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Abstract

The paper describes an array of optical cones as a potential configuration for tracker-less daylighting, without using an electro-
mechanical tracker. Subsequently, a single optical cone is analyzed, mainly in terms of sunlight collection efficiency and acceptance
angle, as a function of the cone's geometrical dimensions. The cones were fabricated and illuminated, with the results compared with
those of the theoretical analysis. We then consider the feasibility of a cone array as a sunlight collector, for low light intensity daylighting

applications, particularly in the context of indoor plant growing.

© 2024 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Our interest in the subject of this paper was motivated during
Covid-19, when lockdowns risked breaking the normal food
supply chains. Growing some edible plants indoors, within a
typical apartment, seemed like a good idea. These plants need
light, preferably natural sunlight, and for that purpose using some
form of rooftop-mounted daylighting apparatus is useful.

Daylighting is an established optical technology field, aimed at
augmenting (or replacing) artificial indoor lighting with sunlight
collected on a building rooftop. The collected sunlight is
subsequently guided into the building interior spaces, by means of
a transmission optics mechanism and subsequently dispersed
indoors, typically by means of light diffusers. Figure 1 illustrates
a simplified block diagram of a daylighting system.

Daylighting systems have been implemented in a number of
ways [1]. Typically, sunlight is collected by an optical element,
which may either be an imaging one, or a non-imaging one. The
typical imaging collection element is a lens, either regular type or
Fresnel type. The typical non-imaging light collector is the
compound parabolic concentrator (CPC) [2]. There is also an
imaging CPC that was implemented by Kaiyan et. al. [3].
Following collection, light is subsequently coupled into a
transmission optics. Of particular interest here is transmission
optics that consists of a polymer optical fiber (POF), where light
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is in-coupled by focusing a small spot onto the input edge of the
POF. Systems that use POF for light transmission have been
studied by several groups in recent years [4-6]. Several of these
systems use a Fresnel lens for sunlight collection.

One substantial challenge in collecting the sunlight is that
Daylight illuminance is inherently unstable, mainly due to two
effects: a) the presence of clouds, that modulate the collected
sunlight, and b) the fact that the sun traverses the sky during the
day, resulting in a continuously changing solar angle. As the solar
angle changes, even slightly, the spot slides away of the fiber core,
and light coupling is lost. The former effect somewhat annoys the
illuminated users indoors, whereas the latter effect critically
impacts the collection efficiency of the daylighting system, hence
its usability.

An important aspect of daylighting is the type of intended
application. Daylighting systems are commonly used to illuminate
rooms indoors, for the purpose of daily human activities.
Nonetheless, such systems potentially have another interesting
application, which is to provide sunlight to plants grown indoors,
such as algae [7], or vegetables. In this case, in contrast to human-
oriented daylighting, the sunlight modulation effect is not an issue.
On the other hand, the fact that the solar zenith angle changes
during the day is critical here as well. Note, also, that the amount
of light that is needed for an indoor hydroponic system is
substantially smaller than what is needed for providing human-
oriented daylighting.

Tracking the sun, by an electro-mechanical tracker can keep the
sunlight focused on the POF core [7,8]. Thus, tracker is typically
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Nomenclature

(] the angle of an incoming ray, measured with
respect to the cone base surface normal.

S the cone apex angle.

o the lens acceptance angle.

Leone  the height of the cone, from base to apex.

Deone  the diameter of the cone base.

FOM; a figure of merit proposed for a single optical cone,
which can be used to optimize the cone dimensions,
in terms of physical volume vs the amount of light
collected.

Abbreviations

NA Numerical aperture.

CPC  Compound parabolic concentrator.

POF  Plastic optical fiber.
PMMA Polymethyl methacrylate.
TIRT  Total internal reflection type.

used in such systems. Tracking, however, makes the system more
complex, more expensive and less robust. This induces a
motivation to avoid tracking altogether. Recently, Kaiyan et. al. [9]
offered a non-tracking configuration, based on using a sunflower-
like multitude of total internal reflection type (TIRT) imaging
CPC-POF pairs, to passively track the sun as it traverses the sky.
Our current paper examines a related configuration, based on
hollow, reflective optical cones. Arguably, cones may have lower
efficiency in collecting light, but on the other hand may be
somewhat simpler to fabricate than CPCs. The optical cone is not
a new idea. In fact, it has been proposed many years ago by
Williamson [10] as a light condenser, and subsequently analyzed
by Burton [11], who offered an approximate expression for the
cone's acceptance angle.

In this paper, we analyze the optical cone-POF pair and
experiment with it, as a basis for a simple tracker-less optical
configuration. It is based on replacing the lens with an array of
hollow optical cones. The paper first examines the subject of

Sunlight collection optics
(outdoors)

Transmission optics
(in/outdoors)

Illuminating optics
(indoors)

Fig. 1. A simplified diagram of a daylighting system.

coupling sunlight into a POF, by using an optical cone, instead of
an optical lens, for the purpose of daylighting. One purpose of
the paper is to analyze and measure the angular collection
efficiency of an optical cone that feeds a POF, and compare to a
lens that feeds a POF. A second purpose is to analyze a simple
non-tracking, non-imaging, optical configuration, that may be
useful for collecting modest amounts of sunlight, that may be
sufficient for growing plants indoors. In section 2 we analyze the
cone-POF light collection efficiency by ray-tracing, in section 3
some of the analysis results are compared to experimental ones,
and in section 4 a tracker-less configuration is proposed and
analyzed. In section 5 the usability of this scheme for growing
plants indoors is discussed. Section 6 concludes the paper.

The paper contributes to the research of daylighting in some
ways. 1) by providing a detailed analysis of a single optical cone
- POF pair as a basis for tracker-less array of cones. 2) by
describing a simple method to fabricate such cones. 3) by offering
the array of cones as a novel, simple light collection device,
arguably useful for low light daylighting applications. 4) by
analyzing the light collection of a linear array of cones. 5) by
examining the usability of such an array of cones for the purpose
of growing plants indoor.

2. Analysis of a single optical cone

We start with calculating the coupling efficiency for the basic lens-
POF combination illustrated in Fig. 2(a), which may be referred to
as the standard light collection configuration. With the sun at
zenith position, the beam is focused on the POF edge to a spot
similar in size to the POF core. When the sunlight rays are slightly
tilted, to an angle O (with respect to the normal position), the spot
is shifted roughly by f@to the right. As a result, the overlap area
between the spot and the fiber core diminishes, eventually to zero.
The coupling efficiency is calculated as follows:

2
Niens—opoF (@) — (NAlens) Areaspot—POF overlap (0)

5 NApor Areapor
~ “lens
NAlens ~ 2f ’

— 2 2
NAPOF = VNeore — N¢laa (1)
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Fig. 2. Two types of light collector pairs: (a) Lens-POF, and (b) Cone-POF.
Sunlight collection efficiency for a lens-POF pair,
NAPOF=0-591 f=3cm, Dp0F=2.5mm
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—04
0.5

Sunlight collection efficiency, Niens->POF

Fig. 3. Lens+POF analysis: angular collection efficiency, with NA as a parameter.

where NA are the respective numerical apertures. The coupling
efficiency was calculated, for a typical POF, as a function of 0,
for few values of NA..;. An underlying assumption is that the spot
size is equal to the fiber core. The results are given in Fig. 3.
Clearly, such lens-fiber combination, has, on one hand, high
collection efficiency, and on the other, high angular sensitivity to
the sun position. The effective angular range without tracking is
roughly 40 = 1 — 2°, which is not much. Note that to obtain
maximal coupling efficiency, the numerical aperture of the lens
should be roughly equal to that of the fiber.

An alternative might be to use an optical cone, instead of a lens,
as illustrated in Fig. 2(b). In what follows, we consider one of few
options: that the cone is hollow, i.e. filled with air, and that the
internal envelope is reflecting the light. Note that there are other
implementation possibilities.

The analysis is carried out, in 2D, by tracing a multitude of rays
(typically, 50-60) along the cone, towards the fiber, as illustrated

Beam deviation from normal, ©, degrees

in Fig. 4. The rays are collimated and are incident at different
angles, to emulate the sun traverses the sky. Note that the ray's
deviation from the original incidence direction increases with
every reflection. Note also that some of rays are eventually
terminated once they start being reflected backwards. Finally, note

that for cones that have small 222ne ratio, and for beams that have

cone
small beam incidence angle, a higher fraction of the rays that enter

the cone, particularly at the vicinity of its center, would face only
few reflections, and would thus will be coupled into the fiber.
Upon arrival to the fiber edge, the respective ray angles are
examined at the fiber entrance plane. The rays that are within the
acceptance angle of the fiber are counted, Nrays.<p<aaccept- The

respective 2D fractional ratio, which represents a 2D transmission,
is calculated as follows:

NTayS.<P<“acce t
T,p(0) = ———<° 2
ZD( ) Nrays,incident ( )

2383-8701/© 2024 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https:/creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

282 Z. Weissman et al. / Journal of Daylighting 11 (2024) 279-289

beam incidence angle=0°

fiber enterance plane

=
®

=3
=)

Sunlight collection efficiency

2
)

0

6 8

0 2 4
Beam deviation from normal, degrees

beam incidence angle=5°

Dcone=3cm

1 T r T

—— Lcone=10cm

2
®

o
o
>

Sunlight collection efficiency
vd
-

o

n
&
i

0 I I
0 2 4 6 8 10 12

Beam deviation from normal, degrees

Fig. 5. Angular collection efficiency of optical cones, with the cone length Lcone and the cone diameter Dcone Being used as parameters. In all cases, no surface

roughness is assumed.

To approximate the 3D transmission, this 2D ratio at any
specific incidence angle @ is multiplied by the same ratio at @ =
0, as follows:

T3p(0) = T,5(0) X T,5(0) 3)

This approximation may be justified by an assumption that the
sun trajectory in the sky is in the direction represented by the angle
0, and is roughly planar, at least within the angular range that the
sun lights the respective cone. On the other hand, it may be
assumed to be normal to the cone base, in the perpendicular
direction. Under these assumptions, if separability of the two
angular axis is assumed, one may approximate the 3D
transmission by using Eq. (3).

Some of the results are given in Figs. 5 and 6. In Fig. 5, the light
collection efficiency is given as a function of the angle for several

cone lengths (the cone base diameter is held constant). Evidently,
the longer the cone, i.e. the smaller the cone apex angle, we get
two effects: the maximal collection efficiency becomes higher,
and the angular range of the cone becomes smaller. Note also a
sort of plateau that exists for small tilt angles, and a gradual, linear-
like descent that follows at larger angles. Essentially, similar
effects are evident in Fig. 6, which describes the light collection
as a function of the angle for several cone widths (the cone length
being held constant).

In the above simulation results, the cone internal reflecting
surface was assumed to be ideally smooth. In practice, however,
this is not the case. So, we tried to emulate some surface roughness,
in the following way. Ideally, each light ray that is impinging the
reflecting wall at a given angle, is to be reflected at the same angle,
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with respect to the surface normal. To emulate roughness, a small,
random angular shift was added to the theoretical value, to each
ray, in each reflection event. The randomness has a normal
distribution, with a standard deviation g,. We repeated these

calculations for different values of g,,. Results are given in Fig. 7.
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As can be expected, the curves are fluctuating, particularly as the
roughness increases. Interestingly, modest surface roughness does
not seem to reduce the efficiency of the cone, at least in the way it
is modelled here. In fact, the efficiency plots are substantially
higher, and the plateau zones in some of the graphs are more
limited, if any.
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Fig. 6. Angular collection efficiency of optical cones, with the cone diameter Dcone and the cone length Lcone Being used as parameters. In all cases, no surface

roughness is assumed.
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Fig. 7. The effect of surface roughness on the angular collection efficiency of optical cones, with the cone base diameter D, used as a parameter. In the four upper
graphs, Leone=10cm, and in the four lower graphs, Ly, =30cm.
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A possible explanation is the following: since the randomness
is normal, in each reflection, about half of the rays get positive
angular shift while the other half get a negative shift. Positive
shifts improve the probability of a ray to be guided eventually by
the fiber, and vice versa. The effect is demonstrated nicely in Fig.
7. Where the efficiency for the ideally smooth cases (o, = 0) is
considerably lower than 0.5, as in the upper part of Fig. 7, most of
the rays improve their probability to be guided, and thus the
efficiency is increased, for g, > 0. Vice versa, where the
efficiency for the ideally smooth cases is considerably higher than
0.5, as in the upper part of Fig. 7, most of the rays degrade their
probability to be guided, and thus the efficiency is decreased, for
g, > 0.

For the purpose of analyzing cone arrays below (in section 4), it
is instructive to redraw some of the curves, this time with the x-
axis normalized to the respective cone apex angle. The curves of
Fig. 6 are redrawn in Fig. 8. Interestingly, the cone's angular range
spans beyond the value of the cone apex angle. Particularly so, as
the cone apex angle is reduced.

3. Experiments with a single cone

To validate some of the calculated results, optical cones were
fabricated, and then tested. The cone fabrication was carried out
as follows. The raw materials were highly reflective PVC sheets.

Lcone=1 Ocm

— Dcone=2cm

osl [ 3

o
Y

Sunlight collection efficiency

o
o

Each PVC sheet was cut in the form of a circular sector, and
subsequently rolled around a 3D printed cone template, with the
respective dimensions needed to obtain the desirable hollow,
reflective cone shape. Figure 9 shows the elements of the cone
fabrication process.

Subsequently, a PMMA optical fiber, with diameter Dpor =
2.5mm, and Im length, was polished at the two edges, and
inserted and fixed at the cone apex. The numerical aperture of the
fiber was estimated, via measuring its acceptance angle, to be 0.59.
Several such POF-coupled cones were fabricated, with different
dimensions, and their light collection efficiencies were measured,
as a function of the angle. The sunlight illuminance reading
Egnlux] was measured at noon time, by using a lux meter. The
light collection efficiency of each cone-POF pair was measured as
follows: first, the luminous flux input ¢,, ;,, was calculated as

DLZ‘OTLE
®in = Esun X nT [lm] “4)
Then, the luminous flux output was calculated as
Dout = Epor X Apx—meter [Im] ©)

where Epgp [lux] is the lux meter reading at the POF output and
Ay —meter 18 the lux-meter active detector area. The detector area
around the POF was blocked for incoming stray light. Figure 10
presents a comparison between the simulated and the experimental

Lcone=20cm

— Dcone=2(:m

Sunlight collection efficiency

Fig. 9. Cone fabrication process — the 3D printed templates, and the respective cones, are shown.
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Fig. 10. Measured vs. calculated collection efficiency curves, for three single optical cones. In all cases, taper length was 10cm, and the POF was 1m long.

Fig. 11. Illustration of three tracker-less configurations: (a) 1D (along a single arc) array of tilted lenses, (b) 1D array of tilted cones, and (c) 2D (along several parallel
arcs) array of tilted cones.

results, for three types of cones, with D.,,. = 3,4,5 cm, all with ~ Overall, if we ignore the fluctuations, the simulated curves show
Leone = 10 cm. Note that using the simple fabrication method  similar trends for g, = 2.5°. However, note that while for
described above, D ,ne = 3cm was the lower practical limit, and ~ D,,,,, = 3cm, there is a reasonable fit, for D,yn, = 4,5cm, the
we did not measure the collection efficiency for lower values.  experimental curves are higher than the simulated curves.
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4. Analysis of an array of tilted cones

The results of the above analysis of a single cone can serve as a
basis for analyzing cone arrays, for the purpose of sunlight
collection. In this section we analyze one such configuration, a
fan-like linear cone array, and compare it to an equivalent lens
array. Note that the fan-like cone array somewhat reminds the
CPC array described in [9].

We examine an alternative to tracker-based lens-POF sunlight
collector system. Let us start with a lens array configuration, as
described in Fig. 11(a). As an alternative to tracking the sun, the
figure shows an arc-like chain of lenses, each focuses and couples
light into a respective POF, that is positioned at the lens focus. The
lenses are positioned around a dome-like circumference, slightly
tilted accordingly, to catch sunlight at different angles, as the sun
moves along its daily trajectory. Two aspects to be analyzed here
are: a. To what extent such a configuration provides a reasonable
efficiency, and b. To what extent is this efficiency stable
throughout the day? Such stability requires continuity of light
collection. In an active tracker-based daylighting system, such
continuity is provided by the tracker. On the other hand, in the
tracker-less case, the continuity is to be provided solely by the
collection optics, which is passive.

An alternative configuration is illustrated in Fig. 11(b). The
lenses are replaced by a chain of optical cones, in a bouquet-like
arrangement, with a terminating POF at the apex (bottom) of each
cone. The two arrays are essentially one-dimensional (1D vector)
arrays, simplifying here by assuming that the sun roughly moves
in a plane. Note, however, that several such vectors can be
paralleled to create a two-dimensional array (as illustrated in Fig.
11(c)), thus multiplying the amount of light collected.

Linear array of tilted lenses
NA=0.5

o
©

Nay =0.054

Acif =4.24cm?
LCrax=1136 guns

o
o

e
[N}

o

40 60 80 100 120 140
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Sunlight collection efficiency, n

Linear array of tilted cones
Dcone=3¢cm, Lgone=10cm

=

=

2 os

o

°

% 0.6
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B2 2
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S 02 L Ao p gy thely gty tho iyt
<

2

0

o= | 40 60 80 100 120 140
(%]

Sun angle in the sky, degs

To calculate the collection efficiency of each of these two arrays,
as a function of the solar incidence angle, we convolve the
efficiency curves of the single elements (lens or cone, respectively.
see Fig. 3-8), with an angular impulse train. The angular spacings
of these trains, a (see Fig. 11(a)) and 8 (the apex angle, see Fig.
11(b)), respectively, are derived from the respective physical
dimensions, as follows:

_ Dlens _ .
a = 2arctan 7 = 2arcsin(NAens)
Dcone
ﬁ = 2 arctan (m) (6)

In the following examples, we assume NA;op,s = 0.5, Logne =
10cm, Deone = 2,3,4cm This means a =60° and S =
11.4°,17.1°,22.6°. The results of the convolution are given in
Fig. 12. The lens array provides sparse, distinct angular peaks,
implying that for most of the time sunlight is not collected. The
width and height of the peaks depend on NA;.,;. The average
light collection efficiency in this case is low, as indicated in the
Figure. The tilted cone array, on the other hand, provides a
substantially more regular collection efficiency, with an average
that is determined, essentially, by the apex angle . The smaller
the apex angle is, the higher the average collection efficiency.

Relating the results for the cone array, in Fig. 12, to those of a
single cone, specifically those given in Fig. 8, note that in an array,
light is collected, not only by the cone directed towards the sun,
but also, marginally, by its immediate neighbours, and light is
aggregated. This may explain the fact that a cone in an array has
somewhat higher light collection efficiency than for the same cone,
alone.

In terms of the collection efficiency, the cone array has an
advantage over the lens array. It has a higher average collection

Linear array of tilted cones
Dcone=2cm, Lcone=10cm, oy, =2.5°

2
©

=4
o

Nay =0.561

Aqr =1.76cm?
LCpax =48 suns

o
)

o

40 80 100 120 140

60
Sun angle in the sky, degs

Sunlight collection efficiency, n

Linear array of tilted cones
Dcone=4¢cm, Lcone=10cm

0.8

0.6
Nav =0.069

04 Aert =0.87cm?
LCpax =24 suns
0.2

.......

Sunlight collection efficiency, n

40 60 80 100 120 140

Sun angle in the sky, degs

Fig. 12. Comparison of the above two 1D tracker-less configurations, in terms of their angular collection efficiencies. Note that in the calculations for the lens array,
we assume =L ,,.=10cm, and thus (for NA¢,=0.5) Dieps=10cm. LC stands for light concentration factor.
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efficiency (in the examples of Fig. 12). Perhaps equally important,
the cone arrays have a substantially lower degree of angular
irregularity. As another aspect, let us now examine the sunlight
collection area in each case. The effective collection areas are
defined here as follows:

2
7Djens X lens

av
Agrp =15 @)
D¢one x pcone
4 r’av

In the case of the lens array, in order to compare the two types
of arrays on an equal physical size basis, f = L., Was assumed.
This implies f = 10cm and for NA;.,; = 0.5, it yields Djp,s =
10cm. Based on this assumption, the calculated results for the
effective area appear in the respective sub-Figures. Note that a
lens array has a larger effective area, due to its high nominal
aperture area. It means that the lens array would collect, on
average, more sunlight.

Having said that, however, there is another issue to consider,
with respect to the power collection capacity of the array. In a
recent paper [12], Wang et al. reported that for a PMMA POF, if
the sunlight concentration at the POF input exceeds ~600 suns, the
POF temperature approaches a temperature of 70°C, which in
practice would hinder sunlight collection. It is thus instructive to
calculate a light concentration factor, LC, for each of the cases
presented in Fig. 12. The maximal value of LC is calculated as

follows:
LC __ sunlight_collection_area
max POF_area

xpeak_collection_efficiency

[suns] (8)
For the lens, and for each of the cone arrays, the area is,
respectively,

A _T[Dlzens_”(ZXNAlenst)z_T[fz
T4 4 4 (for Najens=05)
Dgone
Acone = TTT ©)

Thus, for the lens and for the cones,

Z. Weissman et al. / Journal of Daylighting 11 (2024) 279-289

LCax =
2

D’; X lens_peak_collection_ef ficieny [suns]
POF

(10)

% X cone_peak_collection_ef ficieny [suns]
POF

The numerical results are given in Fig. 12, for each case. Note
that if we assume D;.,,s = 10cm (as we did so far, for the purpose
of an equal size basis comparison) the sunlight concentration
factor is well above the threshold of ~600 suns, and so this would
result in damaging the POF. By this consideration, the maximal
lens diameter should be reduced accordingly, to D;.p,s~10cm X

% = 7.3cm. This would reduce the effective area of the lens
to Agrr = 2.2cm? and imply that the average amount of sunlight
collected by a cone array with D,,. = 2cm will be only slightly
(by ~20%) lower than for the lens array, with D,,,s~7.3cm, albeit
with a higher degree of regularity.

Finally, few words on the aspect of the implementation of the
cone array. One proposed configuration appears in Fig. 13. It
consists of three parts: the optical cones, a light aggregating
tapering device, and an exit POF. The tapering device may in
principle be 3D printed from a transparent polymer material. It
would be a highly multimode optical branching device, that needs
to be properly designed in order to minimize aggregation losses.
One option may be to redesign the few-modes branching device
described in [13].

5. Discussion

The above analysis demonstrates that an array of optical cones
may be useful for POF-based, small scale daylighting, alleviating
the need to use an electromechanical tracking mechanism. In this
section, we discuss the issues of applicability, optimization, and
the limitations of the current research.

One possible application that is interesting to consider here is
daylighting for indoor plant growing. The main issue is the

Light cones

Light aggregating 3d printed taper

D Exit POF

I Light

Fig. 13. Illustration of a possible implementation of a cone-based tracker-less 1D array of tilted cones. Illustrated here are only three cones, of many.
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Table 1. An example of results for calculating the FOM, as defined in equation 12, for the data presented in Fig. 5.

Leone Vv D one™> 1cm 2 cm 3cm
10cm 0.3 0.122 0.017
15cm 0.2 0.2 0.035
20cm 0.15 0.15 0.048
25cm 0.12 0.12 0.067

sufficiency of the amount of sunlight that is collectable by a cone
array.

The amount of daily sunlight required to grow plants is given
by the daily light integral (DLI), measured in moles of light (mols)
per unit area per day. It expresses the total amount of
photosynthetically active radiation (PAR) that is incident on a
given plant, in one day. Typical DLI values, depending on the
type of plant, are 10-40 mol/m?/day. The DLI is determined by the
integration time, and by the photon flux, given by the
photosynthetic photon flux density (PPFD), in umol/m?/s. Further,
the PPFD is directly translatable to illuminance, in lux units.

The DLI, PPFD and illuminance are related (for sunlight) by the
following relations:

DLI[mols/m?/day]
= 3.6 X 1073 X PPFD[umols/m?/s]
sunlight hours
day
PPFD[umols/m?/s] = illuminance [lux] X 0.0185  (11)

For example, in a recent paper [14], iceberg lettuce has been
shown to require DLI~10 mol/m?/day for indoor growing. Bottom
line is that DLI=10 mol/m*day, for sunlight duration of 5 hours a
day, translates roughly to PPFD=550 pmol/m?/s and thus to an
illuminance of ~30000 lux, roughly 30% of bright sunlight at noon
time.

So, if we assume 5 hours daily, with ~100000 lux average
illuminance, and consider the case with D, = 2cm, it implies
that a single vector cone array, has an effective collection area of
Aerr = 1.76 % 100k /30k~6cm? (see Fig. 12, upper right graph).
The effective area can be increased by adding adjacent cone
vectors, to form a tilted cone matrix. For, say, ten adjacent vectors,
the area would be about 60cm?, which becomes comparable to a
typical leafy vegetable size. The total volume of such 2D optical
cone array device would be, roughly, 10cm x 20 cm x 15cm.

With respect to optimization, Arguably, it needs one to consider
two main aspects: the amount of light collected, and the physical
volume of the sunlight collector. The former is to be maximized,
whereas the later needs to be minimized. Considering a single
cone, we may thus define a figure of merit, FOM,, for a single

cone, as follows:
__ light_collection_areaxlight_collection_ef ficiency

FOM, =
S cone_volume
”D%onex (6=0)
4 mo=0) _ 3n(6=0) (12)
ﬂD%onechone Lcone
4 3

where (0@ = 0) is the light collection efficiency at normal
sunlight incidence.

As an example, Table | provides the FOM; as calculated for the
data presented in the graphs of Fig. 5. These results seem to
indicate that, as may be expected, short cones, with small
diameters have an advantage.

Finally, it is useful to discuss some limitations of the current
research. The research is focused on the analysis of light
collection in a single cone, and on that of a linear array of tilted
cones. It is essentially ray-traced in 2D, with the light collection
efficiency is only approximated in 3D, notably in reasonable
agreement with experimental results. By referring to a linear array,
the calculation does not consider the effects of actual solar
trajectory, of light transmission in a long fiber, and that of light
distribution/diffusion on the plant. Further, the experimental part
of the paper demonstrates light collection of a single cone-PoF pair,
over a relatively limited set of geometrical parameters. Light
collection in an array has not yet been demonstrated. And, in fact,
the usability of the proposed device for growing plants has not
been demonstrated experimentally yet. Some of these aspects are
currently the subjects of an ongoing research, hopefully, to be
reported in the future.

6. Conclusion

In this paper, sunlight collection efficiency of a single cone that
couples light to a POF, has been studied in theory and experiment,
with emphasis on the light collection efficiency and the angular
response of the cone. Methods to simulate, fabricate, and
characterize cones were described above. Based on the results, a
multi-cone array was analysed, as a basis for small-scale, tracker-
less daylighting.

The main conclusion from the results of the analysis is that an
array of properly designed cones may be an effective way to
achieve tracker-less daylighting. In terms of the amount of light
collectable, this type of configuration may not be sufficient for
human-oriented daylighting, but would probably suffice for small-
scale indoor plant-oriented daylighting. In that context, the main
advantage that a cone array has over a lens array is a higher degree
of regularity of the collected light during the daytime. Potentially,
the proposed tracker-less daylighting configuration would also
have a low cost.
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