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A hybrid concentrator photovoltaics (CPV) module that combines the production 
of electricity and transports sunlight is proposed as a means to reduce the energy 
needs of buildings by two complementary solar energy approaches. Both 
concepts share the need for a solar tracker and an infrastructure to concentrate 
the sunlight which allows a reduction in costs of the proposed system. The CPV 
part is a well-known technology to produce electricity that serves as a host for the 
light subpart that transports sunlight through optical fibres. Measurements of a 
proof-of-concept show that in nominal conditions the lighting subpart is more 
efficient in the task of transporting sunlight than converting sunlight to electricity 
and then to light again. The efficiency threshold is a direct function of the fibre 
material and distance transported and the generated light is very similar to the 
solar light in terms of spectral content. Based on PMMA optical fibres and 
conventional CPV technology, the hybrid module converts 28.7% of the sunlight 
into electricity. Regarding the light transported by the optical fibres they slightly 
shift sunlight to bluish white but the quality of light is still comparable to a typical 
fluorescent lamp used in offices. 

1. Introduction 

Buildings (residential and commercial) repre
sent about 40% of global energy consumption, 
and the electricity demand in this segment is 
growing more than the rest of the energy-
consuming segments.1 An important part of 
this comes from lighting; global electricity-
based lighting consumes 19%> of the total 
electricity production,2 and by 2030 it is 
expected that the demand for electric light will 
be almost doubled.1 However, it seems likely 
that there will be a reduction in the energy 
impact of buildings as the zero-energy building 
concept gains traction. Already administrations 

are starting to demand that this approach be 
adopted.3 Solar energy, as a resource widely 
available, appears to be a great help to achieve 
these reductions, in the forms of electricity 
(photovoltaics) or light. This is especially 
interesting for offices and industries where 
most of their activity occurs in daytime. 

Some additional benefits come with solar 
energy. As renewable energy, it helps reduce 
the impact of buildings on global warming. 
Apart from that, it is also relevant to point out 
the benefits of sunlight on human beings, 
starting from its role in synchronizing circadian 
rhythms4'5 and a generic effect on mood6 even 
on surgery recovery.7 There has also been an 
observed improvement in office8 and school9 

productivity. Even retail sales in shops illumi
nated with natural light show better perform
ance those with artificial lighting.10 



1.1 Solar electricity in buildings 
Building-integrated photovoltaics (BIPV) 

are already a mature photovoltaic (PV) meth
odology that is actively generating electricity in 
buildings where different PV materials and 
approaches are possible. Among the different 
technologies that are part of PV, concentrating 
photovoltaics (CPV) are a promising technol
ogy with already the highest efficiency in 
production modules.11 It basically uses cheap 
lenses to substitute for solar cell area, con
centrating solar radiation and therefore needs 
solar trackers to keep light focused on solar 
cells as the sun moves across the sky. CPV 
integrated into buildings (BICPV) is intended 
to achieve the highest efficiency producing 
electricity in a building and some examples 
have already been presented 12-16 

1.2 Sunlight in buildings 
Sunlighting in wide offices, commercial 

areas or generic spaces without (or far from) 
windows requires light transportation. Solar 
light inside buildings can be achieved by using 
devices that redirect solar light to all parts of 
the building during daylight hours with other 
architectural elements than windows. Light 
pipes,17 and light shafts that transport sun
light by reflection from walls, have consider
able light losses which limits this approach to 
short distances. 

A simple and flexible way to transport the 
solar light inside a building is to use optical 
guides (where light confinement is achieved 
by total internal reflection) made of low cost 
materials, which are distributed throughout 
the building similar to electrical wires. The 
use of optical guides for the sunlighting of 
buildings is currently a commercial technol
ogy,18'1 and different prototypes based on 
this technology have been proposed.20-27 This 
involves coupling concentrated sunlight into 
fibres or other guides made of plastic or glass. 
However, a long payback time would be 
required to produce light for indoor illumin
ation because a concentrating infrastructure 

and a tracker system are necessary to inject 
light into the optical fibres. 

1.3 Solar hybrid 
The work presented in this paper started 

with the idea that a CPV module designed 
for electricity production can provide the 
basic 'infrastructure' for injecting concen
trated sunlight into the optical guides with 
small additional cost compared with the CPV 
system and with a positive energy conversion 
balance. This means that both solar cells and 
optical fibres can receive concentrated sun
light and share the necessary tracker. If an 
appreciable concentration ratio is achieved, 
the collection area and the volume for trans
portation are reduced by almost the same 
ratio, reducing also the amount of material 
needed for sunlight transport. This reduction 
also contributes to easing the integration of 
the sunlight system in buildings. 

2. Description of the concept 

A hybrid lighting CPV module has already 
been presented conceptually28 for distributing 
sunlight for electricity production and light 
transport, accepting the design constraints 
imposed by the fundamental laws of physics, 
using common materials and delivering prac
tical efficiencies. A possible implementation 
of the hybrid concept can be seen in Figure 1 
where there is a bifocal parquet of lenses 

Figure 1 Artist's impression of an adaptation of optical 
fibres in a CPV parquet of lenses 



that can concentrate light onto both optical 
fibres and PV cells. This distribution is highly 
compatible with a typical point-focus Fresnel 
lens-based CPV module. 

Note that the lenses used to illuminate 
the optical fibres are placed in the corners of 
the CPV lenses, the less efficient region of a 
Fresnel lens. In this way, we can reduce the 
impact of the insertion of the optical fibre on 
the solar cells electricity generation. 

2.1 Light transmission 
Light transport using optical fibres is 

mainly constrained by the optical path that 
the sunlight has to traverse. This is influenced 
by the material and dimensions of the optical 
fibres and by the angle of the cone of light 
imposed by the lenses.28 

Figure 2 shows the effect of the diameter 
and length of the optical fibres and the 
/-number (ratio of focal length to the lens 

diameter) of the lenses on overall transmit-
tance, considering PMMA as the material of 
optical fibres, using the model from Nunez 
et al.28 The sensitivity to diameter is low while 
increasing the length notably reduces the fibre 
transmittance. This means that light trans
mission is going to be mainly influenced by 
the length of the fibres, which should be kept 
as short as possible. Nevertheless, fibre 
lengths below 10 m in a building will be 
unusual, even though light transport should 
be conducted mostly vertically. 

2.2 Spectral issues - quality of light 
Another important question to consider is 

the variation of the spectrum of the sunlight. 
Solar spectrum varies mainly due to solar 
altitude changing over the day; consequently, 
affecting the tint of sunlight. However, 
PMMA transmittance is not completely flat 
in the visible range (Figure 3), so an extra 
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Figure 2 Simulation of the fibre transmitta nee vs the f-number of the lens that injects solar light into the optical fibre (a) 
changing the diameter of the optical fibre, (b) changing the length of the optical fibre. 
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Figure 3 Fibre spectral transmittance at different lengths of fibre. 
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spectral shift due to the optical fibre spectral 
transmittance is expected. 

While the absorption peak at 623 nm due 
to a CH bond is not significant at short 
distances, when considering a practical length 
of fibres it starts to be noticeable. For 
example, the spectral transmittance for 10 m 
lengths shown in Figure 3 shows a transmis
sion valley at 623 nm (the maximum of 
photopic curve is in 555 nm). This valley 
does not affect significantly the transmitted 
luminous flux but it causes a colour rendering 
issue, specifically for orange colours. 

3. Prototype description 

In order to prove the hybrid lighting-CPV 
concept, a prototype based on a commercial 
CPV module has been developed. This 
module is composed of a two stage optical 
system working at a concentration ratio of 

476X, consisting of a SoG primary lens, and a 
dielectric totally internal reflecting concentra
tor made of glass as secondary optics, which 
focuses light onto three junctions (3J) lattice-
matched (LM) GalnP - InGaAs - Ge solar 
cells. Two main adaptations are necessary to 
convert the CPV module into a hybrid form. 
The main change is to the parquet of lenses. 
This needs to be bifocal, so sunlight can be 
focused into solar cells and optical fibres. 
Additionally, the housing of the module has 
to be adapted to allow the entrance and 
positioning of the fibres. 

The selected optical fibres were made of 
PMMA core and a fluorinated polymer clad
ding with a 3 mm diameter and 17 m long to 
cover the distance from a solar tracker installed 
in the rooftop of the Instituto de Energia Solar 
building to one of the laboratories on the 
second floor. Both ends of the fibres were 
treated with sandpaper and polishing spray to 
allow the best optical coupling. 



Figure 4 Bifocal parquet of lenses. Similar to classic CPV 
parquets (CPV lenses are the largest), includes another 
set of lenses in the lens corners to inject light into optical 
fibres (highlighted with dashed lines). 

3.1 Parquet of lenses 
The hybrid parquet has been manufactured 

with SoG lenses. The new parquet of lenses 
keeps the main structure of the original one but 
uses part of the area to host another set of 
lenses that inject sunlight into the optical fibres. 
The CPV individual lenses have just been 
reduced at the corners, keeping the original 
design, 120 x 120 mm2 (except 5.3% given to 
lighting) and with a focal length of 200 mm. 

The lighting lenses have an area of 35 x 
35 mm2 and a focal length of 115 mm, injecting 
the maximum power that the material of the 
optical fibres (PMMA) allows, as a trade-off 
between spot size and a reduced cone of light, 
to avoid the minimum absorption inside the 
fibre due to reflections.22 This values were 
obtained after considering that too small a 
spot will mean too high a concentration which 
the optical fibres will not withstand and the 
focal length should be long to minimize the 
reflection losses. Figure 4 shows a picture of 
the hybrid parquet. 

3.2 Optical fibres placement 
Since the CPV and lighting lenses have 

different focal lengths, a metallic grid has 
been placed in the middle of the module in 
order to place the optical fibres in the 
required positions (Figure 5). 

Figure 5 Optical fibre holder sited inside the hybrid 
module to place fibres in the required position. 

The rear plate of the module has been 
adapted and pipe glands were placed to pass 
the fibres through corrugated tubes, as shown 
in Figure 6. 

4. Prototype results 

4.1 Electrical results 
The original CPV module is composed of 

24 cells in series with an average efficiency of 
38%. The short-circuit current (/sc) is 1-5 A 
and the open-circuit-voltage (Foe) 70.4V 
(measured with a IV load), having therefore 
a maximum power (PMP) of 84.5 W in con
centrator standard operation conditions 
(CSOC), the reference operation conditions 
of the CPV industry being (CSOC, 
DNI = 900 W/m2, Tamb = 20°C and spectrum 
similar to AM1.5D29). Considering the active 
area useful for CPV and the power at CSOC, 
the hybrid module achieves an efficiency of 
28.7%. 

As was previously commented, a fraction 
of the total area of the parquet of lenses is 
used to concentrate light onto the fibres. The 
CPV lenses area reduction will result in less 
solar power produced by the solar cells, 
mainly a reduction in the module photocur-
rent. It should be noticed again that the 
lighting lenses are placed at the corners of 
the CPV lenses, the least efficient areas of the 
lenses. While lighting lenses suppose a reduc
tion of 5.3% of the module active area, the 



Figure 6 Rear view of the hybrid module showing the 
exit of optical fibres from the CPV receiver 

current compared to an original module is 
4.8% less. 

4.2 Lighting results 
At the end of the fibres, we get 467 lumens, 

normalized to the same conditions as the 
electrical part (CSOC) for this specific con
figuration, i.e., 900 W/m2. The angle of the 
light emitted by the optical fibres is ±14°, 
fixed by the/-number of the optical fibre lens 
if the angle at the end of the fibre is assumed 
to be the same as that of the entrance. On the 
other hand, due to the small diameter of 
the fibres and the high throughput, the 
luminance is about 108cd/m2, causing glare. 

To overcome this, the fibres' exit should be 
integrated in a luminaire, which could also 
include back-up LEDs to balance the inherent 
discontinuity of solar energy. A light sensor in 
a feedback loop can make it possible to switch 
between natural and electric light, so when 
clouds cover sunlight, the electric lamp main
tains the lighting. Moreover, the lighting part 
of the hybrid system could be considered as a 
saving on an electrical lamp that works every 
time sunlight is available. 

The colour mix of the light is influenced by 
the solar spectrum, which depends on the sun 
position (time and date), and on the length 
of the fibre. This can be seen in a chromaticity 
diagram (Figure 7), where the different 
colours are easily plotted. In addition to the 
simulated spectra at different lengths of 
optical fibres and hours of a summer day in 
Madrid, some standard illuminants have been 
added for comparison: D65 (represents aver
age daylight), A (represents an incandescent 
lamp), F2 (represents a standard cool white 
fluorescent lamp) and F l l (represents a 
narrow tri-band fluorescent lamp). 

Correlated colour temperature (CCT) is 
the appropriate parameter to quantify the 
different colour appearance of the light. This 
parameter measures the equivalent tempera
ture of a black-body radiator of a light source 
of comparable colour appearance. The CCT 
of sunlight at noon is about 6000 K (reduced 
when considering only direct solar irradiance, 
as seen by a concentrator), while at sunrise or 
sunset this value is reduced quickly, meaning 
a more reddish white light. PMMA optical 
fibre with non-homogenous light transmit-
tance shifts the CCT gradually to higher 
values due to its absorption peak at 623 nm as 
can be seen in Table 1 and Figure 7. The CCT 
of the prototype for midday on a summer's 
day is 6832 K. 

A similar conclusion can be obtained for 
colour rendering index (CRI) that gives an 
idea about how well a light source renders 
colours. In Table 1 a reduction of CRI related 
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Figure 7 CIE 1931 chromaticity diagram. Several standard illuminants are represented. Additionally, simulated solar 
spectra on a summer's day in Madrid are also plotted from sunrise to sunset together with the spectra after 1 to 20 m of 
PMMA optical fibre every hour. Office hours (solar time 07:00 to 17:00) are zoomed showing that the colour shifts of 
direct sunlight and after passing through the optical fibres are comparable to the shifts of other illuminants. 

Table 1 Correlated colour temperature (CCT) and colour rendering index (CRI) for sunlight 
after being transported by PMMA optical fibres for different distances 

Office time 

07 hours (Sunrise+ 2 hours) 
12 hours (Midday) 
17 hours (sunset -2 hours) 

0 metres 

CCT 

5052 K 
5639 K 
5236 K 

CRI 

97.8 
97.8 
97.9 

10 metres 

CCT 

6060 K 
6759 K 
6278 K 

CRI 

85.6 
84.9 
85.3 

20 metres 

CCT 

6726 K 
7497 K 
6966 K 

CRI 

75.8 
74.9 
75.5 

to the length of the optical fibres can be seen. 
However, up to 15-20 m, CRI is comparable 
to F2 lamps that have a CRI of 81. The CRI 
of the prototype for midday on a summer's 
day is 79.5. 

5. Conclusions 

We have proposed a hybrid CPV module that 
simultaneously produces electricity and 
injects concentrated light into optical guides 



for lighting as an active building integra
tion solution that generates electricity and 
transports sunlight. It has been verified 
that the CPV module and the fibre optics 
for collection and distribution of visible light 
are compatible. The main advantage of this 
proposal is that both concepts (CPV and 
lighting) need an infrastructure to concentrate 
light and to follow the sun as it moves across 
the sky. Sharing these needs, they both benefit 
when they are integrated into the same 
module, thereby reducing costs. 

Using PMMA optical fibres, a full 
hybrid system has been completed based on 
the adaptation of a commercial CPV module. 
Regarding energy conversions, the hybrid 
module converts 28.7% of the sunlight into 
electricity under CSOC and the generated 
light is 467 lumens. 

The main conclusion about quality of 
light for optical fibres is that they shift 
sunlight to bluish white tones. For example, 
for PMMA fibres from 0 to 20 m in length 
the CCT increases by about 1500K. 
Another relevant conclusion is that the CRI 
for the PMMA example reduces by about 
20 points. However, it is still comparable to a 
typical fluorescent lamp used in offices 
(CRI=iO). 

The proposed proof-of-concept is a hybrid 
solution that provides both electricity and light 
from solar energy benefiting from common 
needs and with a minimal invasion on the CPV 
host module. 
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