Color considerations in fluorescent solar

concentrator stacks

Paul D. Swift and Geoff B. Smith

We present modeled results of the luminous and color outputs of a three-layer stack of fluorescent planar

concentrators (FPCs).

FPCs have the potential to provide sufficient luminous output to illuminate
moderate-sized rooms for reasonably-sized collecting areas.
lumens be sufficient, but also that the light be sufficiently white as to be comfortable.

It is of course necessary not only that the
Modeling shows

that by use of a stack of three FPCs, one each of violet, green, and red, it is possible to achieve good color
rendering and sufficient lighting levels for room illumination. © 2003 Optical Society of America
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1. Introduction

Fluorescent planar concentrators (FPCs) consist of a
matrix that is highly transparent such as specialized
glass or, more commonly for cost reasons, polymethyl
methacrylate impregnated with a fluorescent dye.
FPCs typically have a much greater width (approxi-
mately a few centimeters) and length (approximately
many centimeters) than thickness (approximately a
few millimeters). Radiation incident onto the large-
area surface of the FPC is absorbed and reemitted by
the fluorescent dye, and because the same quantity of
radiation reaches each of the faces of the FPC, it is
concentrated at the small-area faces. The history of
FPCs is closely linked with solar cells?; in a typical
arrangement solar cells would be placed along the
thin edge of an FPC that would then be illuminated
with radiation that is considerably concentrated over
that which would be obtained in direct sunlight.
Use of an FPC provides nominal concentrations of the
incident intensity at the small-area faces of ~102.
However numerous considerations reduce this value,
the most important of which are losses due to only a
fraction of emitted radiation being totally internally
reflected by the FPC, dye self-absorption, matrix
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losses, dye quantum efficiency, nonabsorption of solar
radiation by the dye, and geometric losses.

The possibility of an FPC as a source of light for
room illumination is an idea that has been around for
some time23 but has yet to be realized in practice.
Numerous practical considerations need to be
overcome—not least the stability of the dyes in con-
tinuous sunlight and the luminous efficiency of any
proposed system. Perhaps a less pressing consider-
ation, but no less important, is the color of the light
that any FPC system provides, which needs to be
near neutral. In the only illumination system
known by the authors to have been reported in the
literature,? orange fluorescent dye was used to illu-
minate a small room.

The usefulness of an FPC is governed by its effi-
ciency, the definition of which depends on the appli-
cation. In the case of an FPC being used with
photovoltaic cells, the efficiency is usually defined in
terms of the ratio of the energy of the incident radi-
ation to the electrical energy generated with radia-
tion collected at the edges. In the case of the FPC
being used as a source of light, the definition of effi-
ciency is more usefully defined as a ratio of the lu-
mens incident onto the collector to that collected at
one of the edges (so-called luminous efficiency). The
critical factors affecting the luminous efficiency of an
FPC are the self-absorption and quantum efficiency
of the fluorescent dye. High quantum efficiency or-
ganic dyes are readily available. The self-
absorption of the dye is due to the overlap of the
emission spectrum and the absorption spectrum.
Self-absorption not only reduces the output lumens
but also influences the color of the emitted light,
which consequently depends on the collector dimen-



sions. The dye concentration is an important pa-
rameter in these considerations. Although it is
possible to produce white light with two colors, such
a light source will have poor rendering qualities;
therefore, for all practical purposes a three-color sys-
tem needs to be used.

An additional parameter that describes the quality
of a source of light is the luminous efficacy, which is
defined as the lumens per watt of a source. For the
sun, through air mass 1.5, the luminous efficacy is
approximately 110 Im/W. The greater the efficacy
of a source the greater the relative amount of light of
a source lies in the visible part of the spectrum. Fur-
ther, low-efficacy sources, used, for example, in office
buildings, place additional loads on cooling, and so,
clearly, high-efficacy sources are desirable.

A typical illuminance on a clear day can be taken as
10° Ix. Because the eye can operate over a wide
range of illuminance (a typical room illumination is a
few hundred lux) only a small fraction of the lumens
that this figure represents needs to be brought into a
room to give sufficient light to be of practical use.
For example, an FPC 0.1 m? in area would only need
to operate at 10% luminous efficiency to provide a
1000 Im, which is approximately the output of a
100-W incandescent light.

In this paper the color of the output of a three-layer
FPC system is calculated and discussed with respect
to the color luminous output, efficacy, and color ren-
dering. The dyes used are some of the Lumogen
dyes manufactured by BASF—namely, Lumogen 570
(violet), Lumogen 083 (green) and Lumogen 300 (red).
The whiteness of the output light is quantified with
the Commission Internationale de 'Eclairage 2° chro-
maticity coordinates. The luminous efficiency de-
pends on the spectral output that, if constrained to be
white, will not be the maximum possible value ob-
tainable for green light. The ability of an illuminat-
ing source to render the true color of an illuminated
object is measured by the color-rendering index (CRI)
of the source. One calculates the CRI by averaging
the reflected (or transmitted) spectrum from eight
standard colors and comparing these averages with
those of a blackbody at the same color temperature as
the source. The higher the value of the CRI (which
has a maximum value of 100), the higher the ability
of the source to show the true color of an object.

2. Theory

The arrangement of interest is that in which the dye
is embedded in a matrix that is a rectangular prism,
as shown in Fig. 1(a). The quantity that needs to be
calculated is the radiant, and thence luminous, flux
arriving at the collection edge. Let the fluorescent
dye have a normalized (with respect to area) emission
power spectrum gy()\), where \ is the wavelength and
in which the subscript is used to emphasize that it is
the spectrum of the dye and not that of an FPC.
Consider a dye molecule that is a distance ! from the
collection edge as shown in Fig. 1(a). The dye mol-
ecule emits isotropically so that some light is emitted
into solid angles that do not contribute to the radiant
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Fig.1. (a)Coordinate system for a fluorescent solar concentration
illuminated by a spectrum S(A). (b) Arrangement of three-layer
stack modeled in this study.

flux at the collection edge. If light is totally inter-
nally reflected off both the top and the side surfaces,
then it will reach the collection edge and will be avail-
able to be used as illumination. The form of the
spectrum at the collection edge is then

/2 asin{cos x/sin ¢)

e\, 1) ~ EO()\)J dé sin d)f de
0

x

X exp[—[a(A\) + a,]l/(sin ¢ cos 8)], (1)

where the angles ¢ and 6 are standard spherical co-
ordinates, a(\) is the absorption spectrum at some
nominal concentration of the dye in a particular ma-
trix, x is the critical angle of the matrix material, and
a,, represents any matrix losses. As indicated in
Expression (1), the condition for total internal reflec-
tion off the top and the bottom faces of the FPC is
defined by the angle ¢, whereas both the spherical
coordinates determine total internal reflection off the
side face. If the refractive index of the matrix ma-
terial is greater than 2, then Expression (1) needs to
be modified for x < ¢ < w/2—y, in which range the
upper limit of 6 is w/2. (If the refractive index of the
matrix is less than 2, then radiation incident at the
top surface at the critical angle will not necessarily be
totally internally reflected at the side surface. For
materials of practical interest this is not a concern.)
For an FPC of length L the spectral intensity at the
collection edge of the collector that results from the
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illumination of the sheet by an external source with
spectral power S(\) is

E
e(h, L) = ealh) ;2o f “al f 46 sin ¢
0

X Jde exp{—{a(\) + a,}{/(sin $ cos 8)},

2)

where ¢ is the thickness of the collector, and for the
case of normal incidence, the absorbed energy that is
available for reemission by the dye (i.e., not lost by
thermal processes), E,, is

Ex=(1-R) J 1 - expl—a(ERSMmMAN, @)

where R is the reflectance of one surface of the col-
lector and m, the energy-conversion efficiency of the
dye. The reflection from the base surface of the FPC
back into itself represents only a small fraction of the
energy available for absorption and can be safely ne-
glected. Implicit in Eq. (2) is the well-known obser-
vation that the emission spectrum of a fluorescent
material is independent of the excitation wave-
length.¢ Equation (2) is essentially that of previous
researchers,5 except that the limits over the angle 6
in those studies is in the range [0, m/2]. This is
justified in the geometric arrangement used with
photovoltaic cells since the cells usually line the long
edge of the FPC. In the geometry used in lighting,
where the collectors are much longer than they are
wide, light is expected to be collected from a shorter
length edge, in which case this approximation is not
valid.

The quantum (photon—photon) efficiency, n,, which
is typically a known parameter of a fluorescent ma-
terial, is related to the energy conversion (energy—
energy) efficiency 7, via

¥

j Aeo(A\)dA / f go(A)dN

where | is the excitation wavelength. In the mod-
eling presented here the output of the FPC is pre-
sented in terms of energy, and so Eq. (4) is needed.
It is assumed in this study that the quantum effi-
ciency is independent of excitation wavelength.4
Equation (2) does not include any output compo-
nent from self-absorbed radiation, and this fact can
be taken into account by the following argument. If
there was no self-absorption, then the spectral inten-
sity would be given by placement of a(A) = 0 in the
argument of the angular integral of Eq. (2). Self-
absorbed radiation generates an additional source of
radiation, and since the emission spectrum is inde-
pendent of the excitation wavelength, then this ab-
sorbed radiation can be considered an additional
energy source absorbed by the dye molecules. For

N(W) = Mg > 4)
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the case of radiation that is emitted into the volume
that would reach the collection edge of the FPC, this
additional absorbed energy per unit area of the col-
lector is

27, I%j(e(}\, L;o = 0) — e(\, L))d\.

The factor of 2 arises because of the oppositely di-
rected volume into which radiation is emitted. For
the volumes through which radiation would reach the
top and the side surfaces, there are the additional
energy densities of

27, j[s(x, tiao = 0) — (N, t)]dN,

and

2m, %j[s(k, w;a = 0) — e(\, w)]d\,

respectively. The inclusion of these terms in the en-
ergy incident onto the FPC is an upper estimate since
it neglects further conversion losses. The value of 1,
can be taken as a constant whose value can be cal-
culated at the wavelength where the product of the
absorption and emission is maximum.

The quantity o, is typically small for the matrix,
which must be highly transparent; to be otherwise
would preclude their practical use, since light would
be unable to travel any significant distance through
the collector before being lost because of absorption.
The magnitude of «,, may increase when a dye is
introduced in such a way to give rise to scattering due
to, for example, incomplete dissolution of the dye,
which would result in colloidal scattering. In this
paper it will be assumed that matrix losses are neg-
ligible. This approximation will overestimate the
luminous output of the collector but will have little
effect on the color of the emitted light of each of the
FPC’s.

To predict the spectral and luminous outputs of an
FPC it is necessary to know the emission and absorp-
tion spectra of the dye in the collector. The dyes
used in this research were the BASF dyes, Lumogen
300 (red), Lumogen 083 (green), and Lumogen 570
(violet), whose quantum efficiencies are 0.96, 0.91,
and 0.92, respectively.6 These well-known dyes are
commercially available and have good photostability.
Results of measurement and modeling of single FPCs
have been published previously” in which it was
found that good agreement was found between mod-
eled spectra and those measured for 1.2-m long col-
lectors. This good agreement allows the confident
computation of the output of a stack of collectors. To
determine the spectral output of any stack of FPCs it
is only necessary to determine the modified spectrum
(i.e., modified from the solar spectrum through air
mass 1.5) that illuminates the collectors that sit be-
low any others. In a practical system it is expected,
although not necessary, that the order of the FPCs



would be violet, green, and red, which is the arrange-
ment, shown in Fig. 1(b), modeled here. Each of the
collectors would have a mirror on the edge opposite
the collection edge, and the entire stack would sit on
a base mirror. In this paper this is the arrangement
considered, and two passes, through the stack to the
mirror and back through the stack, of the illuminat-
ing source are taken into account. The mirrors are
taken as perfect, which is a reasonable approxima-
tion since mirrors with reflectance values of 0.96 are
readily available.

The luminous output of an FPC critically depends
on the absorption spectrum of the dye even in the case
of small absorption. Because the length of the FPC
is of the order of a meter, then low values of the
attenuation coefficient can have a significant effect on
the luminous output of the FPC. Variations of one
part in a thousand in the attenuation coefficient,
which are at the limit of the accuracy of typical spec-
trophotometers, are significant. These consider-
ations are detailed in a recent paper.® The approach
taken here is to take the point at which the attenu-
ation spectrum is measured to be a minimum as zero,
which will possibly result in the output being an over-
estimate for the 1-m-long collectors modeled in this
study.

3. Results

Figure 2 shows the predicted luminous output of
1.0 m X 0.1 m X 0.002 m FPCs for individual collec-
tors for each of the dyes in poly methyl methacrylate
as a function of dye concentration. Curves are
shown for the cases of a mirror at the end opposite the
collection edge and of a mirror at the base of the
collector and for cases with both mirrors present and
with no mirrors present. The general shape of the
curves can be understood in term of Egs. (2) and (3).
The integral term of Eq. (2) is a decreasing function of
concentration, because the self-absorption of the dye
increases with concentration, that is, a slowly de-
creasing function of concentration for moderate con-
centration values. The integral in Eq. (3) is an
increasing function of concentration, because the ab-
sorbed energy increases with dye concentration,
which saturates for moderate concentration values.
The product of these functions will then have a
maximum at some dye concentration, c,, say, which
depends on the degrees of absorption and self-
absorption of the dye. The result of adding a base
mirror is to effectively increase the concentration
with respect to the absorption of incoming radiation
but not to the degree of self-absorption so that Eq. (3)
rises more steeply with increasing concentrations for
low concentration, whereas the integral term of Eq.
(2) does not change. This result is a decrease in the
value of¢,,,. The result of adding an edge mirror is to
increase the integral in Eq. (2) without altering the
absorbed energy so that again c,, decreases. Adding
both mirrors increases the degree of these effects, and
the concentration of dye at which the maximum out-
put occurs moves to a lower value than is the case for
either mirror alone.
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Fig. 2. Luminous outputs of single fluorescent solar collectors

with and without mirrors present for (a) violet, (b) green, (c) red
dye.

In the design of an FPC stack for use in daylighting
the above results have a bearing on what concentra-
tions need tobe used. Any practical system uses end
mirrors, on all single FPCs, and a base mirror. The
base mirror used in a stack will have little effect on
the top (violet) collector; thus its maximal outputis at
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Fig. 3. Behavior of the color of a three-layer fluorescent solar
concentrator with varying concentration of violet (l), green (@) and
red (®) dyes. The dye concentration and luminous output (in
parentheses) are indicated. The nonvarying concentration is 120
ppm in all cases.

a concentration near the case for the use of a rear
mirror, which is also partially the case for the middle
(green) collector. The concentrations that maximize
the luminous output of each of the individual collec-
tors are influenced by the concentration of the dyes
used in each of the other collectors. The output is
further complicated because the absorption spectra of
the dyes overlap so that absorption in a collector
leads to a reduced output in other collectors; and
although one can maximize the luminous output of a
collector within the stack by increasing the concen-
tration of the dye, there may be a reduction in the
total luminous output of the stack. As a starting
point the combination of violet, green, and red, each
at a concentration of 120 ppm (by weight), provides a
luminous output of approximately 3100 Im and with
the chromaticity coordinates, (x, y), equal to (0.342,
0.390). These coordinates represent a yellowish-
green source, which is reflected in the CRI of 58 and
the high efficacy of 226 Im/W. It is possible to pro-
duce light whose color coordinates are within the
chromaticity color triangle whose apexes are the color
coordinates of the three collectors that make up the
stack. For the violet, green, and red collectors of the
dimensions used here and at the concentrations that
give the maximum luminous output, the chromaticity
coordinates are (0.153, 0.046), (0.349, 0.638), and
(0.723, 0.277) respectively. Stacks with coordinates
near the apex represented by the green collector have
larger luminous outputs, whereas those near the co-
ordinates (0.333, 0.333) have more neutral, and
lower, outputs. The chromaticity coordinates and
luminous outputs of three-layer stacks with varying
concentrations are shown in Fig. 3, which shows the
importance of the green collector to the luminous
output and that neutral light is possible with a three-
layer stack but at the cost of reduced luminous out-
put. Because it is the green collector that provides
the greatest number of lumens per unit energy, it is
this collector that needs to have its output reduced
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Fig. 4. Spectrum of the three-layer fluorescent solar concentrator
whose color coordinates are (0.333, 0.333) with violet, green, and
red collectors with concentration 95, 24, and 160 ppm, respectively,
overlayed with the photopic response of the human eye.

while those of the red and violet collectors are max-
imized. One approach to maximizing the output of
neutral light is first to maximize that of red light and
to balance this light with violet and green. Such a
process results in a luminous output of 2000 Im for a
spectrum with chromaticity coordinate (0.333, 0.333)
with violet, green, and red collectors with concentra-
tion 95, 24 and 160 ppm, respectively. The CRI of
this stack is 44, a significantly lower figure than that
for the stack that has (x, y) = (0.342, 0.390) described
above. The spectrum of this collector is shown in
Fig. 4, overlayed with the photopic response of the
eye, which indicates the reason for the poor color
rendering—namely, that the spectrum contains sig-
nificantly lesser parts of blue and red wavelengths
when compared with that of the green. The color
rendering is poor because that rendering is increased
in value as a spectrum becomes flatter across the
visible. The efficacy of the output of this stack is
approximately 160 Im/W, a higher figure than that of
the solar spectrum air mass 1.5.

4. Conclusion

It has been shown by modeling that a three-layer
stack of FPCs can provide neutral-colored light of
sufficient luminous intensity to illuminate a small
room. The modeled dimensions of 1.0 m X 0.1 m X
0.002 m are of practice size. The luminous output is
proportional to the width, but not to the thickness
and the length, and increases in this dimension
would be practicable. The modeling has not in-
cluded any structure in which the FPC stack would
need to be housed that would reduce the output by
approximately 8% because of Fresnel reflection and
whose spectral transmittance may influence the
color, and hence luminance, of the light output.
Although the whiteness of the stack has been ref-
erenced to (0.333, 0.333) a wide range, chromaticity
coordinate values are acceptable—for example, the
sunlight with air mass 1 has color coordinates (0.331,



0.344), whereas a standard white warm fluorescent
lamp has coordinates (0.437, 0.405), which results in
a greater luminous output and improved color ren-
dering.? The color rendering and luminous output
for an equally neutral spectrum could be improved
significantly by the use of a blue dye and a shorter-
wavelength orange-red dye. Unfortunately, blue
dyes with high quantum efficiency are not available.
However, a shorter-wavelength orange-red dye has
recently become commercially available, and the out-
put of a stack containing this dye will be an improve-
ment over that modeled here. This dye has yet to be
measured and modeled as a single FPC, which needs
to be done prior to modeling it as part of a three-layer
stack. There is also the possibility, at the expense of
complicating the stack, of using a yellow dyed collec-
tor in tandem with the red collector so that each is a
fraction of the total length of the stack. The yellow
dye, which is commercially available, would increase
both luminous output and color rendering of the dye.
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