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modules, and for this reason HCPV stations today remain mostly limited to
large-scale solar plants.[5] To increase their
functionality and accessibility, new-generation HCPV devices should have simpler
architectures, lower cost, and should
use commercially available parts for an easier and cheaper manufacturing. This would
open new market segments and would give
a strong impulse to the integration of
HCPV in commercial and residential
buildings.
As demonstrated by Núñez et al.,[6,7]
CPV and daylighting (DL) technologies
share the same needs in terms of infrastructures and are compatible to be integrated into the same module. Although
many DL and hybrid DL/CPV modules have been proposed
in the past ten years,[7–14] none of them have reached the commercial stage yet. The idea behind most of these devices is to use
a tracking solar concentrator coupled to optical ﬁbers (OFs) to
harvest the sunlight and guide it inside a building. The transmitted light can then be used to directly illuminate any interior living
spaces or redirected to an array of solar cells for electricity generation. Although promising, this idea has not yet been fully
developed and the efﬁciency of the proposed hybrid modules
remains still too low to meet the energy and illumination
demand of buildings.[15] For this reason, new concepts are

High-concentration photovoltaic (HCPV) systems are one of the most promising
technologies for the generation of renewable energy with high-conversion efﬁciency. Their development is still at an early stage, but the possibility of integrating high-concentration systems into buildings offers new opportunities to
achieve the net-zero-energy building goal. Herein, the optical and energetic
performance of a hybrid daylightingHCPV prototype based on pure- or dopedsilica optical ﬁbers (OFs) to guide 2000 concentrated sunlight inside the
buildings is evaluated. There, the light can either be used to illuminate interior
spaces or projected on solar cells to generate electricity. The system equipped
with a single 400 μm core-diameter OF is demonstrated to achieve a total
efﬁciency of 15% and an optical efﬁciency of 45%.

1. Introduction
In recent years, solar energy has attracted the attention of scientists and investors around the world as an alternative source of
renewable energy with low environmental impacts. Thanks to the
high energy yield per square meter, high productivity throughout
the day, and the reduction of material costs, high-concentration
photovoltaic (HCPVs) systems are now assuming a predominant
role in the solar energy market.[1–4] However, the complex design
and the need for sophisticated tracking systems account for
larger space requirements as compared with traditional PV
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needed to achieve higher efﬁciencies and contribute to reducing
the environmental impact of buildings.
The objective of this study is to test the stability of different
commercial OFs to concentrated sunlight and evaluate the efﬁciency of a prototypical ﬁber-based DL/HCPV module. In our
previous work we demonstrated that Al- and P-doped silica ﬁbers
show a signiﬁcant signal loss due to the photoinduced formation
of point defects (solarization), whereas pure silica, Ge-doped
silica, and F-doped silica ﬁbers have good resistance to the broadband light produced by a laser-driven light source.[16] For this
reason we decided to ﬁeld test the latter ﬁbers by mounting them
on our recently developed hybrid module and study their transmission properties as a function of exposure time. This is the
ﬁrst study exploring the effects of 2000 concentrated sunlight
on commercial OFs of different chemical compositions. The
experimental results allowed us to verify the absence of ongoing
solarization processes in the selected OFs and identify the most
suitable waveguides for solar energy applications. This information will guide us to further improve the performance of our
hybrid DL/HCPV module and improve its design for its future
release in the building-integrated photovoltaic market.

2. Results and Discussion
The transmission properties of the ﬁbers shown in Table 1 were
studied by measuring the power generated by a triple-junction
(TJ) solar cell coupled to each of them, as explained in
Section 4. To allow a direct comparison between the various
ﬁbers, the power output of each cell (P cell ) was normalized to
the direct normal irradiance (DNI) using the formula
Pn ¼

P cell
DNI

(1)

where n is the ﬁber label. The results shown in Figure 1 indicate
that the mean normalized power outputs of the cells coupled to
the chosen ﬁbers are as follows: P FP200ERT ¼ 4.5  0.1 mW,
P FP200URT ¼ 2.0  0.1 mW, P FP400ERT ¼ 20  1 mW, P GeMM ¼
0.10  0.03 mW, and P IXFCUSTSiO2=F ¼ 0.4  0.1 mW. The
uncertainty characterizing the data is, in general, correlated with
the sample cleavage quality, the alignment with the mirror optical axis, and the accuracy of the tracking system. In the case of
FP400ERT, the error is most likely due to the suboptimal weather
Table 1. Technical speciﬁcations for the tested OFs. HP stands for hard
polymer.
Label

Manufacturer

Core/cladding
material

FP200ERT

Thorlabs

Low-OH
SiO2/HP

200

400–2200

0.50

FP200URT

Thorlabs

High-OH
SiO2/HP

200

300–1200

0.50

FP400ERT

Thorlabs

Low-OH
SiO2/HP

400

400–2200

0.50

GeMM

Thorlabs

SiO2:GeO2/SiO2

62.5

400–2200

n.d.

IXF-CUST-SiO2/F

Thorlabs

SiO2/SiO2:SiF

62.5

400–2200

0.12
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Figure 1. Solar spectral irradiance as transmitted by the ﬁbres FP200ERT
(low-OH) and FP200URT (high-OH). The ﬁbre FP400ERT, being a lowOH, has the same spectral irradiance as FP200ERT. The shaded areas correspond to the spectral response range of the InGaP (300–660 nm),
InGaAs (660–885 nm), and Ge (885–1850 nm) subcells of a triple-junction
solar cell.

conditions on the day of the measurements. In fact, due to the
shadow cast by the moving cloud, the variation of the instantaneous DNI was estimated to be 15% and this was partially
reﬂected on the uncertainty characterizing the P FP400ERT data.
In spite of this, the ratio P FP400ERT =P FP200ERT is approximately
equal to 4, conﬁrming the expectations given by the crosssectional areas of the two ﬁbers. The difference between
P FP200URT and P FP200ERT , in contrast, may be attributed to the different chemical compositions of the two OFs. In fact, despite
both being pure-silica core ﬁbers, FP200ERT is characterized
by a low concentration of hydroxyl (OH) groups, whereas
FP200URT has a higher concentration of them. This difference
is very important for the transmission properties of the ﬁbers as
it determines their signal transmission efﬁciency in the ultraviolet (UV) and near-infrared (NIR) spectral regions.[17,18]
In general, the OH groups bonded to the glass network of silica ﬁbers have fundamental stretching vibrations between 2700
and 4200 nm, depending on the position of the group. These fundamental vibrations give rise to multiple-overtone bands located
at 1380, 950, and 720 nm and combination bands at 1240, 1130,
and 880 nm.[19] This means that high-OH OFs are not able to
transmit light of wavelength longer than 1200 nm and are better
used for UV–vis light applications. In contrast, low-OH OFs have
low attenuation throughout the vis–NIR spectral range but fail at
guiding UV light.[20] To investigate the inﬂuence of ﬁber attenuation on the intensity of the photogenerated current, we calculated the spectral radiosity transmitted by FP200ERT and
FP200URT as
JðλÞ ¼ E 0 ðλÞeAðλÞL

(2)

where L is the sample length (2.50 m in both cases), E 0 ðλÞ is the
direct solar irradiation AM1.5D,[21] and AðλÞ is the ﬁber spectral
attenuation declared by the manufacturer.[22] The curves in
Figure 2 show that low-OH ﬁbers transmit sunlight better
than high-OH ones and that the biggest difference is in the NIR

© 2021 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

www.pss-a.com

www.advancedsciencenews.com

Figure 2. Pictures of the real DL/HCPV module showing a) the architecture of the device and b) an array of solar cells used during the tests.

domain. FP200URT has a high transparency in the 300–1200 nm
range but blocks longer wavelengths, whereas FP200ERT works
better in the 400–2200 nm range but has signiﬁcant loss in the
UV domain. As the intensity of the current produced by the TJ
cells is limited by the subcell receiving the lowest amount of
light,[23] the P values observed for the two ﬁbers depend on both
the radiant ﬂux and the spectral distribution of the transmitted
sunlight. By integrating JðλÞ and E 0 ðλÞ over the spectral response
range (Λ) of the three subcells, we can determine the theoretical
percent transmittance of the ﬁbers as
R
JðλÞdλ
R
T¼ Λ
(3)
E
Λ 0 ðλÞdλ
where Λ1 ¼ ½300 nm, 660 nm for the InGaP layer,
Λ2 ¼ ½660 nm, 885 nm
for
the
InGaAs
layer,
and
Λ3 ¼ ½885 nm, 1850 nm for the Ge layer. The results shown
in Table 2 reveal that the lowest transmittance for FP200ERT
ﬁber is in the range Λ2 , whereas that for FP200URT ﬁber is
in the range Λ3 . This implies that the efﬁciency of the solar cell
coupled to these ﬁbers is limited by the current generated by,
respectively, the InGaAs and the Ge subcells. The ratio between
the two limiting transmittance values (29%=52% ¼ 0.56) is
compatible with the ratio P FP200URT =P FP200ERT ¼ 0.4  0.2,
conﬁrming that the difference observed for the two time series
is largely determined by the intrinsic absorption spectrum of
silica.
Table 2. Percent transmittance of the ﬁbers FP200ERT and FP200URT
in the spectral response range (Λ) of the InGaP (300–660 nm), InGaAs
(660–885 nm), and Ge (885–1850 nm) subcells of a TJ solar cell.
Λ [nm]

T FP200ERT

T FP200URT

300–660

71%

88%

600–885

52%

51%

885–1850

56%

29%
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Due to the small diameter and low numerical aperture (NA),
only a modest amount of light was injected into the GeMM and
IXF-CUST-SiO2/F samples. The photocurrent produced by the
relative solar cells ( 20 μA) is comparable with the noise current
and for this reason the values of P GeMM and P IXFCUSTSiO2=F are
close to zero. For the F-doped sample, this behavior is uniquely
determined by the size of the ﬁber, as demonstrated by the following relation:
r 2IXFCUSTSiO2=F
r 2FP200ERT



P IXFCUSTSiO2=F
P FP200ERT



1
10

(4)

where r is the ﬁber core radius. The case of GeMM, on the contrary, is more complicated as the cross-sectional area ratio (with
respect to FP200ERT) is equal to 1=10, whereas the P ratio is
1=45. This suggests that the low power output measured for this
sample is not only determined by the small ﬁber diameter but is
also due to a higher attenuation of the transmitted light. In fact,
Ge-doped ﬁbers are generally used for telecommunication applications and their composition is optimized to achieve the highest
transparency in the IR wavelength range. Although their theoretical transmission range extends from 400 to 2000 nm, the attenuation level in the visible domain is generally higher than that of
pure silica and for this reason the radiant ﬂux transmitted by the
ﬁber is much lower than that measured for FP200ERT.
To further validate the results, we conducted a second test consisting of the simultaneous exposure of all ﬁbers to concentrated
sunlight. For this test, four additional HCPV modules were
upgraded to host the ﬁbers, and each of them was coupled to a
different TJ cell. As observed in the previous case, the time series
shown in Figure 3 is constant over time and the corresponding mean normalized power is P FP200ERT ¼ 4.7  0.2 mW,
P FP200URT ¼ 2.2  0.1 mW, P FP400ERT ¼ 19.8  0.9 mW, P GeMM ¼
0.11  0.03 mW, and P IXFCUSTSiO2=F ¼ 0.3  0.2 mW. These
values are compatible with those shown in Figure 1 and for this
reason we can afﬁrm that the outcomes of the day-long, single-ﬁber
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Figure 3. Time series plot of the normalized power measured for the
tested samples during the 8 h exposure to concentrated sunlight. The
dashed lines indicate the mean normalized power for each data set.

Figure 4. Time series plot of the normalised power measured for the
tested samples during the 10-min exposure to concentrated sunlight.
The dashed lines indicate the mean normalised power for each data set.

tests are reliable and are equivalent to the results we would have
obtained by testing all the ﬁbers at the same time.
The total power efﬁciency of our hybrid system can be calculated as

ΦF ¼

ηT ¼

P out
P in

(5)

where P out is the maximum normalized power generated by the
cell and P in is the radiant ﬂux injected into the ﬁber (i.e., the
DNI). As our aim is to calculate the maximum efﬁciency of
the system, in the following calculation, we will refer to
FP400ERT which is the sample with the highest P. To be transmitted, the light hitting the entry face of the sample must form
an angle with the optical axis lower than or equal to the acceptance angle θ of the ﬁber. Considering that FP400ERT has an NA
of 0.50, the injection condition is
θ ¼ sin1 ðNAÞ ¼ 30°

(9)

By taking ΦF as the radiant ﬂux injected into the
ﬁber and P FP400ERT as the maximum normalized power
generated by the cell, the total power efﬁciency of the system
results in
ηT ¼

P out P FP400ERT
¼
¼ 0.15
P in
ΦF

(10)

This value is useful to estimate the system’s ability to produce
electricity from sunlight but provides little information on the
quality of the optical coupling between the mirror and the ﬁber.
This information can be obtained by considering that, for our
system
ηT ¼ ηo ηe

(11)

(6)

and the portion of the mirror surface effectively coupled to the
ﬁber is
AM ¼ πðEFL ⋅ tan θÞ2 ¼ 1380 cm2

(7)

with EFL being the mirror effective focal length (36.3 cm). This
corresponds to the area of the circle being formed by the intersection of the mirror with the light cone subtended by the OF
(the dark-blue beam in Figure 4). Knowing that the maximum
solar irradiance measured during the test of FP400ERT is
E Sun ¼ 768W ⋅ m2 , we can calculate the maximum radiant ﬂux
injected into the ﬁber as
ΦM ¼ E Sun AM ¼ 106 W

(8)

As the mirror focal image has an area (AMFI ) of 1 cm2 and the
cross-sectional area of FP400ERT is AF ¼ 1.26  103 cm2 , the
ﬂux collected by the ﬁber is
Phys. Status Solidi A 2021, 218, 2100027
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where the ﬁrst factor is the optical efﬁciency of the mirror–ﬁber
coupling and the second is the electric conversion efﬁciency of
the cell. As we know that ηe ¼ 0.33,[24] the optical efﬁciency of the
system can thus be calculated as
ηo ¼

ηT
¼ 0.45
ηe

(12)

This result clearly proves that 1) the DL/HCPV module is able
to guide sunlight to a remote array of solar cells placed in a controlled environment and that 2) the OFs resist to a full day of
highly concentrated sunlight without losing their transparency
in the range of interest. The latter aspect is of particular importance as it suggests that the silica matrix of the OFs is not damaged
by solar radiation and that the efﬁciency of the defect formation
processes is close or equal to zero. This means that a prolonged
ﬁber exposure would not lead to a signiﬁcant attenuation level as
dose-dependent effects are unlikely at the energies of the solar
spectrum. Further surveys should, however, be conducted on this
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topic to conﬁrm our model and understand the implications of
ﬁber aging on the performance of hybrid solar devices.
To increase the performance of the system, the ﬁrst issue to be
addressed is the thickness of the chosen OFs. Bigger ﬁbers would
deliver more sunlight to the cells but would also increase the cost
and the mechanical constraints of the system. As an alternative,
we could opt for an OF bundle, i.e., a cable composed of many
ﬁbers put together, to increase the collecting surface exposed to
the sunlight. The main advantage of a bundle is that its size can
be controlled to match the size of the image formed at the mirror
focus. In either case, a trade-off between compactness and efﬁciency is necessary to develop a market-ready technology.
The second issue is the coupling between the mirror and the
OF(s). This could be partially solved using a secondary optical
element such as a ﬁber end cap or a reverse-beam expander.
However, as light is reﬂected and scattered at each airglass
interface, a higher number of elements in the optical path means
a higher light loss and hence a lower overall efﬁciency. In our
future investigations, we will explore the possibility of integrating
the HCPV system with either bundles or ﬁbers of larger diameter. We will also determine the conversion efﬁciency in each case
and conduct a cost-to-beneﬁt analysis to estimate the strengths
and weaknesses of the various alternatives.

3. Conclusion
We have analyzed the optical and energy production performance of a prototypical photovoltaic device able to transport sunlight into building interiors for either natural illumination or
electricity production through TJ solar cells. The proposed daylighting HCPV (DL/HCPV) module makes use of off-axis parabolic mirrors to collect the sunlight and focus it on OFs with a
2000 concentration ratio. It has been veriﬁed that the highest
transmission efﬁciency is achieved by using 0.50 NA OFs made
of high-purity, low-hydroxyl vitreous silica with a core diameter
of 400μm. We have also veriﬁed that no degradation of the ﬁber
transmission occurs under 2000X concentrated sunlight. The
total and optical efﬁciency of the system is, respectively, 15%
and 45%, which represents a good result given that the mirror
was coupled with just one bare OF.

Figure 5. Schematic of the prototypical optical ﬁbre-based DL/HCPV module (not in scale). The sunlight is captured by the off-axis parabolic mirror
and reﬂected to the focus. A big portion of the light (the dark-blue beam) is
injected into the optical ﬁbre while the remaining part (the light-blue
beam) is blocked by the ﬁbre supporting structure which functions as a
diaphragm. At the end of the optical path, the light is projected onto a
BK7-glass inverted truncated pyramid and redirected to the solar cell.
Optical Fibers: Five commercial OFs were selected as representatives of
different cladding/core materials and optical properties. Three of them
were Thorlabs pure-silica core, hard-polymer cladding, multimode,
step-index ﬁbers with a NA of 0.50, and either a low- or high-OH content.[22] The other two were an iXBlue Photonics Ge-doped silica, single-mode OF, and an iXBlue Photonics pure-silica core, F-doped silica
cladding, multimode, and step-index ﬁber.[28] Some relevant speciﬁcations
of the selected OFs are shown in Table 1.
The experiments were conducted at the Cyprus Institute (35.1 N, 33.4 E)
during the second half of October under a maximum DNI of
830  12 W m2 . Each day, a different ﬁber (l ¼ 2.50 m) was mounted on
the upgraded version of the HCPV module and its position was optimized
to achieve the highest light injection. The ﬁber far end was ﬁxed to a supporting structure placed indoors and coupled to the underlying solar cell. The
schematic of the experimental setup and the pictures of the real module
are shown in Figure 1 and 5. The photogenerated power was acquired for
8 h with a resolution of 5 min using a Fluke 87 V MAX TRMS Digital
Multimeter.[29] The DNI was measured every second with a DeltaOhm LP
PYRHE 16 AC Pyrheliometer[30] installed on top of the solar monitoring station (typical sensitivity: 5 μV W1 m2 ). In the last measurement, all the ﬁbers
were simultaneously mounted on ﬁve different solar modules and exposed to
sunlight for 10 min. The DNI and the power generated by the cells coupled to
them were recorded using the same instruments as earlier.

4. Experimental Section
The HPCV System: The HCPV system used as a basis to build the hybrid
module was developed by IDEA Srl and is currently installed at the
“Università degli Studi di Palermo,” Italy. It was composed of 20 photovoltaic modules, each of which consisted of a square off-axis parabolic
mirror and a TaiCrystal InGaP/InGaAs/Ge TJ solar cell.[25] A BK7-glass
inverted truncated pyramid (ITP) was placed at the mirror focus to homogenize the light beam and redirect it to the solar cell. Given that the mirror
and the cell surface area was, respectively, 2000 and 1 cm2, the concentration ratio of the system was ﬁxed at 2000. This means that when the
mirror was exposed to a DNI of 1000 W m2, the radiant ﬂux received by
the cell was 200 W.[26,27]
To conduct our tests, one of the HCPV modules was adapted by removing
the TJ solar cell and replacing it with an OF mount. The cell and the optically
glued ITP were then installed indoors in a protected and isolated environment. The remaining modules were left unmodiﬁed and served as a control.
On the last day of measurements, four additional modules were upgraded so
that all the OFs could be simultaneously exposed to the sunlight.
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