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Abstract: The full utilization of broadband solar irradiance is becoming increasingly useful for
applications such as long-term space missions, wherein power generation from external sources
and regenerative life support systems are essential. Luminescent solar concentrators (LSCs) can
be designed to separate sunlight into photosynthetically active radiation (PAR) and non-PAR to
simultaneously provide for algae cultivation and electric power generation. However, the efficiency
of LSCs suffers from high emission losses. In this work, we show that by shaping the LSC in the
form of an elliptic array, rather than the conventional planar configuration, emission losses can be
drastically reduced to the point that they are almost eliminated. Numerical results, considering the
combined effects of emission, transmission and surface scattering losses show the optical efficiency
of the elliptic array LSC is 63%, whereas, in comparison, the optical efficiency for conventional planar
LSCs is 47.2%. Further, results from numerical simulations show that elliptic array luminescent solar
concentrators can convert non-PAR and green-PAR to electric power with a conversion efficiency of
~17% for AM1.5 and 17.6% for AMO, while transmitting PAR to an underlying photobioreactor to
support algae cultivation.

Keywords: luminescent solar concentrator; solar spectrum Splitter; power generation in space;

microalgae

1. Introduction

The progression of human space exploration endeavors depends on extending the
duration of crew missions [1-3]. These ambitious missions will require regenerative
environmental control and life support systems (ECLSS). Further, it will not always be
possible to bring an energy source that can supply the power required for the duration of the
mission and onboard energy conversion systems that utilize the energy sources available
in space will be needed. Regarding ECLSS for long-term space missions, microalgae
cultivation has been investigated as a promising solution owing to its potential to regenerate
O, from CO,, high growth-rates and ability to close the carbon loop by providing a
source of food [4-6]. Indeed, in the Photobioreactor at the Life Support Rack (PBR@LSR)
experiment, an advanced microalgae photobioreactor (PBR) utilizes concentrated CO, from
a life support rack onboard the International Space Station [7]. Onboard power generation
for spacecrafts operating in the inner solar system is often achieved using photovoltaic
(PV) solar panels to convert sunlight into electricity. In this work we are interested in
the potential use of luminescent solar concentrators (LSCs) that focus sunlight onto PV
cells located at their sidewalls for space applications. We are particularly interested in
LSCs because, in addition to concentrating sunlight, they can also function as a solar
spectrum splitter that separates photosynthetically active radiation (PAR) from non-PAR.
Our objective is to design an LSC that splits the solar radiation to simultaneously provide
for electric power generation using non-PAR and green-PAR, and microalgae cultivation
using PAR, respectively. The ability to provide multiple functions is highly valuable for
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mass and volume conservation on spacecrafts. Further, using LSCs for PV operation in
space can offer additional benefits. For example, small PV cells are located at the edges of
the LSC where they can be shielded from harmful radiation [8], and it has been predicted
that specific power values greater than 1 kW /kg can be achieved by using LSCs in space [9].
However, the efficiency of LSCs suffers from emission losses, whereby a large fraction
of light emitted from the dye within the LSC panel exits the structure rather than being
directed toward the edges of the LSC via total internal reflection (TIR). LSCs have a planar
configuration, although in this work we investigate the ability of using other structures
to achieve TIR over a broad range of angles to minimize emission losses. We show that
emission losses can be drastically reduced by structuring the LSC in the form of an elliptic
array rather than a planar configuration. In this paper, we design and numerically evaluate
the performance of elliptic-array LSCs that can operate in tandem with a PBR and use solar
energy to simultaneously generate electric power and provide for microalgae cultivation.

2. Background

Significant research efforts have been undertaken to explore innovative spectral pho-
ton management strategies that optimize algae growth conditions and biofuel cultivation
systems [10-15]. For example, Sun et al. [16] enhanced microalgae production by embed-
ding hollow light guides in a flat-plate PBR made of PMMA. The hollow light guides also
induced turbulent flow, promoting microalgae suspension mixing, and the photosynthetic
efficiency of microalgae growth in the PBR was increased by 12.52%. Ooms et al. [17]
demonstrated wavelength specific scattering from plasmonic nano-patterned surfaces as a
means of addressing the challenge of photon management in PBRs. Modular PBRs were
constructed with different reflective substrates including arrays of plasmonic nanodisks,
broadband reflectors and untreated glass, and a power efficiency enhancement of 52% was
achieved with the plasmonic nanodisk arrays as compared to the case wherein a broadband
reflector was used. Furthermore, a 6.5% cyanobacterium growth rate increase was achieved
by using a plasmonic substrate in comparison to using a photobioreactor equipped with
untreated glass.

As another spectral photon management strategy for optimizing algae-based biofuel
cultivation systems, LSCs are one of the most economical and practical options to harvest
solar energy because they have the dual-advantage of (1) concentrating light onto a smaller
area (resulting in greater geometrical gain) and (2) splitting the solar irradiance into
different spectral regions such that it can be used to simultaneously provide power for
multiple applications. An LSC is typically comprised of a transparent panel that hosts
luminophore molecules. These luminophores, such as quantum dots or organic dyes,
absorb incident solar radiation and use this energy to isotropically emit radiation with a
longer wavelength. If the photons are emitted within the critical angle, they will be directed,
via TIR, toward PV cells located at the edges of the transparent panel. The incident solar
radiation outside the spectral region absorbed by the fluorophores may pass through the
panel. This technology can be used in a vast range of applications including greenhouse
panels, semi-transparent windows that generate electricity or heat [18] and skylights
because the transparency, shape, size and color of the panel are easily controlled [19].

The luminophore embedded within the LSCs can be designed to split the solar spec-
trum into its PAR and non-PAR components and concentrate the non-PAR onto PV cells
located at the LSC sidewalls. Over the course of millions of years, photosynthetic organ-
isms have adopted photo-protection mechanisms to naturally regulate energy flow and
minimize energy fluctuations within their photocells [20]. Most photosynthetic organisms
are highly reflective toward green light, which has the maximum photon flux in the so-
lar radiation spectrum, to avoid overheating. Instead, light harvesting antennas within
photosynthetic organisms are often highly absorbing in the spectral vicinity of blue and
red light [21]. However, due to several deficiencies and considerable loss mechanisms,
the power conversion efficiency of LSCs is still less than 10%. The main operating mecha-
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Luminescent layer

nisms and loss phenomena in LSC devices are described subsequently with reference to
Figure 1 [22].

Luminescent layer

Figure 1. (a) Mechanism of an LSC as a solar spectrum splitter and solar concentrator and, (b) Operation and loss

mechanisms in an LSC: (1) Fresnel reflection loss, (2 and 3) Light guiding of photons emitted outside the escape cone via

TIR to PV cells at the sidewalls of the planar waveguide, (4) Emission losses of photons emitted within the escape cone,

(5) Internal absorption losses, (6) Surface scattering losses at the waveguide/air boundary.

A main reason for low efficiencies in LSCs is transmission losses because a large
amount of incident sunlight passes through the panel. Transmission losses occur because
luminophore dyes absorb over a small spectral region compared to the spectrally broad
solar irradiance. However, this feature makes it possible to use LSCs as semitransparent
windows for numerous applications including greenhouses and building facades. Other
loss mechanisms include surface reflection loss (which is ~4% for light incident from
the normal direction), emission losses due to light being emitted at angles less than the
critical angle for which TIR occurs, and emission losses due to surface roughness, which
increases photon scattering out of the LSC, and internal absorption losses, which includes
the absorption of light by the host matrix waveguide material and the re-absorption of
emitted photons by other dye molecules. Many efforts have been applied to reduce the
aforementioned losses in LSCs. The methods of reducing surface losses include fabricating
selective mirrors, Bragg reflectors, or plasmonic structures at the LSC surfaces, and aligning
the luminophores within the LSC to control the path of the emitted light.

Efforts to reduce internal losses caused by re-absorption include studies on novel
organic fluorescent dyes, quantum dots and inorganic phosphors [23]. Correia et al. [24]
provided a comprehensive overview about the potentials of lanthanide-based organic-
inorganic luminescent dyes in order to increase the performance of LSCs. Meinardi et al. [25]
designed and fabricated CdSe/CdS quantum dots that utilize a large Stokes shift to elimi-
nate re-absorption losses in large-area LSCs and optical efficiencies exceeding 10% with a
concentration factor of 4.4 were achieved. Buffa et al. [26] developed dye-doped polysilox-
ane rubber waveguides for LSC systems and evaluated the potential of enhancing fluo-
rophore fluorescence efficiency in the presence of different concentrations of Au nanopar-
ticles. Unlike the more common waveguide hosts (e.g., PMMA), polysiloxane rubber is
flexible, which enables applications in tents, fabrics, sleeping bags or other such devices
that can be rolled up, folded or otherwise deformed. The first transparent near-infrared
(NIR)-absorbing LSC with high transparency was demonstrated by Zhao et al. [27]. In this
study, they developed luminophore blends of cyanine and cyanine salts and synthesized
cyanine salt-host blends with quantum efficiencies greater than 20% accompanied with
spectrally selective NIR harvesting. Debije et al. [28] increased the energy output of LSC
waveguides by adding white scattering layers to the bottom side of LSCs separated from
the waveguide by an air gap. Cambié et al. [29] developed a Monte Carlo ray tracing algo-
rithm to simulate photon paths within LSC-based photomicroreactors and experimentally
validated their results. Chou et al. [30] fabricated a flexible waveguiding LSC that exhibits
high optical efficiencies and great mechanical flexibility. In this research, a certified power
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conversion efficiency (PCE) of 5.57%, with a projected PCE as high as approximately 18%
was reported. A significant amount of research has also been performed to investigate
the performance of LSCs for agrivoltaics, algae cultivation, basil growth and greenhouse
applications [11,31-36]. For example, Detweiler et al. [11] fabricated a wavelength se-
lective LSC panel that harnesses the green light portion of the solar irradiance, most of
which is not used for algae growth. The LSC panel contains Lumogen Red 305 dye that
absorbs and emits green (~580 nm peak) and red light (~620 nm peak), respectively. The
fluorescently emitted red light was either used to enhance algal growth, or waveguided
and captured by PV cells to be converted into electricity. The results revealed that the
microalgae growth rates under the LSC panels were equivalent to the growth rates under
the full solar radiation spectrum.

Based on Snell’s law, all the photons emitted from luminescent dyes within an LSC
that impinge on the surface of the LSC panel at an angle smaller than the critical angle
will be emitted to the surrounding medium (loss four in Figure 1b), which is one of the
main loss mechanisms in LSCs. The measurements reveal that the accumulated emission
losses, considering secondary absorption and emission events and scattering due to surface
roughness can reach 50-70% [37]. In this context, all the strategies for reducing surface
losses are based on the following two main processes: integrating selective mirrors and
aligning the luminophores to directionally control the emission of light [38,39]. However,
topology-based strategies wherein the shape of the host medium is altered and optimized to
reduce emission losses have yet to be explored. This work evaluates the benefits of shaping
the medium hosting the dye in an elliptic-based, rather than planar-based, configuration
to minimize the absorption and surface (including scattering and cone zone) losses for
LSCs. The performance of these novel elliptic-based LSCs is investigated and compared to
conventional LSCs for the dual application of simultaneously providing power for algae
and PV electricity production systems.

3. Description of the Elliptic Array Solar Spectrum Splitter and Simulation Methods

In this study, we present a novel spectral-splitting solar concentrator (5SS) that has an
elliptical configuration that partitions the solar irradiance into photosynthetically inactive
radiation (non-PAR) and green PAR, which is typically not strongly absorbed by microalgae,
to power PV cells and blue and red PAR to be utilized in microalgae cultivators.

An ellipse has two focal points, and any ray emitted from one of its focal points that is
specularly reflected from its surface will be directed toward its second focal point (Figure S1
in the Supplementary Material, Section A). In the proposed SSS, we make use of this ability
of an ellipse to transfer light rays emitted from one of its focal points to its second focal
point to design an LSC panel with minimal optical losses. The shared focal point in the
proposed SSS is occupied with the concentrated luminescent dye that absorbs green PAR
or non-PAR and re-emits radiation at an equal intensity in all directions. The light radiated
from the luminescent dye is directed toward the focal points of the adjacent unit cells.

This phenomenon, whereby the light emitted from one focal point is refocused at the
focal points of the adjacent unit cells, is achieved by designing the curvature of the ellipses
such that the radiation emitted at their shared focal point undergoes TIR at their curved
sidewalls. If the medium internal to the SSS has an index of refraction equal to 77 and the
medium external to the structure is air (1,4, = 1) then, according to Snell’s law, the radiation
emitted from the focal point of the overlapped ellipses will undergo TIR at the surface
when the following Equation (1) is satisfied:

2 > tan (sin_1 (é)) 1

The minimum value of ¢/a for which the radiation emitted from the focal point of the
ellipse will undergo TIR at the ellipse surface is plotted as a function of 7; (the medium inter-
nal to the ellipse) in Figure 2b for the case in which the external medium is air. For example,
if the ellipse was made from glass (1gy,ss = 1.49), polymer (1 pign refractive index polymers = 1.7)
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or titanium dioxide (1 1j0p = 2.5), the minimum values of ¢/a that would satisfy the TIR
condition defined by Equation (1) would be 0.905, 0.727 or 0.436, respectively. Based on
the definition of an ellipse ¢/a < 1, which implies that the refractive index of the medium
internal to the ellipse must be 1.41 or greater, as indicated by the red line in Figure 2, to
satisfy the TIR condition if the medium external to the ellipse is air. The inset at the top
right in Figure 2b shows five different shapes of ellipses over the range of 0.905 < ¢/a < 1.
The TIR condition defined by Equation (1) for the case in which the internal medium is
glass is illustrated in Figure 2c, which shows that the radiation emitted from the shared
focal point of two overlapping ellipses escapes the SSS structure for values of c/a < 0.905;
conversely, all the rays emitted from the focal point undergo TIR at the surfaces of the
glass-based ellipse for the case in which ¢/a > 0.905.

b 2.5 1
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Figure 2. (a) A unit cell that hosts concentrated luminescent dye at the shared focal point of two ellipses. The width of the
unit cell is 2C. (b) The minimum value of ¢/a for which TIR will occur for radiation emitted from the focal point plotted as a
function of the refractive index of the medium internal to the ellipse (assuming the medium external to the ellipse is air) and

(c) propagation behavior of radiation emitted from a point source located at the shared focal point of overlapping ellipses
for the cases in which the index of refraction of the internal medium is n = 1.49 and the ellipse parameters are c/a = 0.6,

¢/a=0.75and c/a = 0.95.

Herein, we use the ellipse-based unit cell shown in Figure 2 in the design of a spectral-
splitting solar concentrating panel that transmits blue and red PAR, such that it can be
used for algae cultivation while absorbing green PAR and non-PAR incident from the
solar irradiance to generate electric power. A cross-section of this panel, in the “X-Y”
plane, is shown in Figure 3a, and the shape of this panel is realized in three-dimensions by
translating this cross-section in the “Z” direction, as shown in Figure 3b. For conciseness,
we refer to this panel as an elliptic array solar spectrum splitter (EASSS). Additionally,
shown in Figure 3b is an array of Petzval lenses that focuses the incident solar irradiance
onto the focal lines within the EASSS. The concentrated light beams coming from the
Petzval lens array are incident onto an array of linear receivers (negative lenses) residing on
the upper surface of the EASSS, which facilitate the coupling of the incident light onto the
focal lines. The incident green PAR and non-PAR is absorbed by luminophores concentrated
along the focal lines within the EASSS, while the blue and red PAR is transmitted and
leaves the EASSS through a linear exit port located beneath the focal line. The radiation
from the luminophores, emitted with equal intensity in all directions, is confined within
the EASSS via TIR and is directed toward the PV cells embedded at the side walls of the



Energies 2021, 14, 5229

6 of 20

EASSS. In this case, luminescent dye absorbs the spectral region from ~500-600 nm and
from ~740-1100 nm and re-emits photons at wavelengths matched to the single junction
PVs at the EASSS side walls. For example, Lumogen Red 305, one of the most commonly
used dyes in LSCs, which has an absorption peak of ~580 nm and an emission peak of
~620 nm, and CY (a cyanine derivative), with absorption spectra peaks at 742 nm and
NIR emission peaks at 772 nm, can be utilized. InGaP (Epandgap = 1.82 €V), single junction
Si (Epandgap = 1.1 V) and GaSb (Epandgap = 0.67 eV) solar cells can be used as PV cells at
the panel sidewalls to harvest different ranges of the non-PAR spectrum. The part of the
incoming beam that is not absorbed by the luminescent dye can be used to cultivate algae
in a photobioreactor located beneath the EASSS [40-47].
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Figure 3. (a) The proposed configuration of Elliptic Array Solar Spectrum Splitter (EASSS) in 2D; (b) extension of the EASSS
into 3D and; (c) The concept of receiver to couple the incoming concentrated light from Petzvel lens to the luminescent dye

area and send out through the exit port.

In conventional flat-panel LSCs, the light emitted within a broad cone does not
undergo TIR at the panel surface and emission losses are ~25%. In the EASSS, TIR occurs
for all the light emitted from the focal line with the exception of the light that is emitted
onto the receiver or the exit port. As discussed subsequently with reference to Figure 3,
the expected emission losses from the EASSS are just a few percent. The surface scattering
losses can be estimated using the equation (1 — D)V, where D is the surface scattering
coefficient and N is the number of ray collisions with the surface of the EASSS. Moreover,
the internal absorption losses can be determined using the expression e~*, where « is
the absorption coefficient of the internal medium the EASSS is comprised of, and L is the
trajectory path length of the rays through this internal medium.

In the literature, Monte Carlo ray-tracing methods have been used to model LSCs [46—48].
Herein, we numerically model the path length, emission losses and optical efficiency
for the light emitted from the focal line inside the EASSS using COMSOL Multiphysics
software (version 5.4) ray optics and heat transfer modules supplemented with MATLAB
for analytical analysis. The number of rays emitted from each point source was a minimum
of 10°, and the mesh sizes are normalized to the focal distance. The non-dimensional mesh
size does not exceed 0.01, and the maximum relative tolerance for convergence is 1075,

The analysis is performed as follows: Firstly, an EASSS structure without entrance
ports (receivers) or exit ports is considered. Specifically, surface scattering losses, in terms
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of the number of surface scattering events, N, within the EASSS is modeled and analyzed
in 2D and compared with that of the conventional flat-panel LSC. Then, the absorption
losses, in terms of the mean light-ray path length, are determined for the EASSS and
flat-panel LSC. Subsequently, the effect of structure thickness on the absorption and surface
scattering losses are investigated. Afterward, the receivers and exit ports are introduced on
the upper and lower sides of the EASSS, respectively. The effect of altering the structure of
the receiver on the performance of the EASSS is considered and discussed thereafter. In
practice, all the luminescent dye required to absorb the incident non-PAR spectra would
occupy a finite volume and could not lie precisely on the focal lines within the EASSS. In
this regard, the effects of the finite volume occupied by the dye and the sensitivity of the
performance of the EASSS with respect to the displacement of the dye from the focal line
are investigated. Furthermore, considering the highly concentrated solar irradiation on
the narrow receivers, thermal analysis of the EASSS is carried out. Finally, the optical and
power conversion efficiency for a sample case of an EASSS working in conjunction with a
photo-bioreactor is analyzed and discussed.

4. Results
4.1. Surface Scattering Losses in the EASSS

The number of scattering events per meter width in the x-direction is plotted as a
function of the height (2b = h) and ¢/a ratio of the EASSS in Figure 4. For a constant height of
the EASSS structure, as c/a increases the number of unit cells (focal lines) per meter within
the EASSS panel decreases and, therefore, the number of surface collisions decreases, which
lowers the surface scattering losses. In general, as ¢/a and h increase, surface scattering
losses decrease.

20 — 45
3 Surface scattering events (1/m) j§ | 40
16 - 35
— 12 5
QE’ 10 5
"
= . 20
15
6
10
4
5
2
0.91 0.93 0.95 0.97 0.99

c/a

Figure 4. Number of surface scattering events per meter, within an EASSS panel plotted as a function
of h and c/a.

The number of surface scattering events per meter in the x-direction is plotted as a
function of LSC height for an EASSS with ¢/a = 0.91 and a conventional flat-panel LSC
in Figure 5a. Figure 5b shows comparisons of the trajectory of the light emitted from a
point source located at the center of the EASSS to the trajectory of the light emitted from
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the center of a conventional LSC panel. When the panel height is 2 cm, the number of
surface scattering events in the EASSS and conventional LSC panels are N = 22/m and
N =55/m, respectively. When the panel height is increased to 10 cm, the number of surface
scattering events in the EASSS and conventional LSC panelsis N=4m~!and N=11m™},
respectively. Thus, the number of surface scattering events in the EASSS is typically less
than half that in the convectional LSC, which helps to minimize surface scattering losses.

a Time (x107s) |f ¢
/\E\ 100 +- hvs N — Conventional 14
;’ h vs N—EASSS 12
& '

5 @ :
> 60 ) h=10cm |
50 d
é 40 5 (3) | ' o
B — 134
3 20 p s %‘ 0.4
(% 0 O O = : — =) 0.2
1 2 3 4 5 6 7 8 9 10 ‘ '
h [cm] 0

Figure 5. (a) A comparison of surface scattering loss events on a per-meter basis for light propagating
along the planar direction (the x-direction) of an EASSS and a conventional flat-panel LSC for a
constant value of ¢/a = 0.91; and (b) The trajectory of light emitted from the center of a conventional
LSC panel and EASSS for two cases wherein the height of the panelsis h =2 and & = 10 cm.

4.2. Absorption Losses in the EASSS

It can be noted that absorption losses are independent of structure height, &, because,
for a constant value of c/a, as h increases the optical path length remains invariable. On
the other hand, as c/a increases, the curvature of the EASSS surfaces increase and the light
emitted from the focal lines is more strongly directed toward the EASSS sidewalls, resulting
in a decrease in the optical path length.

The optical path length of radiation emitted from the center of a panel to its sidewalls
is shown in Figure 6a for the EASSS and the conventional LSC panels for a height of
h =2 cm and a width of 2 m. For a point source located in the middle of a conventional LSC,
the emission at the critical angle (C.A) (~42° when the index of refraction of the LSC is 1.49)
and C.A/2 results in optical path lengths of 150 and 110 cm, respectively. For the EASSS,
however, the optical path length is independent of the emission angle. Furthermore, the
optical path length ranges from 110 cm (for c/a = 0.905) to 100 cm (for c/a = 0.999). As can
be seen in Figure 6b, the number of unit cells (focal lines) in the EASSS increases as c/a
decreases, resulting in a longer optical path length for an EASSS with a fixed height and
width of 2 cm and 2 m, respectively.

The optical path length and number of surface scattering events are plotted as a func-
tion of the height of the EASSS panel, i, in Figure 7. As I decreases, the number of surface
scattering events increases, thereby increasing the expected surface losses (c/a = 0.91).
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Figure 6. (a) Optical path lengths of radiation emitted from the center of the EASSS and conventional
LSC panels for a structure with a width of 2 m. For the conventional LSC, the path lengths for
emission at the critical angle for which TIR occurs (6 = C.A.) and for emission at half the critical angle
are considered; and (b) Geometrical illustration of the ray propagation in conventional LSC and
EASSS with ¢/a = 0.91 and 0.995 for h = 2 cm.
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Figure 7. The relationship between the EASSS thickness (k) and the optical path length and the
number of surface scattering events for light emitted from the focal lines within the EASSS.

4.3. Transmission Losses in the EASSS

Figure 8 shows the fraction of radiation emitted from luminophores at the centers
of the EASSS and conventional LSC panels that are incident onto PV cells located at the
panel sidewalls as a function of time. In this figure, two EASSSs with c¢/a = 0.995 and
c¢/a =091, and a conventional LSC, are considered, each having a height of & = 2 cm.
The distance between the luminophore at the center of the panels and the PV cells at the
panel sidewalls is assumed to be one meter. As can be seen in Figure 8, for the EASSS, the
emitted photons from luminescent dyes reach the solar cells sooner, because they have a
shorter distance to travel, in comparison to the conventional LSC. The shorter distance
and duration for photons propagating in the EASSS, as compared to the conventional LSC,
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translates to a reduction in transmission (1 Tynsmission), self-absorption (#7seqps), surface
roughness (1 Roughness) and emission (1 mission) losses, which will be discussed subsequently.

= 1
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Figure 8. Radiation emitted from the center of the EASSS and conventional LSC panels incident onto
the PV cells at the panel sidewalls plotted as a function of ray travelling time for /1 = 2 cm.

4.4. Optical Receiver Design

As mentioned previously, a linear array of Petzval lenses is used to collimate the solar
irradiation into the EASSS along the focal lines where the luminescent dyes are concentrated.
The Petzval lens configuration is composed of two positive lens groups separated by an air
gap. To enable the incoming concentrated blue and red PAR to efficiently exit the underside
of the EASSS, a negative lens element is placed on top of the entrance port on the upper
side of the EASSS, as shown in Figure 3c. The entrance port introduces emission losses,
which are discussed subsequently.

4.4.1. Emission Losses as a Function of the Optical Receiver Design

It is clear that increasing the width of the optical receiver port (O), as shown in
Figure 9¢, results in higher emission losses. For constant values of O and k, as c/a increases,
p = b?/a decreases and emission losses increase. From the perspective of structure thickness
(h), for constant values of O and c¢/a, as h increases, p increases and emission losses decrease.
The emission losses are shown as a function of O and c¢/a for three different values of h = 2,
5 and 10 cm in Figure 9a—c, respectively.

4.4.2. Emission Losses as a Function of the Volume Occupied by the Luminescent Dye in
the Vicinity of the EASSS Focal Line

The results presented in all the previous sections were calculated in 2D under the
assumption that the luminescent dye is located precisely along the focal line of the over-
lapped ellipses. In practice, the dye molecules will occupy a limited volume, the size
of which depends on the amount of dye required to absorb the incident green PAR and
non-PAR solar photon flux. Figure 10a,b show the percentage of radiation emitted from the
focal line that is lost through the upper and bottom entrance and exit ports as a function
of the in-plane (X-Z plane shown in Figure 2b) and out-of-plane (Y-Z plane shown in
Figure 3b) displacement of the luminescent dye from the focal line for two sample EASSS
configurations with ¢ =5 cm and /& =2 and h = 4 cm, respectively.
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As an example, based on the assumptions and analysis regarding dye concentration
and absorption that we reported in a previous work [49], it was concluded that the required
volume of Lumogen R305 dye in the EASSS with parameter values of ¢/a = 0.91, c = 1.25 cm
and O = 0.1 cm and an area of 10 x 10 cm? to absorb all the incident light over the spectral
range of 575~620 nm, requires ~1.57 x 10~3 mm? for each unit cell. This required volume
creates negligible focal line-offset losses (less than ~1%).

4.5. Performance Comparison: EASSS vs. Conventional LSC Panels

In this section we compare a conventional LSC and an EASSS panel with parameter
values of ¢/a = 0.91, c = 1.25 cm and O = 0.1 cm. The area of both panels is assumed to be
10 ecm x 10 cm, and the height (h = 2b) of both panels is assumed to be identical.

The fraction of radiation emitted from a point source located at the center of the panel
that is incident onto PV cells located at the panel sidewalls is plotted as a function of time
in Figure 11 for the conventional LSC and EASSS panels. Two sidewalls have PV cells and
the other two sidewalls are coated by a specular reflector (mirror). The use of sidewall
mirrors is discussed in more details in Ref. [50]. At a steady state, the emission losses for
the EASSS and conventional LSC panels are 7.4 and 25.8%, respectively, resulting in a 24.8%
improvement in emission efficiency. The mean traveling time for photons to propagate from
the center of the EASSS and conventional LSC panels to the sidewalls is T;;;; = 0.66 ns and
Tynp = 1.45 ns, respectively. The difference between the mean propagation time for the two
panels is related to the differences in transmission efficiency, #fausmission (here, transmission
efficiency refers to losses that occur for light propagating within the host of the LSC toward
its sidewalls). For example, assuming the same intensity of incident light on the EASSS
and conventional LSC panels, and that the host material has an index of refraction and
mean absorption coefficient of 7 = 1.49 and aeqn = 3 X 103 em™1, respectively [48], the
Optical Density (OD) can be determined for a light emitted from the center of the EASSS or
a planar LSC using the following equation:

OD = log, <110> 2)

where Ij = the intensity of light at the center of the LSC and I = the intensity after the light
has propagated to the sidewalls of the LSC. The ratio of the optical density for the EASSS
and planar LSCs is ODgasss/ODpsc = 0.45, which implies that the transmission losses
through the EASSS panel are significantly less than that for the conventional LSC panel.

The total efficiency of the EASSS can be calculated using the concentration factor, C,
which is the intensity of the radiation incident onto the rectangular PV cells embedded on
two sidewalls, @;, divided by the intensity of the radiation incident onto the Petzvel lens
concentrator, @;: C = ®,/®;. In other words, the concentration factor can be re-written
as C = G.1green /non-PAR-opt» Where G is the geometrical gain factor and #green /non-pAR-opt 1S the
optical efficiency of the EASSS for the green PAR and non-PAR spectrum, which is given as
follows:

M green/non-PAR-opt = ' Fresnel "1 green/non-PAR-Abs "1 PLQY "] Stokes *1] Emission "1 Roughness "] Transmission "1 self-abs 3)

where #pyesner depicts the Fresnel law-based efficiency with which incident light is coupled
into the EASSS, instead of being reflected from the boundary surfaces. Taking into con-
sideration the two negative Petzvel lenses, incident light will pass through five surfaces
prior to entering the EASSS. If the EASSS and two negative Petzvel lenses are made from
PMMA (n = 1.49), and for normal incidence, then #p,esye = 0.96° 22 82%. Ngreen /non-PAR-Abs
is the efficiency with which the luminophores absorbs the green PAR and non-PAR. Here,
we assume that a sufficient amount of luminescent material such as Lumogen Red 305
is embedded in the EASSS (~33 ppm) such that 100% of the green PAR in the spectral
region from ~500 to ~600 nm is absorbed [51]. 77p; gy represents the photoluminescence
quantum yield (PLQY) efficiency described as the ratio between the number of photons
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emitted and absorbed by the luminescent dye in the green PAR and non-PAR range. It is
assumed that 17p; gy = 0.95 for LR 305 luminescent dye [52]. #7s¢ks Shows the energy lost
through molecular vibrations and heat generation during the absorption (~580 nm peak)
and emission (~620 nm peak) event, which is assumed to be 7755405 = 95% for Lumogen
Red 305 [52]. However, in this study, we set ;s = 1 because we are investigating the
fraction of incident green PAR photons in the spectral region in the vicinity of 500-600 nm
that are absorbed by Lumogen Red 305 and, eventually, directed toward the rectangular
PV cells located at the two sidewalls of the EASSS. That is, all the photons incident onto
the c-5i PV cell with energy greater than its bandgap, which is ~1.1 eV (Ap, ~1.1 pm),
independent of the Stokes shift, contribute to the output current. #,,ission, is the efficiency
with which the LSC panels “trap” the light, thus preventing the photons emitted from
the luminophores from escaping the panel. As discussed previously with reference to
Figure 11, the emission losses for an EASSS with parameters c/a=0.91,c=125and O =0.1,
are 7.4%, and, in this case, §gmission = 92.6%. In comparison, the #gission for a planar LSC
with an index of refraction of 1.49 is ~74%, which is only valid for a perfectly smooth
interface. Surface roughness creates parasitic surface losses and reduces the efficiency
of total internal reflection and, therefore, an additional factor, #/royugnness, is introduced in
Equation (3). These surface scattering losses increase with increasing surface roughness. In
practice, surface scattering losses are highly dependent on the quality of fabrication and in
an LSC panel can be described using the expression (1 — D)V, where D is the probability
that a photon is scattered out of the LSC due to surface roughness each time it is incident
onto the LSC surface and N is the number of collisions with the LSC surface [53]. In this
study, for the specific case wherein c¢/a = 0.91, c = 1.25 cm and O = 0.1 cm of the EASSS, it is
further assumed that D = 0.03, which results in #/Roughness = 93%- 1 Transmission 1S the efficiency
with which photons generated from the luminescent dye are transported through the
LSC without being absorbed by the host material due to the concentrations of attenuating
species in the material sample. The transmission efficiency is governed by the following
Lambert-Beer law:

Iout —ul

p=e @
where « is the absorption coefficient of the material the panel is comprised of (PMMA in this
study). The absorption coefficient is assumed to be & =5 x 1073 em ™! for A = 620 nm [48]
and, therefore, the transmission efficiency is 1 ausmission = 93-6%. seiaps is the efficiency
with which the re-emitted light can be transported through the EASSS panel without being
absorbed by other luminophores. Self-absorption is a consequence of the spectral overlap
between the emission and absorption spectra of the luminescent dye [54,55]

It should be noted that, self-absorption losses decrease significantly as the Stokes shift
increases. However, the total probability of the self-absorption for a photon emitted from a
dye is a function of L, the total transport optical path length through the whole medium
occupied with luminescent dyes. Py(L) is the overall probability that an emitted photon
will reach the edge of the waveguide without undergoing self-absorption. Py(L) can be
used to calculate the self-absorption losses [55,56] as follows:

Py(L)

5
1- (1 - PO(L))WPLQY'ﬂEmission ( )

Hself —abs =

where 17p; gy is the photoluminescent quantum yield and #Eyission is the transmission
(trapping) efficiency. #7p oy = 0.95% and 17 yission = 93% in this study. Therefore, we neglect
self-absorption for the proposed LSC in this work.

Considering all the loss mechanisms and efficiencies as described by Equation (5), the
green PAR optical efficiency and concentration factor for the EASSS panel considered in
this section are #green /non-PAR-opt = 61.5% and C = 2.77, respectively.
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Figure 11. Fraction of photons emitted within the EASSS and conventional LSC panels incident onto
PV cells located at the panel sidewalls as a function of time.

It should be mentioned that the self-absorption losses can be the dominant loss
mechanism in most cases when luminescent dyes have a lower quantum yield and/or a
smaller Stokes shift. For every re-absorption event, the photon energy can be dissipated
again through one of the above-mentioned loss channels. Consequently, for an irradiance
input energy flux of ®;,, the output flux @, decreases after an average re-absorption
number of N — 1 per photon to [54] the following;:

N
Dout = PinFresnel” T green/non-PAR-Abs* (77PLQY *1 Stokes 1] Emission 1] Roughness* ’7Tmnsmission) (6)

This equation shows that losses increase exponentially as the number of re-absorption
events increases. As an example, Figure 12 sShows #green /non-pAR-opt fOr both a conventional
LSC and the EASSS panel with ¢/a =0.91, ¢ = 1.25 cm and O = 0.1 cm, and their efficiency
ratio (gasss/"Lsc), as a function of self-absorption events, N. As can be seen, as the
number of self-absorption events increases, optical efficiencies exponentially decrease and
these decreases occur to a much greater extent for the conventional LSC panel as compared
to the EASSS panel.

The mean travelling time, distance and surface scattering events for the photons emit-
ted from the luminophores within the conventional LSC and EASSS panels are provided in
Table 1, along with the various efficiency factors and the concentration factor for the two
LSC panels.

Table 1. Performance parameters for the EASSS and conventional planar LSC panels.

Mean

Average

Solar Photon Traveling sé?:::;?g (%) N1 issi HRough Hgreen/non-PAR-opt ~CONCentration
Concentrator Traveling Distance . y MEmission {70 (%) (%) (%) Factor
. (Times/Photon)
Time (ns) (cm)
EASSS 0.66 13.29 2.38 92.6 93.6 93 63 2.77
LSC 1.45 29.11 6.92 74 86.45 81 47.2 2.07
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Figure 12. Optical efficiencies for both a conventional LSC and the EASSS panel with c¢/z = 0.91,
c=1.25cmand O = 0.1 cm, and their efficiency ratio (§g4sss/%1sc) as a function of self-absorption
events (N).

4.6. Thermal Analysis

It is well-known that the quantum efficiency of luminescent dyes degrades as the
operating temperature increases [57]. In this study, COMSOL Multiphysics software
was utilized to evaluate any potential deleterious thermal effects on the performance of
the luminescent dyes throughout the EASSS under the same illumination conditions, as
mentioned in the previous sections. In this thermal analysis, the attenuation coefficient
and heat transfer coefficient are assumed to be &yean =3 X 1073 em™1 and h = 10 W/m2 K,
respectively.

The EASSS considered in the previous section, with ¢/a = 0.91, ¢ = 1.25 cm and
O =0.1 cm, is comprised of a Petzval lens array concentrating solar radiation from a planar
area of 100 cm? onto four receiver ports that have a width of O = 1 mm. The results
(explained in the Supplementary Materials, Section B) reveal that the temperature increases
by less than 2 degrees throughout the EASSS and the effects of increased temperature on
the performance of the EASSS during operation are assumed to be negligible.

4.7. Tandem Elliptic Array LSC-PBR for Combined Power and Algae Production

The inset in Figure 13 illustrates the concept of an EASSS operating in tandem with a
PBR. In this example, sunlight is incident onto the topside of a Petzval lens array that directs
light to the focal lines of the EASSS. The dye located along these focal lines can absorb the
green PAR and non-PAR in the spectral regions from 500~600 nm (AW; = 152 W/m?) and
740~1100 nm (AW, = 282 W/m?), respectively, as shown as the shaded regions in Figure 13.
The light emitted from the dye undergoes TIR and is directed toward the crystalline silicon
PV cells located at the sidewalls of the EASSS.
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Figure 13. Green PAR and non-PAR from sunlight (AW; = 500~600 nm and AW, = 740~1100 nm) can be absorbed in an
EASSS in a tandem configuration with a PBR (inset). Blue and red PAR is transmitted through the EASSS and used to
support algae cultivation in the PBR.

In this example, it is considered that the green PAR and non-PAR spectral regions from
500~600 nm (AW, = 152 W/m?) and 740~1100 nm (AW, = 282 W/m?), respectively, can be
absorbed in an EASSS and converted to electricity in the c-Si based PV cells at the edges of
the EASSS. The Petzval lens array and upper surface area of the PBR shown in Figure 13 are
assumed to have an area of A = 10 x 10 cm?. Tt is also assumed that the optical efficiency
of the EASSS is #green /non-pAR-opt = 61.5% for both the AW, and AW, spectral regions, and
the photon flux incident onto the ¢-Si PV cell at the top side of the EASSS for these spectral
regions are Py = 4.163 x 10 em=2-s7 1 and ®pp» = 1.263 x 107 em~2-571, respectively,
which is consistent with receiving solar radiation at an intensity of 1000 W/m? (e.g.,
one sun).

Itis assumed the PV cells have an External Quantum Efficiency (EQE) of EQE A = 100%
and EQE" ap+ = 85%, for light that was absorbed by the dye in spectral regions AW, and
AW,, and reemitted in spectral regions AW’ and AW, respectively [58-60]. Under
these assumptions, the short circuit current (Is¢c), open circuit voltage (Voc) and the max-
imum output power (Py;,x) generated by the PV cell are calculated using the following
Equations (7)—(9), respectively [61]:

Isc = A qTgreen/non—PAR—opt” (/AWl Daw1(A) EQEj -1 (A)-dA + /sz @sz(A)'EQE*Aw*z(A)"M> ?)
Ve = T 1y (Be 4 qy ®)
q Iy

Puax = Isc-Voc-FF (9)
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where 1 = 1 is the ideality factor, k is Boltzmann’s constant, T = 300 K is the cell temperature,
Ip = 10710 A is the dark saturation current, g is the charge of an electron and FF is the fill
factor that can be expressed as a function of open-circuit voltage (Vo) as follows [61]:

Ve — In (vpc + 0.72)

FF = 10
— (10)

where q
Ooc = VOC](BiT (11)

is a normalized voltage. Equation (10) is assumed as an appropriate approximation of
the FF when v, > 10. Based on Equation (9), out of a total of 4.34 W of green PAR and
non-PAR incident in the AW, and AW, solar spectral regions, 0.735 W can be converted to
electric power for the surface area of 10 cm x 10 cm, representing a total green/non-PAR
to an electric power conversion efficiency of 16.94% (where [;. = 1.466 A, V,. = 0.605 V and
FF = 0.8285).

Notably, this analysis was performed for the AM1.5 spectrum, whereas in space
applications, sunlight has an AMO spectrum. For the solar irradiance of AMO, which is
assumed to have an intensity of 1356 W/m?, by considering the same green/non-PAR
optical efficiency of #green /non-rAR-opt = 61.5%, the conversion efficiency becomes 17.6%
(Isc =2.066 A, Vo =0.61V, FF = 0.8295). It means the EASSS can generate 1.45 W out of
the total 5.94 W available in AW; and AW, for the surface area of 10 cm x 10 cm. On the
other hand, the amount of electric power generated (and amount of PAR available for algae
cultivation) strongly depends on the distance from the sun. For example, the maximum
solar irradiance on Mars is ~590 W/m?, compared to a maximum of ~1050 W/m? on
Earth’s surface, and thus, it is expected that the total power (and light available for algae
cultivation) that could be generated in the vicinity of Mars would be about half of that
generated on Earth.

It should also be noted that the lenses within the Petzval lens array must track the sun,
which will require a tracking system. Furthermore, the fabrication methods and stability
of the materials used in the EASSS would have to be tested for duration, temperature,
vacuum conditions and radiation exposure. In this context, the Petzval lens array could
provide shielding for the EASSS. Additionally, with regard to comparing the weights of the
EASSS and standard LSC, for a case sample of c =5 cm and b = 2 cm, the EASSS is 13.2%
lighter. The density of the host material (PMMA) is p = 1190 Kg/m?3. Detailed analysis
about this weight comparison is provided in the Supplementary Materials, Section C.

5. Conclusions

In this work, a new LSC in the form of an elliptic array solar spectrum splitter (EASSS)
is presented. Numerical simulations were carried out to compare the performance of the
elliptic array LSC to that of a conventional planar LSC. A distinct advantage of the elliptic
array LSC is that it can be designed to achieve TIR over a broad range of emission angles,
which drastically reduces emission losses. Furthermore, in comparison to a planar LSC,
the number of surface scattering events for photons propagating within the EASSS LSC is
significantly less than that of a planar LSC, thereby reducing scattering losses. Additionally,
the path length traversed by the light travelling from the center to the edge of an EASSS
is substantially less than the path length for light moving from the center of a planar
LSC to its edge. The shorter path length for light in the EASSS reduces absorption losses,
wherein a portion of light emitted from the dye is absorbed in the LSC host material as
it travels toward the PV cells located at the edges. Moreover, considering the combined
effects of emission, transmission and surface scattering losses, numerical results show
the optical efficiency of the elliptic array LSC is 63%, whereas, in comparison, the optical
efficiency for conventional planar LSC of the same size is 47.2%. It should be noted that an
array of Petzval lenses that track the sun to focus light onto focal lines within the EASSS
is required, which increases system cost and complexity. Nevertheless, the EASSS can
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provide the dual function of partitioning solar irradiance into blue and red PAR and green
PAR and non-PAR components to simultaneously provide for algae growth and power
generation. The ability to optimally use the broadband solar irradiance for these purposes
has potential applications for extended duration space missions wherein power generation
and regenerative environmental control and life support systems that include algae growth
are of high value. In this context, the results from numerical simulations show that elliptic
array luminescent solar concentrators can convert green PAR and non-PAR to electric
power with a conversion efficiency of ~17% when the solar irradiance is AM1.5 and 17.6%
for AMO (solar irradiance just outside the atmosphere) while transmitting the remainder of
the PAR and non-PAR to an underlying photobioreactor to support algae cultivation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14175229/s1, Figure S1: (a) Cross-section of an ellipsoid as a closed loop curve and; (b) the
geometrical parameters for an ellipse. A light ray is emitted from f; at ¢ = 0 ns. The trajectory of this
emitted ray changes color in accordance with the colored vertical bar on the right, and after 25 ns
the light ray has reached f,, Figure S2: Temperature distribution within an EASSS unit cell for an
incoming solar irradiance of 1000 W/m? (1 = 2 cm and ¢ = 5 cm), Figure S3: Temperature profile for
the case study (# =2 cm and ¢ = 5 cm) of the EASSS along the (a) Top surface of the EASSS shown in
the inset with blue line, and (b) Horizontal middle line shown in the inset with red line. Table S1:
Mechanical and optical properties of the EASSS for thermal analysis.
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