is traveling in a particle volume. This is another distinc-
tion between the simulation tool presented here and PVtrace, as PVtrace does not cur-

rently have a process to effectively model scattering luminescent media.

3.3. Boundaries

As mentioned in Section 3.2, each volume class also incorporates a collection of
boundary classes, as each facet of a volume may have unique behavior. Thus, each volume
is bound by an exclusive set of boundaries. When two volumes are adjacent, their respec-
tive boundaries on common facets will share an interface that allows bundles to pass be-
tween them. Volumes are built additively, individual boundary by individual boundary.
Setting up the initial LSC geometry in this manner allows for flexibility and renders it
painless to modify individual surface characteristics. The basic boundary class has three
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derived classes built-in to represent the behavior of different facets. The boundary classes
that have been created behave in one of the four following ways:

3.3.1. Basic Boundary

The basic boundary class exists only as a receptacle for bundles, tracking the location
of the bundle intersection, but absorbing all incident bundles with 100% efficiency. To find
the location of bundle intersection, the model will evaluate each boundary of the volume
in which the bundle currently resides, determining if there is a viable intersect. To find a
potential intersect, the equations for a line (the bundle) are substituted into the plane equa-
tion (the boundary). Beginning this process, the plane equation for the boundary under
evaluation is shown below [44]:

(Xf - Xp)nx + (Yf - Yp)ny + (Zf - Zp)nz =0 ®)

where (X;,Y;,Z;) is the intersection point, (n,,n, ,n,) is the normal vector of the target
boundary, (X,,Y,,Z,) is any point on the target boundary, and with the line equations
for the bundle being tracked defined by the following:

X = X, + tsinfcos g (6)
Y;=Y,+ tsinfOsing (7)
Zp = Zo+ tcost (8)

where (X,,Y,,Z,) is the starting point, and t is the distance to travel between
planes/boundaries. These equations are substituted into the former to determine t:

= (e, my ,) (X0 = Xp), (Yo = ¥p), (Zo — Zp))
—(ny, My ,n,)* (sinf cos ¢,sin sin ¢, cos )

©)

Solving for t in Equation (9) and then calculating (X Y, Z f) using Equations (6)—
(8) determines if there is a potential intersect on the plane that a boundary rests upon.

Figure 6 shows the two possible intersection points that could be found in the global
coordinate system based upon initial bundle trajectory. Multiple intersections may be
found initially, but only one intersection will fall within the bounds of a boundary. Inter-
section #2 in Figure 6, for example, clearly falls outside of the LSC shown. Therefore, to
evaluate if an intersection is valid, a rotation is employed to move into the local coordinate
system of the target boundary, as is described later in this section in detail. From here, the
Shapely Python library [45] is used by the model to check if the intersection point falls
within the bounds of an LSC boundary facet. If the intersection point does fall inside of
the boundary, and the bundle was not absorbed by the matrix along the way, the position
of the bundle will be updated (as would be the case for intersection #1).

9.

N

X 1

Figure 6. Based on the trajectory of the bundle, two possible planes may be deemed an intersec-
tion. Intersection #1 will be used to update the position of a bundle, upon determination that it
falls within the LSC.
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3.3.2. Transparent Boundary

A transparent boundary inherits the functionality of the basic boundary class as well,
but additionally processes bundle refraction, allowing a bundle to exit the LSC entirely or
transfer to an adjacent volume object within the LSC. To find the refracted bundle direc-
tion, y;, Snell’s law [39] is used:

n
X2 = sin™1 [sin Qﬁ (10)

where n, , is theindex of refraction of the previous volume, n,, is the index of refraction
of the volume a bundle is attempting to enter, and 6 is the polar spherical coordinate of
the bundle direction. With y; calculated, Fresnel’s equations [39] can be used to compute
the average spectral reflectivity, p(0,1):

1sin?(6 — x,) cos2(6 + x;)

pO.4) = 25in2(0 + x;) b cos?(6 — xa) o

In this manner, the reflectivity can be used to probabilistically determine if a bundle
is refracted or reflected (if a random number from 0 to 1 is less than p, a bundle is re-
flected).

The model must also know which volume a bundle is attempting to enter before re-
flectivity calculations can be done. Therefore, when a bundle reaches a transparent bound-
ary, a series of calculations are done first to identify with which other transparent bound-
aries the original transparent boundary shares an interface (Figure 7). This is done so that
these can be distinguished from transparent boundaries at the exterior facets of an LSC
and so that a bundle can transition into the proper adjacent volume.

1. Checking for @

antiparallel i S
|
normals r x.e-" i
.d'"d.*

2. Checking for

coplanarity
==q
/ i - /
7
==/
3. Checking for i
overlap ® i

—
|
—
—
—
S
S

Figure 7. Three tests are performed to find transparent boundaries with corresponding interfaces.
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The calculations look for the following:

1. Checking for antiparallel normals: Normals face inward toward the center of a
volume; therefore, transparent boundaries sharing an interface must have nor-
mal vectors pointing in exactly opposite directions.

2. Checking for coplanarity: The boundaries sharing an interface must fall along the
same plane. The line falling between the centers of each boundary must therefore
form a right angle with each normal vector.

3. Checking for overlap: Now that it is known that boundaries face opposite direc-
tions and are coplanar, the area of intersection can be found easily in 2D using
the Shapely library. If there is no area of intersection, the boundary is not an in-
terface.

While rotational matrices are used to perform vector manipulation for a transparent
boundary, this process is more intuitively described for an opaque boundary, as discussed
next.

3.3.3. Opaque Boundary

An opaque boundary inherits the functionality of the basic boundary class (i.e., in-
tersection with a bundle) but will also process bundle absorption and reflection (specular
or diffuse) at a boundary. Therefore, if a valid intersection is found with a mirrored sur-
face, for example, the efficiency of the mirror will determine if a bundle is absorbed or
reflected. While intersection calculations are processed in the global coordinate system, as
mentioned in Section 3.3.1, bundle interaction with a boundary is processed in the local
coordinate system of the boundary to ensure that the same calculations always apply. This
process is detailed below, and more information on rotational matrices and Euler angles
can be found in [45].

1. First, the bundle’s global coordinates are converted from spherical coordinates
(61, &1) to Cartesian coordinates (x;, y;, z;). Equations (12)—(14) show this con-

version.
X, = sin#; cos ¢, 12)
y; = sin 6, sin ¢, (13)
z; = cos O, (14)

where (x;, y;, z1) and (6;, ¢,) are the global coordinates of the incident light vector on a
boundary.
2. The (x4, y;, z;) coordinates are then rotated into the local coordinates (x;’, y,’,
z,") of the boundary. For the example shown in Figure 8, this is a 90° rotation
over the x-axis. Equation (15) depicts the rotational matrix, R,, employed to ro-
tate over the x-axis, and Equation (16) shows the transformation of the incident
light vector from global to local coordinates.

1 0 0
R, =0 cost —sint (15)
0 sint cost

In Equation (15), 7 is the angle between the normal of a boundary and the z-axis of
the global coordinate system.

X1 X1
yi'| = R:(7) [3’1 (16)
z, z

In Equation (16), (x4, y1, z1) are the global coordinates of the incident light vector on
a boundary, and (x;', y;,', z) represent the same vector in the local coordinates of the
boundary.
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3. The incident light vector associated with the bundle is then processed in local
coordinates according to a boundary’s assigned properties. For example, to
model specular reflection at a mirrored boundary (Figure 8), the incident light
vector expressed in local coordinates is rotated by 180° over the z'-axis, and the
direction of the vector is multiplied by -1. Equation (17) shows the rotational ma-
trix, R,, employed to rotate over the z-axis, and Equation (18) shows the trans-
formation employed to process specular reflection.

cosm —sinmt O
R, =|sinm cosm O (17)
0 0 1
le —x1'
y2'|= R, () [—y, (18)
Zz’ _le

In Equation (17), m is the angle expressed in radians. In Equation (18), x;’, y;, and
z," are the local coordinates of the incident light vector on a boundary, and x,’, y,’, and
z,' are the local coordinates of the reflected vector.

To model diffuse reflection instead of specular reflection, a Lambertian distribution
is assumed and the direction of the reflected light vector is randomly selected. Equations
(19)—(20) are used to produce a Lambertian distribution in 8," and ¢,".

0, = sin~1(ry) (19)
$,' = 2mry (20)

In Equations (19) and (20), 6," and ¢,’ are the local coordinates of the reflected vec-
tor, respectively, and r; is a random number from 0 to 1. Equations (12)-(14) are then
used to convert to Cartesian coordinates in preparation for step 4.

4. With a new vector direction determined in local coordinates, the vector is rotated

back into the global coordinate system (x, y, z) to prepare to launch to the next
boundary. Equation (21) depicts this transformation.

[yz

In Equation (21), x,’, y,', and z," are the local coordinates of the reflected light vec-

tor, and x,, ¥,, and z, are the global coordinates of the reflected light vector.
5. In the final step, the Cartesian coordinates (x,, y,, z) of the light vector associ-
ated with the bundle are converted back into spherical coordinates (6,, ¢,) us-

=R, (-7) [yzl 20

ing:
2 2
9, = tan-1 2 T Y2 22)
23
LY
¢ = tan™' == (23)

2

where (6,, §,) are the global coordinates of the reflected vector. This vector is now ready
for use in intersection calculations.
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Figure 8. The global coordinate system (x, y, z), shown on the left, relative to the local coordinate
system (x’, ¥, z’), shown on the right. Intersection calculations are processed in the global coordi-
nate system, but boundary interactions are processed in the local coordinate system.

3.3.4. PV Boundary

A PV boundary inherits the functionality of the opaque boundary class (i.e., intersec-
tion with a bundle and bundle absorption/reflection) but will also log collected bundles.
Furthermore, a PV boundary allows for the use of both an internal quantum effi-
ciency, IQE(A), and external quantum efficiency, EQE(X), if known. The EQE(A) is the
number of collected charge carriers by the PV cell divided by the total number of incident
photons (Equation (24)). This is distinct from the IQE (1), which is the number of collected
charge carriers divided by the total number of absorbed photons (Equation (25)). With
IQE(A) and EQE(A) known, the transmittance, T(A), of the solar cell can be found (Equa-
tion (26)) [46]. Therefore, at a solar cell, T (), is used to define if a bundle is absorbed by
the solar cell and then the IQE (1) is used to subsequently determine the number of pho-
tons collected by the solar cell. The short-circuit current can be found by multiplying the
number of collected charge carriers by the fundamental physical constant for a unit of
electric charge, 1.602271° C. For the solar cells used in validation studies, IQE(4) is un-
known, and therefore the EQE (1) (Figure 9) is used in place of the IQE(A) and T(A) =1.
This is a conservative assumption (EQE (1) < IQE(4)) and is expected to introduce some
discrepancies between predictions and experimental results.

collected charge carriers

EQE(L) = 24

QEM incident photons (24)

[0ECT = collected charge carriers o5

QE() = absorbed photons 25)

EQE(A)
TA) =

@) 10ECD) (26)
1.0
0.9
08
07
w08
305
Woa
03
0.2
0.1
0.0

400 500 600 700 800 900 1000

A

Figure 9. EQE as a function of wavelength, A.
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3.4. Particle

The particle class determines the behavior of particle interaction when a bundle
reaches a particle. As discussed earlier, I" is found experimentally to solve for [, and
once l,, equals l,, abundle will interact with a particle object. Upon particle interaction,
the likelihood of absorption, P, ,, scattering, Ps;, and emission (upon absorption), P, , as
a function of A must be determined.

Using the method described in [42], the maximum probability of absorption, P,, is
determined experimentally. Particle absorption is wavelength-dependent, so P, is multi-
plied by the normalized absorption intensity of the particle at a given A (Figure 10) to find
Pya. Py, is then compared with a random number from 0 to 1 to determine if absorption
or scattering occurs. The probability of scattering, P, is equal to 1 - P, ;. This approach
has been experimentally documented for phosphor particles [42], which are highly scat-
tering.

If a bundle has been absorbed, the quantum efficiency (QE) of the luminescent spe-
cies is used to determine if it will be lost or re-emitted. As bundles are given constant
energy in the model, the QE cannot be used directly as described in [37]. Explained briefly,
when QE is equal to one, the number of emitted photons should be equal to the number
of absorbed photons, but this would be impossible for bundles of constant energy without
specifying an additional parameter. Therefore, the probability of emission, P, ,, is em-
ployed as a function of QE [37].

Ae
Py = T QE (27)
a

where A, is the emitted wavelength, and 4, is the absorbed wavelength. P,, is then
used to determine if a bundle is emitted by a particle, in which case 4, is sampled ran-
domly from the cumulative emission spectra of the particle (Figure 10) using a process
similar to that described in Section 3.1.

1.0
0.8
- 06
2
<
0.4
0.2 —— Absorption
—— Emission
0.0
300 400 500 600
A

Figure 10. Normalized absorption and emission spectra for the HTG540 green phosphor [47] used
in validation studies.

This section focused on the individual classes of objects used within the code of the
MC model to represent the components of an LSC. The implementation of the MC model,
relying upon the classes discussed thus far, is described next in Section 4.

4. Model Implementation Using Pre-Defined Objects Representing LSC Components

The functionality of the classes described in the previous section allows a wide vari-
ety of possible combinations of objects within the MC model. Figure 11 shows the general
paths that a bundle can traverse through these objects, navigating probabilistically
through the various volumes, boundaries, and particles that have been created. Each stage
of the simulation is described in additional detail as well.
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A. Begin Simulation

pa—

B. Process Bundle Entry

[
E. Bundle Switches C. Launch Bundle from
P "
Volume Current Position

(]

G. Bundle Intersects
Particle

By
] L

I. Bundle Absorbed 3. Bundle Sc d H. Bundle Intersects
and Emitted - Bundle Scaltere Boundary

l

F. Bundle Absorbed

K. Return to Launch
o

=

D. Bundle Escapes |—

Figure 11. Flow chart describing the different paths that a bundle can take as it moves through an LSC. Brief descriptions
of each of the simulation are found in Section 4. The stars indicate that after step K, a bundle moves to step C.

A. Begin Simulation

An individual bundle starts here if the indicated number of trials have not already
been completed. All bundle characteristics will be reset (6, ¢, 4, L, and [, ;). Figure 12
shows two examples of a bundle at the beginning of a simulation. A bundle will begin
with a random position on a user-specified transparent boundary (xi, i, zi), with a speci-
fied direction (0;, ¢i) relative to an outward-facing normal vector on this entrance bound-

ary.

1 =

‘/

(@) (b)

Figure 12. At the start of a simulation, a bundle attempts to enter on the top surface of an LSC. As
this is the top surface, xi and yi: are randomized, while zi is constant. 0: is shown to be similar be-
tween (a) and (b), while ¢i is clearly distinct.

B. Process Bundle Entry

As a bundle attempts to enter, Fresnel’s equations for reflectivity and Snell’s law are
used to determine if the bundle is reflected before it can enter the LSC or if the bundle is
refracted into a volume within the LSC. Figure 13a,b show a bundle attempting to enter
the LSC.



Energies 2021, 14, 455

16 of 29

-z LS

(a) (b)

Figure 13. (a) Bundle is reflected at the top surface and lost. (b) Bundle is refracted into the LSC.

C. Launch Bundle from Current Position

At a particular location, a bundle will be launched in global coordinates according to
the characteristics of the bundle itself and the corresponding LSC objects that exist at that
location. A bundle can be launched from a particle or a boundary. For example, if a bundle
reflects from a boundary it may reflect diffusely, specularly, or of a custom distribution
depending upon the type of surface it interacts with. This will then govern the direction,
(6, ¢), in which a bundle will launch so that intersection calculations can be processed. All
bundle interactions that do not result in conversion at a PV boundary or a bundle loss will
return to this step.

D. Bundle Escapes

If a bundle is traveling in a direction that will lead it outside of the LSC altogether, it
is lost and the simulation will reset and begin the next trial (in other words, the next bun-
dle). To determine if a bundle will escape, inward facing normal vectors are established
for every volume. If the angle between a bundle’s direction vector and the normal of a
boundary is greater than 90°, and there is no adjacent volume, the bundle is lost. This can
only occur at a transparent boundary. Figure 13a is an example of a bundle escaping due
to reflection, and Figure 14 shows a bundle escaping due to refraction.

257

Figure 14. Bundle is refracted out of the LSC.

E. Bundle Switches Volume

Processed similarly to an escaping bundle, a bundle can leave a volume only to enter
an adjacent volume. This will bring it back to step C, launching the bundle inside of the
new volume. This can only occur at a transparent boundary that shares an interface with
another transparent boundary. Figure 15 shows an example of a bundle transitioning from
an absorbing volume to a particle volume.
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(a)

1

Figure 15. Bundle transitions from an absorbing volume (silicone) to a particle volume (silicone
with phosphor particles dispersed).

F. Bundle Absorbed

A bundle can be absorbed by a boundary, particle, or volume. If a bundle is absorbed
at a PV boundary, it has the chance to be converted into electrons. If a bundle is absorbed
at an opaque boundary, it is lost. In a particle volume, a bundle may be absorbed and lost
by a particle before it reaches a boundary. Additionally, in an absorbing or particle vol-
ume, a bundle can be lost to the volume’s matrix material. Figure 16a—c show these possi-
ble loss mechanisms.

b\

(b) (c)

Figure 16. (a) Bundle absorbed and lost at a particle. (b) Bundle absorbed and lost at a boundary. (c) Bundle absorbed and

lost by the matrix.

G. Bundle Intersects Particle

A bundle may interact with a particle before it reaches a boundary. 1, is established
based upon the concentration of particles within the volume of an LSC [42] using Equation
(4) and is recalculated upon particle interaction. [, is reset to zero. This can only occur
in a particle volume.

H. Bundle Intersects Boundary

Once a bundle has been launched within a particular volume, each boundary of that
volume will be evaluated for a valid intersection point. This is done by using line-plane
intersection calculations and then subsequently determining if the intersection falls within
the bounds of a boundary, as described in Section 3.3.1. If a basic boundary is intersected,
the bundle is immediately absorbed. If an opaque boundary is intersected, it may be re-
flected or absorbed. If a transparent boundary is intersected, it may be reflected or re-
fracted. Boundary interactions are processed in local coordinates, as discussed in Section
3.3.3. I,y and [,, are not reset upon boundary interaction.

I. Bundle Absorbed and Emitted

Upon bundle intersection with a particle, a bundle can be absorbed and re-emitted.
When this occurs, [, and [, are recalculated, l,,, and [, aresettozero, and anew 21 is
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sampled from the emission spectrum of the luminescent species. Emission is handled iso-
tropically. Figure 17 shows an example of a bundle being absorbed and re-emitted by a

phosphor particle.

%

Figure 17. Bundle absorbed and isotropically re-emitted at a new A.

J. Bundle Scattered

Upon bundle intersection with a particle, there is a probability that the bundle will
be scattered instead of absorbed. P, must be determined experimentally a priori, as de-
scribed in [42]. If a bundle is scattered by a particle, l,, and I, are not reset, there is no
shift in 4, but l,and [,, are reset. Figure 18 shows an example of a bundle being scat-

tered isotropically by a phosphor particle.

A7

o

Figure 18. Bundle isotropically scattered with no shift in A.

K. Return to Bundle Launch

If a bundle has made it through the flow chart without being absorbed by a surface
or escaping the LSC, it must return to step C to be launched again. Figure 19 shows an
example of a bundle being launched due to reflection at an opaque boundary. Figure 20a,b
show two possible full runs through the flow chart as an example.

7

Figure 19. Bundle reflected at an opaque boundary.
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pey, >
" 3
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Figure 20. Two possible bundle paths are shown. (a) Bundle moves through the flow chart in the following steps: A, B, C, H, K,
CECGJ K CECH,K,C,D. (b) Bundle moves through the flow chart in the following steps: A, B, C, H, K, C, F.

5. MC Model Validation

To validate the simulation tool, previously published experimental data have been
used [17,22]. Predictions were generated for planar and wedge-shaped LSCs (Figure 1) of
varying aspect ratio employing green phosphor films [47] as both aspect ratio and the
direction of incident light relative to an LSC have a significant influence on its perfor-
mance [22].

LSCs were characterized over a range of lengths and incidence angles. Using these
experimental data, it was possible to determine the validity of the model in a range of
possible configurations. Table 1 shows the geometric dimensions used for the wedge-
shaped and planar LSCs.

5.1. Object Attributes Used in Validation Studies

These dimensions combine to define the boundaries belonging to each volume of
each LSC. Volumes are assigned in the manner seen in Figure 21. For the planar LSC
shown, Volume 0 is a particle volume representing the phosphor film, while Volume 1 is
an absorbing volume representing the rest of the silicone matrix. For the wedge-shaped
LSC, Volume 0 and Volume 2 are absorbing volumes that combine to represent the sili-
cone matrix without phosphor particles. Volume 0 is used to enable a mirror gap near the
solar cell. Volume 1 represents the phosphor film.

0i and ¢1 are depicted in Figure 22, showing how the initial bundle direction is ap-
plied for a generic surface. 0i is defined relative to the normal of the top surface of an LSC
or solar panel. ¢i represents the “twist” of the LSC relative to the sun and is important for
asymmetrical LSCs.

Table 1. Geometric dimensions used to model six experimental LSCs of varying length. Refer to Figures 1 and 21 for more
context regarding the dimensions used. All dimensions given are in mm.

LSC Geometry L H F W M T D
31.0* 7 1 22 0 7 0
Planar 42.0* 7 1 22 0 7 0
50 4.5* 1 22 0 7 0
31.1* 7 1 22.6 5.77 1.03 5.97
Wedge 37.2* 7 1 22.3 5.37 1.09 5.91
50.3 7 0.98 24.3 7.71 0.99 6.01

*referred to as 3 cm and 4 cm for simplicity; theight adjusted due to partial fill.
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Figure 21. General configuration of wedge-shaped and planar LSCs with volume objects labeled. Boundary objects also
make up individual volume objects but are not shown for simplicity.

Figure 22. Polar and azimuthal incidence angle, 0iand ¢, as defined in [22]. The global coordinate system used in the
model is depicted. § is the tilt angle up from the ground, and the yellow globe represents the sun.

Opaque boundaries were used to represent the mirrored surfaces in the LSC, while

PV boundaries were used to represent the facets representing edge solar cells. Transparent
boundaries were used for all other boundaries, defining the top surface of the LSCs and
the interfaces between volumes. The input characteristics of the objects defined in the
model are discussed below:

Bundle: The initial position (xi, y;, zi) and direction (6; ¢i) of the light vector are sup-
plied, where xi is randomly determined between 0 and L, and y: is randomly deter-
mined between 0 and W. The starting volume number and particle object used for
the simulation are also given. Lastly, A is randomly sampled from the data shown in
Figure 3.

Absorbing Volumes: The absorbing volumes in each case consist of transparent sili-
cone (Dow Corning Sylgard 184) where b; = 1.0093 and ¢; = 13185 [40], with
@y, defined as seen in Figure 4. The Sellmeier equation (Equation (2)) is used to
define index of refraction, and the boundaries that make up a particular volume are
also supplied.

Particle Volumes: All inputs to absorbing volumes are similar for particle volumes.
In addition to these, particle volumes are also given an associated particle object.
Opaque Boundaries: A set of points is input to form each boundary and the particu-
lar volume to which the boundaries belong is also indicated. All opaque boundaries
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are given a 5% likelihood of absorption (independent of 1), and reflection is handled
specularly to represent the mirrors used (3M enhanced specular reflector).

e  Transparent Boundaries: Only the points making up a transparent boundary and
the parent volume object are input.

e PV Boundaries: PV boundaries are given a similar set of characteristics to opaque
boundaries, but the EQE of the solar cells used in this paper is also provided as seen
in Figure 9. If an IQE was known, this would have also been specified and reflection
would be handled diffusely. With IQE unknown, reflected bundles are assumed to
be lost at the solar cell to be conservative and EQE is used in place of IQE.

e  Particle: P,=0.2 and I' = 4240 m™ as experimentally defined for the phosphor parti-
cles used (HTG540 green phosphor [47]) are input to a particle object. Additionally,
the absorption and emission spectra of the particle are supplied, as seen in Figure 10.

5.2. Discussion of Validation Study Results

Although the experimental data are taken from the literature, a brief description is
provided here on how angular dependence for LSC performance was obtained. For per-
formance measurements, LSCs were placed below a full spectrum solar simulator (model
92193 from Newport [38]), where a rotating stage was used to adjust the relative position
of the LSCs to the simulator. The relative position of the simulator was described as a
function of polar and azimuthal incidence angle, 6iand ¢:. Figure 22 shows how these
angles were defined. Details regarding the experimental setup of the planar LSCs can be
found in [22], and the wedge-shaped LSCs in [17].

In the validation studies completed, the experimental and modeled performance of
LSCs is frequently described in the literature by the flux gain. The flux gain, Gfgc, is de-
fined in this paper as the ratio of the short circuit current of the PV cell [48] within the
LSC, Jscceu, and the short circuit current of a bare PV cell of the same size that is parallel
to the top surface of the LSC, Jg¢;. Grsc is often cited in the literature relating to LSCs [20]
and is the primary parameter used in the validation studies performed. Gy was also
found using modeled data by determining Jsc; and Jsc e using the process described
in Section 3.3.4 when defining the behavior of PV boundaries. Three validation studies
were completed for both planar and wedge-shaped LSCs for differing configurations us-
ing results from experiment and simulation.

(28)

where Jgc cey is the short circuit current density of the PV cell at the edge, and Jg¢; is the
short circuit current density of a similar PV cell if it were placed on the top surface of the
LSC, facing the simulator.

The validation studies performed using the flux gain and PV spectra on the edge are
summarized below and are discussed in the next sections.

Validation study results for planar LSCs:

®  Grsc as afunction of length, L;
®  Grgc asafunction of polar incidence angle, 0i and L;
e PV edge spectra as a function of L.
Validation study results for wedge-shaped LSCs:
*  Grgc asafunctionof L;
®  Grsc asafunction of Oiand L;
® Gy asa function of polar and azimuthal incidence angle, 6:and ¢:

5.2.1. Discussion of Validation Study Results for Planar LSCs

The first validation study for planar LSCs compares experimental and modeled data
as a function of length under normally incident light. To determine an appropriate num-
ber of bundles per simulation, 50 simulations of 100,000 bundles were run to evaluate the
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distribution of G g for a 3-cm LSC. Figure 23 demonstrates the negligible variability of
the flux gain for 100,000 bundles. On average, bundles fall 0.66% outside of the mean of
all simulations (equivalent of 5 million bundles), with a maximum error of 1.98%.
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Figure 23. Distribution in G g¢ for a 3-cm planar LSC after 50 simulations of 100,000 bundles for
0i=0°.

After establishing a relatively low margin of error at 100,000 bundles per simulation,
predictions were produced for the three planar cases mentioned in Table 1 and shown in
Figure 21. Figure 24 demonstrates good agreement between experimental and predicted
Grsc as a function of L. While the model increasingly under-predicts the experimental
data over the lengths tested, the largest discrepancy is a 4.8% difference. As length in-
creases, there is a noticeable improvement in the flux gain. The model predicts an increase
in flux gain by a factor of 1.14 for 5 cm relative to 3 cm. Experimental data show an increase
by a factor of 1.16. Using only the provided EQE was a conservative assumption, as dis-
cussed previously, which may explain the more conservative results. It should also be
noted that the 5-cm LSC was modeled at H = 4.5 mm instead of 7 mm (the height of the
solar cell), because it was observed not to be filled completely with silicone.

BN Experimental
EEE Model

! 0.8
O 06
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0.2
0.0
3 4 5
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Figure 24. Gfg¢ as a function of LSC length, L, for three planar prototypes for 0:=0°.

1.2

Figure 25 shows predictions and experimental data as a function of 0i and L, for all
three different LSC lengths. As seen in Figure 25, Gy is steadily increasing until 6i=70°,
before beginning to drop. This trend is observed in both experimental and simulation
data. The absolute values of the predicted and measured G s agree as well. Median per-
cent difference is 4.5, 4.5, and 5.0% for =3, 4, and 5 cm, respectively. For the 3- and 5-cm
LSCs, there were relatively high differences of 56% and 28% for 0i= 80°. The potential
source for these large differences is discussed next.
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Figure 25. G g¢ as a function of LSC length for three planar prototypes for varying 0.

For high 0i, Fresnel’s equations for reflectivity dictate that reflection losses on the top
surface of the LSC begin to dominate and increase exponentially. The higher differences
at a high angle of incidence indicate that differences in the texture of the top surfaces of
the prototypes and relatively small discrepancies in the alignment of the LSCs beneath the
simulator can be amplified for high 0i. Additionally, the angular convergence of the light
beam of the simulator was not confirmed independently, which could also explain a part
of the error. Otherwise, the experimental fit is remarkable given the handcrafted nature
of the prototypes, particularly for the 3- and 4-cm LSCs. With experimental alignment
demonstrated as a function of L and 64, the next validation explores experimental vs. mod-
eled edge spectra, shown in Figure 26 as a function of L.

Experimental edge spectra were found using the process outlined in [22]. Incident
bundle wavelengths on the solar cell in the simulation were binned to plot the normalized
intensity. For all edge spectra simulations, 2.5 million bundles were run for each length.
The predicted spectra closely resemble the experimental spectra, as the dual peaks shown
in the experimental data are found in the modeled data.

Experimental Edge Spectra Model Edge Spectra
i -===-3cm
J'\, \ ---- 4cm
I oyl
.; hj”v éf‘ =SS5 cm
ot 4 —— Source

500 600 700 800 400 500 600 700 800
A A

Figure 26. Experimental and modeled light spectra as a function of wavelength, 4, for three planar LSCs for i = 0°. For
reference, the spectrum of the light source is also provided.
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From the data presented thus far, the model shows good agreement between pre-
dicted and experimentally measured G;sc and edge spectra. Observed, non-negligible
differences are most likely due to imperfections in the experimental setup as they appear
over a certain range of parameters when experimental imperfections are expected to have
an increasingly important effect. Additionally, application of both an IQE and EQE could
improve the experimental fit for the studies shown in Figures 24 and 25.

5.2.2. Discussion of Validation Study Results for Wedge-Shaped LSCs

The first validation study for wedge-shaped LSCs compares experimental and mod-
eled data as a function of length under normally incident light. To determine an appro-
priate number of bundles per simulation, 50 simulations of 100,000 bundles were run to
evaluate the distribution of Gfg¢ for a 3-cm LSC. Similar to the planar LSC analysis, the
variability in flux gain is sufficiently low at 100,000 bundles, as seen in Figure 27. On av-
erage, bundles fall 0.60% outside of the mean of all simulations, with a maximum error of
2.27%.
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Figure 27. Distribution in Gfg¢ for a 3-cm wedge-shaped LSC after 50 simulations of 100,000 bun-
dles for 0 =0°.

Predictions were produced for the three wedge-shaped cases mentioned in Table 1
and shown in Figure 21. Figure 28 shows the experimental and predicted Gfsc as a func-
tion of L. The trends seen are similar between theoretical and experimental data. How-
ever, the model does over-predict the experimental data over the lengths tested, with a
maximum difference of 23%. Additionally, while the model forecasts a decrease in G ¢
with increasing length (3 cm outperforms 5 cm by a factor of 1.04), the decrease is less
substantial in the experimental data (3 cm outperforms 5 cm by a factor of 1.02). Given the
promising alignment of both the planar LSC data and the data seen next, it is likely that
the discrepancy seen here is due to the handcrafted nature of the prototypes (more dis-
cussion to follow).
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Figure 28. G ¢ as a function of LSC length for three wedge-shaped prototypes for 0i = 0°.
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Figure 29 compares experimental and modeled data for wedge-shaped LSCs as a
function of length and 6:. As seen in Figure 29, Gy ¢ rapidly increases for 0: = 0-30° before
dropping off around 0: = 60-80°. This trend is observed in both experimental and simu-
lated data. The absolute values of the predicted and measured G ;. agree as well to an
extent, though the alignment is not as accurate as it was for the planar studies. The model
fits the data well for the majority of cases for the 3- and 4-cm wedge-shaped LSCs, with a
median percent difference of 7.3 and 6.7%, respectively. However, for the 5-cm LSC, the
median difference increases to 21.5%, indicating discrepancies in the model and the fabri-
cated prototype. The differences found for low 0i and in the 5-cm LSC are discussed next.
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Figure 29. G ¢ as a function of LSC length for three wedge-shaped prototypes for varying 0.

Each wedge-shaped prototype had a mirror gap to take advantage of direct reflection
nearest the solar cell, and slight differences in the modeled and actual slope of the angled
surface of the LSC appeared to have an outsized impact on Gfsc for low 6i. The largest
discrepancies exist in the modeled results for the 3- and 4-cm wedge-shaped LSCs for 0: =
0°, as has been detailed in the previous study. The magnitude of the discrepancies contin-
ues to reduce through ;= 50°, where the percent difference drops to 1.8 and 0.7% for the
3- and 4-cm wedge-shaped LSCs, respectively. Bundles are less likely to immediately in-
teract with the mirror gap at higher 0;, which downplays the influence of the angle of the
bottom surface in these cases. In the planar case, the deposition of a phosphor film across
the entire bottom surface minimizes the influence of discrepancies in the texture and effi-
ciency of the mirror as well.

At low values of 0;, the 5-cm LSC experiences similar differences relative to the other
devices, indicating that the causes of the additional discrepancies at increasing 0: are dis-
tinct. Visual inspection of this prototype revealed that it was only partially filled with
silicone, and the phosphor film protruded slightly towards the short edge of the LSC. This
was the same reason that the 5-cm planar LSC was modeled at a lower height, but pre-
cisely modeling the wedge-shaped dimensions would not be as straightforward. There-
fore, the modeled height remained at 7 mm and the full length of the LSC was used. This
clearly had a significant impact upon performance as, in fact, the model for the 4-cm LSC
is a better fit for the 5-cm experimental data for 6; > 10°. This makes sense, as partial filling
of silicone reduces the effective length of a wedge-shaped LSC.

The final validation study compares the 3-cm wedge-shaped LSC as a function of
both 0i and ¢, as shown in Figure 30. This is an important study, because if an LSC were
mounted outdoors, it would be a rare case that ¢ior 0i would truly be zero, as discussed
in [17]. Using the experimental setup described in [17], 0i and ¢ were incremented in steps
of 15° with ¢ up to 90°, and 0: up to 75°. While this setup does not achieve the same level
of fidelity as the previous validation studies shown, it is apparent that the overall trends
are similar, with the flux gain peaking at moderate 0: and steadily reducing for increasing
¢i. As described in [17], slight discrepancies in the positioning of the rotating stage used
to produce 0i and ¢: impacted the consistency of these results relative to the data taken as
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a function of 0: alone. This could also explain the less accurate alignment seen in Figure
30 relative to prior simulations.
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Figure 30. Gfsc as a function of ¢ and 6 for the 3-cm wedge-shaped LSC.

6. Conclusion

An open-source model for LSCs has been described in detail in this paper. The asso-
ciated code is available on Github [24] and the journal supplementary material section.
While there are many successful MC models that have shown experimental alignment for
a variety of LSCs, the architecture of this model is distinct, providing capabilities not cur-
rently achieved by other models. Specifically, this model can be used to investigate a va-
riety of 3-D geometries and incorporate the scattering effects of luminescent species. In
order to accomplish seamless investigation of 3-D geometries, the code has been separated
into four main classes of objects. A bundle tracks bundle position (x, y, z), direction (0, ¢),
wavelength (A1), number of photons (N;), and distances (I, Ly¢, 1y, Ly:) as it moves from
volume to volume, interacting with boundary and particle objects. A volume specifies the
attributes of a particular region in space, housing a set of boundary objects. A boundary
specifies the attributes of the facets of a volume and constitutes a set of coordinates on a
plane. A particle object is assigned to a particle volume and enables bundle interaction
with a luminescent species. These base classes represent a simple framework that can be
easily built upon by other researchers and engineers to model their own unique LSCs.
Additionally, unlike many other MC models, this model incorporates the novel approach
described in [39] to effectively model the scattering effect of luminescent phosphors along-
side absorption and emission effects.

To assess the validity of this model, three experimental validation studies were per-
formed for both planar and wedge-shaped LSCs. These studies explored the breadth of
applicability of this model to the experimental results presented in [17] and [22]. For pla-
nar LSCs, Gygc was first studied as a function of length only, and the model achieved
experimental alignment within 4.8% difference. Exploring Gfsc as a function of both 0:
and L, 19/27 cases achieved alignment within 5.1%, and 24/27 cases achieved alignment
within 7.8%, with three discrepancies where 6:> 60°. Following this, the third planar study
showed that the modeled edge spectra closely resembled the experimental edge spectra
for all cases.

For wedge-shaped LSCs, Gfsc was first studied as a function of length only, and the
model continued to predict the experimental data, although the discrepancy increased to
23% for L =3 cm. Exploring Gy sc as a function of both 6: and L, 8/27 cases achieved align-
ment within 4.2%, and 16/27 cases achieved alignment within 14.9% difference. Of the
eleven cases with Gfgc discrepancy larger than 14.9%, seven cases were found for the 5-
cm LSC. Upon further examination, the 5-cm wedge-shaped LSC was only partially filled
with silicone, which is most likely the source of the discrepancy. It should be noted that
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while the 5-cm planar LSC was not filled completely either, the 5-cm planar LSC was ef-
fectively modeled at H=4.5 mm, which improved the alignment of experimental data and
prediction. Last, Grgc was studied as a function of 0iand ¢ to evaluate the broad range
of possible incidence angles that could be found in a realistic environment. The theoretical
trends agreed with the experimental trends, although there were discrepancies, most
likely due to challenges in aligning the setup for varying azimuth angle measurements.

In conclusion, the model presented adequately aligns with the experimental data
over a variety of studies, indicating its applicability for phosphor-based LSCs in a variety
of orientations and geometric configurations. The versatility of this model and the open-
source code provided are envisioned to enable more vigorous design studies for LSC-
based BIPV.
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1073/14/2/455/s1 and on GitHuB [24].

Authors’ Contribution: Conceptualization, D.B., D.S., M.H.; methodology, D.S., M.H.; software,
D.S., M.H.; validation, D.S., M.H.; formal analysis, D.S., M.H.; investigation, M.H.; resources, D.B.;
data curation, B.P., D.S., M.H.; writing — original draft preparation, D.B., D.S., M.H.; writing — re-
view and editing, D.B., D.S., M.H. visualization, B.P., D.S.; supervision, D.B.; project administra-
tion, D.B.; funding acquisition, D.B. All authors have read and agreed to the published version of
the manuscript.

Funding: D.S. was funded by a fellowship from Distributed Solar Development, LLC. This work
was also partially funded by a NYSERDA award: “Luminescent Solar Concentrators for Power
Harvesting Building Envelope.”

Data Availability Statement: The MC code and associated files (including validation data) are avail-
able as supplementary materials found on the journal website, and on GitHub [24].

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.

Hoegh-Guldberg, O.; Jacob, D.; Taylor, M.; Bindi, M.; Brown, S.; Camilloni, I.; Diedhiou, A.; Djalante, R.; Ebi, K.L.; Engelbrecht,
F.; etal. Chapter 3: Impacts of 1.5 °C global warming on natural and human systems. In Global Warming of 1.5 °C. An IPCC Special
Report on the Impacts of Global Warming of 1.5 °C above Pre-industrial Levels and Related Global Greenhouse Gas Emission Pathways;
2018; pp. 175-311.

International Energy Outlook 2019. U.S. Energy Information Administration. Available online: https://www.eia.gov/out-
looks/ieo/pdf/ie02019.pdf (accessed on 13 January 2021).

Global Building Envelope Market Size, Status and Forecast 2019-2025. Market. Research Consultant and Research Reports QY
Research. Available online: www.qyresearch.com/index/detail/1357654/global-building-envelope-market (accessed on 13
January 2021).

IEA and UNERP. International Energy Agency and the United Nations Environment Program — Global Status Report 2018: Towards A
Zero-emission, Efficient and Resilient Buildings and Construction Sector; 2018; p. 325.

CA  Energy Efficiency Strategic Plan. California Public Utilities Commission. 2018. Available online:
http://www.cpuc.ca.gov/General.aspx?id=4125 (accessed on 13 January 2021).

Metzger, ]. Historic Climate Leadership and Community Protection Act Signed into NYS Law. NY State Senate. Available online:
www.nysenate.gov/newsroom/press-releases/jen-metzger/historic-climate-leadership-and-community-protection-act-signed
(accessed on 18 July 2019).

Nearly Zero-Energy Buildings. European Commission. 2018. Available online: https://ec.europa.eu/energy/en/topics/energy-
efficiency/buildings/nearly-zero-energy-buildings (accessed on 13 January 2021).

Gammal, A.E.; Mueller D.; Buerkstuemmer, H.; Vignal, R.; Macé, P. Technical evaluation of BIPV power generation potential
in EU-28. In Proceedings of the 32nd European Photovoltaic Solar Energy Conference and Exhibition, Munich, Germany, 13
January 2016; pp. 2518-22.

Global Building Integrated Photovoltaics (BiPV) Market to Reach $39.9 Billion by 2027. Global Industry Analysts. July 2020.
https://www.reportlinker.com/p03037269/Global-Building-Integrated-Photovoltaics-BIPV-Industry. html?utm_source=GNW
(accessed on 13 January 2021).



Energies 2021, 14, 455 28 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

“Chapter 10. Building Integrated Photovoltaics.” Energy Innovation for the Twenty-First Century: Accelerating the Energy Revolu-

tion, by Jim Skea et al., Edward Elgar Publishing, 2019.

Bonomo, P.; Zanetti, I.; Frontini, F. BIPV products overview for solar building skin. In Proceedings of the 33rd European Pho-
tovoltaic Solar Energy Conference and Exhibition, Amsterdam, The Netherlands, 29 September 2017.
Zanetti, B.; Bonomo, P.; Frontini, F.; Saretta, E.; van den Donker, M.; Vossen, F.; Folkerts, W. Building Integrated Photovoltaics:
Product Overview for Solar Building Skins. 2017. Available online: https://resources.solarbusinesshub.com/images/re-
ports/179.pdf (accessed on 13 January 2021).

Goetzberger, A.; Greubel, W. Solar energy conversion with fluorescent collectors. Appl. Phys. 1977, 139, 123-39.

Weber, W.H.; Lambe, ]. Luminescent greenhouse collector for solar radiation. Appl. Opt. 1976, 15, 2299-300.

Carrascosa, M.; Unamuno, S.; Agullo-Lopez, F. Monte carlo simulation of the performance of PMMA luminescent solar collec-
tors. Appl. Opt. 1983, 22, 3236.

Hughes, M.D.; Maher, C.; Borca-Tasciuc, D.-A.; Polanco, D.; Kaminski, D. Performance comparison of wedge-shaped and planar
luminescent solar concentrators. Renew. Energy 2013, 52, 266-72.

Hughes, M.D.; Smith, D.E.; Borca-Tasciuc, D.-A. Performance of wedge-shaped luminescent solar concentrators employing
phosphor films and annual energy estimation case studies. Renew. Energy 2020, 160, 513-25.

Inman, R.H.; Shcherbatyuk, G.V.; Medvedko, D.; Gopinathan, A.; Ghosh, S. Cylindrical luminescent solar concentrators with
near-infrared quantum dots. Opt. Express 2011, 19, 24308.

Rafiee, M.; Chandra, S.; Ahmed, H.; Mccormack, S.J. An overview of various configurations of luminescent solar concentrators
for photovoltaic applications. Opt. Mater. 2019, 91, 212-227.

Mazzaro, R.; Vomiero, A. The renaissance of luminescent solar concentrators: The role of inorganic nanomaterials. Adv. Energy
Mater. 2018, 8, 1801903.

Delgado-Sanchez, ].M. Luminescent solar concentrators: Photo-stability analysis and long-term perspectives. Sol. Energy Mater.
Sol. Cells 2019, 202, 110134.

Hughes, M.D.; Borca-Tasciuc, D.A.; Kaminski, D.A. Highly efficient luminescent solar concentrators employing commercially
available luminescent phosphors. Sol. Energy Mater. Sol. Cells 2017, 171, 293-301.

De Boer, D.K.G.; Broer, D.J.; Debije, M.G.; Keur, W.; Meijerink, A.; Ronda, C.R.; Verbunt, P.P.C. Progress in phosphors and
filters for luminescent solar concentrators. Opt. Express 2012, 20, A395-A405.

Duncan, E.S. lsclib: Library for Evaluating the Performance of Luminescent Solar Concentrators. Available online:
https://github.com/duncanesmith/Isclib (accessed on 13 January 2021).

Leow, S.W.; Corrado, C.; Osborn, M.; Carter, S.A. Monte carlo ray-tracing simulations of luminescent solar concentrators for
building integrated photovoltaics. In Proceedings of the High and Low Concentrator Systems for Solar Electric Applications,
San Diego, CA, USA, 9 September 2013; Volume 8821, p. 882103.

Sahin, D.; Ilan, B.; Kelley, D.F. Monte-carlo simulations of light propagation in luminescent solar concentrators based on semi-
conductor nanoparticles. J. Appl. Phys. 2011, 110, 33108.

Bomm, J.; Biichtemanna, A.; Chatten, A.J.; Boseb, R.; Farrell, D.J.; Chan, N.L.A.; Xiao, Y.; Slooff, L.H.; Meyer, T.; Meyer, A.; et al.
Fabrication and full characterization of state-of-the-art quantum dot luminescent solar concentrators. Sol. Energy Mater. Sol. Cells
2011, 95, 2087-94.

Zhang, B.; Yang, H.; Warner, T.; Mulvaney, P.; Rosengarten, G.; Wong, W.W.H.; Ghiggino, K.P. A luminescent solar concentra-
tor ray tracing simulator with a graphical user interface: Features and applications. Methods Appl. Fluoresc. 2020,
d0i:10.1088/2050-6120/ab993d.

Kerrouche, A.; Hardy, D.A.; Ross, D.W; Richards, B.S. Luminescent solar concentrators: From experimental validation of 3D
ray-tracing simulations to coloured stained-glass windows for BIPV. Sol. Energy Mater. Sol. Cells 2014, 122, 99-106.

Farrell, D.J. Pvtrace: Optical Ray Tracing for Luminescent Materials and Spectral Converter Photovoltaic Devices. Available
online: https://github.com/danieljfarrell/pvtrace (accessed on 13 January 2021).

Jakubowski, K.; Huang, C.-S.; Gooneie, A.; Boesel, L.F.; Heuberger, M.; Hufenus, R. Luminescent solar concentrators based on
melt-spun polymer optical fibers. Mater. Des. 2020, 189, 108518.

Moraitis, P.; De Boer, D.K.G; Prins, P.T.; Donega, C.D.M.; Neyts, K.; Van Sark, W.G. Should anisotropic emission or reabsorp-
tion of nanoparticle luminophores be optimized for increasing luminescent solar concentrator efficiency? Sol. RRL 2020, 4, 1-7.
Videira, J.J.; Bilotti, E.; Chatten, A.]. Cylindrical array luminescent solar concentrators: performance boosts by geometric effects.
Opt. Express 2016, 24, 1188.

Farrell, D.J. Pvtrace: Optical Ray Tracing for Luminescent Materials and Spectral Converter Photovoltaic Devices. 006 Coatings.
Available online: https://github.com/danieljfarrell/pvtrace/blob/master/examples/006%20Coatings.ipynb (accessed on 13 Janu-
ary 2021).

Farrell, D.]. Pvtrace: Optical Ray Tracing for Luminescent Materials and Spectral Converter Photovoltaic Devices. 005 Geometry.
Available online: https://github.com/danieljfarrell/pvtrace/blob/master/examples/005%20Geometry.ipynb (accessed on 13 Jan-
uary 2021).

Farrell, D.]. Pvtrace: Optical Ray Tracing for Luminescent Materials and Spectral Converter Photovoltaic Devices. 002 Materials.
Available online: https://github.com/danieljfarrell/pvtrace/blob/master/examples/002%20Materials.ipynb (accessed on 13 Janu-
ary 2021).



Energies 2021, 14, 455 29 of 29

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hughes, M.D.; Wang, S.-Y.; Borca-Tasciuc, D.-A.; Kaminski, D.A. Analysis of ultra-thin crystalline silicon solar cells coupled to
a luminescent solar concentrator. Sol. Energy 2015, 122, 667-677.

1600 W Oriel Solar Simulator 92193 Datasheet. Newport Corporation. Available online: https://www.arti-
santg.com/info/Oriel_SolarSimulator_Datasheet.pdf (accessed on 13 January 2021).

Mahan, J.R. The Monte Carlo Ray-Trace Method in Radiation Heat Transfer and Applied Optics; John Wiley & Sons Ltd.: Hoboken,
NJ, USA, 2019.

Schneider, F.; Draheim, J.; Kamberger, R.; Wallrabe, U. Process and material properties of polydimethylsiloxane (PDMS) for
Optical MEMS. Sens. Actuators A Phys. 2009, 151, 95-99.

Sylgard 184 Silicone Elastomer Technical Datasheet. Dow Corning. Available online: https://www.dow.com/con-
tent/dam/dcc/documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-elastomer.pdf?iframe=true (accessed on Janu-
ary 13 2021).

Hughes, M.D.; Borca-Tasciuc, D.-A.; Kaminski, D.A. Method for modeling radiative transport in luminescent particulate media.
Appl. Opt. 2016, 55, 3251-3260.

McIntosh, K.R.; Cotsell, ].N.; Cumpston, J.S.; Norris, A.W.; Powell, N.E.; Ketola, B.M. An optical comparison of silicone and
EVA encapsulants for conventional silicon PV modules: A ray-tracing study. In Proceedings of the 2009 34th IEEE Photovoltaic
Specialists Conference (PVSC), Philadelphia, PA, 12 June 2009; Volume 34, no. 2, pp. 1649-54.

Van Verth, ].M.; Bishop, L.M. Orientation representation. In Essential Mathematics for Games & Interactive Applications, 2nd ed.;
Morgan Kaufmann Publishers: Burlington, MA, USA, 2008; pp. 173-202.

Gillies, S. Shapely: Manipulation and Analysis of Geometric Objects. 2007. Available online: https://pypi.org/project/Shapely/
(accessed on 13 January 2021).

McEvoy, A.; Castaner, L.; Markvart, T; IA-1. Principles of solar cell operation. In Solar Cells—Materials, Manufacture and Operation,
2nd ed.; Elsevier: Amsterdam, The Netherlands, 2013; pp. 3-24.

High Performance LED Phorsphors for High Power LEDs. PhosphorTech Corporation. Available online: https://phosphor-
tech.com/products/led-phosphors/ (accessed on 13 January 2021).

IXOLAR™  High Efficiency SolarBIT Datasheet KXOB22-04X3. Digi-Key Electronics. Available online:
https://ixapps.ixys.com/DataSheet/KXOB22-04X3-DATA-SHEET-20110808.pdf (accessed on 13 January 2021).



