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The luminescent solar concentrator (LSC) as energy harvesting window is an emerging
technology in the realm of building integrated photovoltaics. Using recent advancement for
assessing the balance between transmitted color quality and potential electricity
generation, this paper optimizes theoretical luminophore absorption spectra for the
highest power generation possible. The power conversion efficiencies (PCE) are based
on coupling of the LSC waveguide to a highly efficient crystalline silicon solar cell. A non-
convex optimisation algorithm maximizing absorption is used with constraints for color
quality parameters: average visible transmission (AVT) and color rendering index (CRI). An
optimal luminophore has been defined using a continuous absorption function with a cut-
off and limited absorption in the visible spectrum. Two types of constraints are set: 1)
55% < AVT < 100% and 2) 55% < AVT < 100% and 70 < CRI < 100. The first constraint will
ensure sufficient visible light and the second ensures appropriate color rendering. Ray-
trace validated results show high power conversion efficiencies ranging from 9.53% to
14.3% for (AVT = 90%, CRI = 98) and (AVT = 55%), respectively. Future studies can use
these results to benchmark (tandem) LSCs for specific lighting requirements. Furthermore,
the flexibility of the proposed method allows for the adaptation to constraints not used in
this paper.

Keywords: average visible transmission, color rendering index, luminescent solar concentrator, luminophore,
optimisation

1 INTRODUCTION

As the next step in photovoltaic (PV) applications, integration of PV in buildings (roofs and fagades),
denoted as building integrated PV (BIPV), has seen a steady increase in popularity [1, 2]. BIPV
distinguishes itself by being a structural part of the building envelope while simultaneously
functioning as an electricity generation system. BIPV thus provides solutions in densely
populated areas for lack of space [3] and shading effects [4] allowing the realization of near-
zero energy buildings (NZEBs) [5].

A promising BIPV application is an electricity generating window based on luminescent solar
concentrators (LSCs) [3]. The LSC uses luminophores embedded in a waveguide that absorb part of
the incoming sunlight and emit red-shifted photons, which, via total internal reflection, can reach
side-mounted PV cells. Here, light is converted to electricity. LSC-based windows should allow for
sufficient transmission of visible light, see Figure 1. LSCs have seen an increase in popularity in the
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Outdoors Indoors

FIGURE 1 | Working principle of a luminescent solar concentrator. The
incoming solar photons are partly absorbed by a luminophore (black dots),
and subsequently emitted towards the sides (red arrows) where they can
arrive, after total internal reflection from the edges of the waveguide
material, at the side-mounted PV cells. Note that only part of the light is
captured as shown by the fading of the colored arrows. Based on the picture
from Mangu [11].

past decade [3, 4, 6] due to their flexibility [7, 8] and excellent
performance under diffuse irradiance [9, 10]. Figure 2 shows the
number of publications per year on LSCs since 1978, illustrating
the recent increased interest.

Today’s power conversion efficiencies (PCE) of LSCs are low
however and hover around 2-3% [12], while the 2008 record of
7.1% still stands [13]. For the LSC to be a viable BIPV element it is
speculated that a PCE of 10% is required [14, 15], which
theoretical models show is possible [16]. Besides power
generation, the LSC needs to transmit light with a color
quality corresponding to a pleasant indoor environment, when
used in a transparent window.

To assess the quality of light, the Color Rendering Index (CRI),
while under discussion [17], is generally considered to be the
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leading metric for assessing window applications [18-20].
Determination of CRI leads to a value ranging from 0 to
100 with 100 being a perfect representation of the colors of an
object. A CRI of at least 70 is considered to be of good quality [3].
The CRI only indicates relative color differences, however, and
should be correlated to an absolute value such as average visible-
light transmissivity (AV'T) [16] to provide a full picture of color
quality.

An optimal LSC has a high PCE while still transmitting good
quality light at sufficient intensity. [16, 21] found that using a
luminophore without absorption in the 435-675nm range
(visible) would have a theoretical efficiency of 21-33%. When
using more realistic circumstances, the efficiency dropped to
10-16%  depending on the transmittance in the
aforementioned range. The range for 435-675 nm was defined
by iterating over a number of wavelength cut-offs to find the
optimum.

The optimum absorption spectrum can be used to
approximate maximum efficiencies of LSC devices. Namely
tandem devices can use multiple luminophores to approximate
a broad absorption spectrum without re-absorption effects [22].
In this article, an innovative approach is used were an optimal
luminophore, or rather its absorption spectrum, will be defined
using an optimisation algorithm. The algorithm will maximize
photon absorption while adhering to two types of constraints:
first, 55% < AVT < 90% and second, similar to the first, but with
the added constraint of 70 < CRI < 100. The AVT and CRI are
calculated using the equations and assumptions as provided by
[23]. The found results are validated by a ray trace algorithm
created by [24].

The ray trace algorithm assumes the widely used waveguide
material polymethylmethacrylate (PMMA), optimal for LSC
devices [25]. Furthermore, the side-mounted PV cells are
modelled after the record efficiency hetero junction silicon
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FIGURE 3 | Showing the relationship between ., o and A, and the absorption of the optimal luminophore. The emission is a single wavelength at 1,050 nm.

solar cell by [26] with interdigitated back contacts. Results will
provide high theoretical (tandem) LSC efficiencies based on
realistic waveguide and PV cell characteristics.

This paper is further organized as follows. In the method
section we will explain the calculations used to find PCE and
colorimetry parameters. Subsequently, the optimal luminophore
is defined and the ray trace parameters are introduced. The result
section will present the optimal luminophores and the
corresponding PCE for different CRI and AVT values, and
show the resulting colors.

2 METHODS

2.1 Power Conversion Efficiency

The incident photons to the waveguide sides are captured by the

attached PV cell(s) for the generation of electricity. The ratio

between the incident power (P;) and the electrical power

generated by the side-mounted PV cell (P,,,) is the power

conversion efficiency of the LSC device, as shown in Eq. (1)
POM[’

PCE=—-=
Pin

J mpmepp

0

Panmisc

in which J,,,, is the current density at maximum power point
(MPP) of the cell, V,,,, the voltage at MPP, and P4 .56 the
power of the incident AM1.5G spectrum (1000 W/m?> under
standard test conditions (STC)). MPP of the cell equals the
product J,,,,Viypp- In order to determine MPP, a procedure is
followed based on [27]. First, the short circuit density ] is
calculated using the spectrally resolved photon flux S(A) [in #
m > s7') incident on the PV cell and the external quantum
efficiency of the PV cell (EQEpy())), as follows:

T = quQEpV ) S dA ®)

Second, an iterative procedure for V,,,,, is performed using the
diode equation at MPP (Eq. 3) and the derivative of the equation
for power with respect to the applied voltage (Eq. (4)). Solving
this transcendental equation yields V.., Jypp» and P.

Vi
Impp =Jo eXP(qu;p)—l) _]gen (3)
dP_ d(JwppVinpp) _ . @
dePP Vmpp

with g as the elemental charge (C), k; the Boltzmann constant (m*
kgs‘2 K™Y, T the ambient temperature (K), J, the diode
saturation current of the PV cell (A m™2), and A the diode
ideality factor. Jo, EQEpy(A) and A are obtained from the
manufacturer, in this paper [26].

2.2 Light Quality and Colorimetry

In order to function as a window, the LSC needs to transmit
sufficient visible light. Assessing transmitted visible light is
generally done with the Average Visible Transmission (AVT)
which is dependent on the photopic response of the human eye.
Eq. (5) details the calculation of the AVT which uses the ratio of
the solar photon flux (AM1.5G) (S(A)), the transmission (T(A))
and the photopic response (P(1)), adapted from Lunt [16]. For
window applications an AVT between 555% and 90% is generally
considered acceptable [16].

_JTOPMSd )

AVT
[PPSR

(5)

Besides the transmission in the visible spectrum, a more
complete figure of merit for light is based on the potential to
accurately render the color of objects. To quantify this, the
1976 Color Rendering Index (CRI) is used as defined by the
International Commission on Illumination (CIE) [28], the

Frontiers in Physics | www.frontiersin.org

July 2022 | Volume 10 | Article 856799


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

de Bruin and van Sark

Optimising Absorption in LSCs

FIGURE 4 | (A) CRl as a function of A, and ¢. A high CRl is visible starting from o = 120 at 1. = 540 nm. (B) Number of absorbed photons as function of A, and o. It is
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TABLE 1 | Parameters used in the PVitrace ray trace algorithm [24].

Parameter Value Unit
LSC length 0.3 m
LSC width 0.3 m
LSC thickness 0.005 m
Geometric gain (G) 15

Simulated photons 10° Photons
Absorption coeff [30]. (a.g(A) /m
Refraction index 1.49

Side mounted PV [26]:

Diode saturation current (Jo) 3.0 fA/om?
Fill factor 0.838

Jsc (STC) 42.3 mA/cm?
Voc (STC) 0.744 Y

T 300 K

A 1.0

general authority on colorimetry. This method is suggested by
[3] and extensively explained in [23], and besides LSC research
[29], also used in assessing color quality of glazed windows
[17-20].

Generally, a CRI above 70 is considered good quality and
above 95 of excellent quality. Note that [3, 21] both use the
AMI1.5G as a reference. The CIE however suggests to use the
D65 spectrum and to change the reference spectrum depending
on correlated color temperature (CCT) [28]. This method is also
adopted by glazed window color assessments [17], but without
dependence on the CCT. In this article the AM1.5G spectrum has
been taken as the reference spectrum without dependence on the
CCT or chromaticity correction.

2.3 Defining the Optimal Luminophores
2.3.1 Optimisation of Absorption

The ideal luminophore will have a high absorption and a
transmission spectrum corresponding to specific lighting

TABLE 2 | RMSE values and mean normalized (NRMSE) between optimised and
ray traced values for all tested optimal luminophores shown for absorbed
photons (®), AVT and CRI.

Parameter RMSE Normalized (mean)

Photon Absorption (@) 1.77 10'° (#/m?/s)
AVT 1.20 (%)
CRI 0.709

0.967
1.66
0.956
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FIGURE 5 | AVT and PCE for different CRI constraints, note that the
values on the x-axis are the AVT values as found by the optimisation algorithm
and may differ slightly from the ray-trace algorithm results, see the
Supplementary Material for details. Values from Lunt [16] are based

on the practical limit values in Figure 3B in his paper.

requirements. When convoluting the AM1.5G spectrum by
the absorption spectrum of a luminophore, this transmission
spectrum can be approximated and the CRI can be
calculated. At the same time, the absorbed part of the
spectrum will indicate the photons available for electricity
generation.

The optimization procedure follows the equations below:
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constraint 2: CRI > = set CRI (11)

CRI = CIE (T ()))
= CIE(n exp(-d(A (1) + ot (1)) - AML5G (1)) (12)

Taking the absorption spectrum as a decision variable and
setting a constraint for the AVT and CRI, the power output can be
optimized. The optimisation uses the Lambert-Beer law to
calculate the absorbed photons (®,;,) which is set equal to the
absorption fraction multiplied by the AM1.5G photon flux (S(A).
The maximization of absorbed photons is constraint by the AVT
and CRI value of the transmitted spectrum. The waveguide is
modelled using top and bottom reflection losses of 4% each,
leading to a transmittance of 0.96 x 0.96 = 92.16% (). Further,
the waveguide absorption uses the wavelength dependent PMMA
absorption spectrum (a(A)) taken from [30]. The thickness of the
waveguide is d.

We define an idealized, but modifiable, absorption spectrum
by the function shown in Eq. 7. Here A, indicates the middle of the
absorption gap and o the length from the middle (1.) to the start
of the absorption at both sides. The absorption gap thus has a
width of 20, A,_ is the absorption fraction in the gap. Lastly, f
indicates the steepness of the cut-off and can only be integer and
even numbered, f = 250 in this case. Figure 3 shows the effect of
varying A, 0 and A)_. Modification of the absorption spectrum
can simply be done using decision variables A, 0, and A,_.

Optimising Absorption in LSCs

2.3.2 Optimisation Parameters

Optimising for photon absorption (®,,) is done by the Scipy
minimize (trust-constraint) method [31]. The lower and upper
bounds on A, o and A, are 400-800 nm, 20-250 nm and 0-700
(arb.) and initial guesses are 540 nm, 120 nm and 100 (arb.),
respectively. It was found by trial-and-error that these guesses
provided the best results.

Two types of optimisation are run with varying constraints. The
first optimisation takes only AVT into account with steps of 5% for a
range of 55% < AVT < 90% and given by Eq. 9. The second
constraint builds upon the first and adds a requirement for the CRI:
70 < CRI < 98, again with steps of 5, and given by Eq. 11. Note that
the optimisation uses a range of 360-830 nm, but the photons
between 280-360 nm, and 830-1,050 nm (the optimal emission
wavelength as defined below) are assumed to be absorbed as well.

2.3.3 Defining Optimal Emission

For optimal emission two things are important: avoiding overlap
with the absorption spectrum in order to minimize self-
absorption losses, and optimal coupling with the side-mounted
PV cell. In this paper, the ray trace algorithm for the LSC device is
connected to a c-Si cell with interdigitated back contacts by [26].
It was found that the highest photon absorption taking the EQEpy
into account occurs at a wavelength of 1,050 nm. To avoid
overlap, the absorption stops at 1,049 nm as shown in Figure 3.

2.4 Ray Trace Parameters

When the two different optimisation settings have been run the PCE,
CRI and other colorimetric values can be calculated using PVtrace by
Farrell [24]. The ray trace algorithm uses 10° emitted photons
distributed like the AM1.5G spectrum up until the found optimal
emission (280-1,050 nm). From a list of LSC devices provided by
Roncali [12] an average size of 0.3 x 0.3 m” is used in the ray trace
algorithm. The thickness is set at 0.5 cm resulting in a geometric gain of
15. The wavelength dependent absorption spectrum for the PMMA
waveguide is taken from [30] with a wavelength independent index of
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FIGURE 7 | u’ and v’ values on the CIE 1976 colorimetric diagram for all
ray traced optimal luminophores.
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refraction of 1.49. The coupled PV cell is modelled after the record
efficiency cell produced by [26]. This amorphous silicon hetero
junction cell uses interdigitated back contacts to avoid reflection
from the front, ideal for coupling with LSC devices. The ideality
factor is set at 1.0, corresponding to Vo= 0.7 V as found in their paper.

3 RESULTS

3.1 Validation

Figures 4A,B show the influence of A, and ¢ on CRI and photon
absorption, respectively. Visible is the increase in CRI with
increasing o and the opposite trend for the photon absorption.
This is to be expected since o determines the width of the
absorption gap (see Figure 3).

In Figure 4A showing the CRI, a triangle is visible with high CRI
values starting from A, = 540 nm, which is the top of the photopic
response curve and the wavelength most sensitive to the human eye.
Photon absorption increases with decreasing ¢ and shows a similar
effect across all shown values of A.. The AM1.5G spectrum does not
have enough variation in the range 360-830 nm to influence the
effect of A, on photon absorption significantly.

Non-convex optimisation algorithms are prone to finding
local optima. Analysing Figures 4A,B shows that global
optima should occur around A, = 540 nm and 100 < o < 200.
The decision variable A,_is not taken into account in this graph
since it would only increase the effect of 0. The supplementary
Excel file shows the optimal A, o and A,_for the two types of
constraints together with all the calculated values. The root mean
square error (RMSE) for the values as predicted by the
optimisation algorithm and the values found by the ray trace
algorithm are shown in Table 2 and show good coherence.

3.2 PCE, AVT and CRI
The found PCE by the ray trace algorithm decreases with

increasing AVT and CRI as shown in Figure 5. Without
constraining the CRI, the highest PCE (14.3%) is obtained for
the lowest AVT-constraint of 55% as shown by the grey dots in
Figure 5. As expected, the lowest PCE is found for an AVT of 90%
and a CRI of 98, resulting in a PCE of 9.53%.

When constraining the CRI, the relationship between AVT
and PCE is mostly linear, as visible in Figure 5. The linear
relationship is due to the necessity of an equal color distribution
for high CRI values. This results in A, being mostly equal per CRI
constraint with A, increasing for lower AVT values.

With only a constraint on the AVT, the relationship between
AVT and PCE becomes logarithmic as shown by the grey dots in
Figure 5. The logarithmic relationship occurs as a result of the
normal distribution of the photopic response curve. To allow for a
linear (i.e. 5%) increase in AV'T, an increasingly larger part of the
visible spectrum needs to be transmitted.

When relating the CRI to the PCE as shown in Figure 6, a
logarithmic relationship appears again. Higher CRI values need
more light of all wavelengths since the CRI is based on an average
of test colors. The resulting relationships thus show an increasing
drop of PCE with an increase in CRI. Note that the values with
CRI < 90 have D,,, values above the confidence threshold of
0.000 + 0.006 to 0.003 + 0.006 for solid state lighting [17], see the
supplementary Excel for exact values.

Also shown in Figure 5 are the values found in Figure 3B in the
paper by Lunt [16]. Lunt’s approach defines a visible transmission
between 435-670 nm which assures a CRI of >95. Actual
calculations of his practical limit PCE are however hard to find.
Discrepancies may arise from a different definition of AVT and
assumptions about PV devices and associated losses.
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3.3 Colorimetrics
The resulting transmitted colors for the AVT without a CRI

constraint and with a CRI constraint are shown in Figure 7. A
zoom-in of both types of constraints is shown in Figures 8A,B.
Visible for the AVT-only constraint is a green color between
560-570 nm. This is to expected since the photopic response of
the human eye has its peak in the green spectrum.

For the AVT and CRI constraint, the values are close together
and close to the AM1.5G spectrum color indicated by the blue
cross in Figures 8A,B. A high (> 70) CRI value will ensure a good
balance between colors and thus be close to daylight. The CRI
values are shown by the numbers in Figure 8B for the dots
closest, but follow the same pattern for all AVT values.

4 DISCUSSION

4.1 Losses

For optimising photon absorption and calculating the resulting PCE,
numerous simplifications have been made. Reflection losses have
been ignored. Adding an anti-reflection coating to the front of the
LSC will improve the efficiency by avoiding the 4% reflection from
the front. The losses from the LSC-PV interface have been ignored as
well, beside the losses from the EQEpy as provided by the article by
[26], thus improving the efficiency. Further studies can improve the
simulated efficiencies by adding an anti-reflection coating and
implementing LSC-PV interface reflections.

4.2 Color Quality Metrics

In this article, most of the color quality metrics have been adopted
from [16, 23], and [3]. Color quality metrics are however highly
subjective to environmental factors and using an individual factor
is often not enough to provide accurate predictions [32].

Generally, the CRI is used for assessing color quality, but a host
of other metrics exist such as the more developed Color Quality
Scale (CQS) (based on 15 test colors), or metrics based on long
term color memory (Memory CRI), preference index of skin (PS)
and others. See [33] for a more elaborate explanation of each
metric. These metrics are most often used for LED applications
however, while LSCs are better to be compared to windows.

For window applications, color comfort research has mostly
been focused on glazing applications [17, 19]. Some studies have
been conducted based on questionnaires and simulated lighting
in buildings [34-36] for which results are mostly related to
transmission and not related to color quality metrics. Based on
[17] and their suggestion to not make CRI a design criterium, a
need for a new quantification approach for transmitted light in
windows is clear.

4.3 Feasibility of Found Spectra

The found absorption spectra for an optimal luminophore are
theoretical only, and don’t adhere to fundamental
thermodynamic principles. The found results will thus only
serve as a benchmark for (tandem) LSC devices with specific
transmission properties. Combinations of luminophores, in a
tandem structure, may approach the found spectra however.

Optimising Absorption in LSCs

[37] in 1981 proposed the tandem LSC as a means of capturing
larger fractions of the incoming solar spectrum. Especially with recent
advancement in quantum dots as a luminophore, the size dependence
of the absorption spectra provide possibilities of combining UV and
(N)IR absorbing LSCs in a tandem structure and optimal band-gap
coupling with existing PV cells. This principle has already been
successfully demonstrated by [38] obtaining a PCE of 3.1%.

5 CONCLUSION

In this article, a reverse engineering approach is presented that
optimizes absorption while constraining colorimetric parameters.
This resulted in high theoretical efficiencies that adhere to average
visible transmission and color rendering index constraints. The
found efficiencies show upper limits of (tandem) LSC devices and
can be used as a benchmark.

Despite using contested color metrics the proposed methods
can be valuable for optimising (tandem) LSCs, or other
transparent PV applications, based on required lighting
specifications. Further research can be based on different
constraint settings and implementing self-absorption to use
the same method for existing luminophores.
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