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Abstract: Concentrated photovoltaic (CPV) systems have proven to be an important alternative to conventional
crystalline silicon and thin film photovoltaic (PV) energy conversion systems. In CPV systems, lenses or
mirrors are used to collect sunlight from a large area and to focus it onto a small area of a high efficiency
photovoltaic cell. In this paper, we report the realization of a new CPV concentrator that is based on a
horizontally staggered light guide system with a medium concentration level. The optical components were
manufactured using a low-cost method, with PMMA as the optical material. Laser-grooved buried-contact
silicon solar cells were used and these cells are specially designed and fabricated for this application to
minimize the optical and electrical losses. A complete mini-module with a 15 cm x 15 cm area was assembled
and tested under outdoor conditions. The test results are in good agreement with the expectations and the main
problems causing losses are identified to further improve the system. It is shown that an optical efficiency of
higher than 80%, leading to a module power that exceeds 170 W/m?, is attainable with existing Si solar cell
technology with cost effective manufacturing methods.

Keywords: Concentrated Photovoltaics, Silicon solar cell, Medium level concentration, CPV, Light guide, Solar
concentrator, Lens array.

Yatay Adiml Isik Yogunlastirici Temelli Yogunlastirmah Fotovoltaik
Modiiliiniin Gergceklestirilmesi

Ozet: Yogunlastirmali Fotovoltaik (CPV) sistemler, konvansiyonel kristal silisyum ve ince film fotovoltaik
(PV) enerji doniisiim sistemlerine 6nemli bir alternatif olarak goriilmektedir. Bu sistemlerde, lensler veya
aynalar genig bir alandan giines 151811 toplayarak, kiiciik alanl yiiksek verimli fotovoltaik giines hiicresinin
iizerine odaklamaktadir. Orta yogunlagtirma seviyesine sahip ve yatay 1sik kilavuzuna dayanan yeni bir
yogunlastirilmis giines paneli gerceklestirilmistir. Optik bilesenler, PMMA malzemesi kullanilarak diisiik
maliyetli bir yontem kullanilarak tretilmistir. Lazer oluklu gomiilii temasli silisyum giines pilleri, optik ve
elektrik kayiplarini en aza indirmek i¢in bu uygulama i¢in 6zel olarak iiretilmistir. 15 cm x 15 cm'lik alana
sahip tam bir mini modiil monte edilerek test edilmistir. Test sonuglar1 beklentilerle uyum i¢indedir ve sistemi
daha da gelistirmek i¢in kayiplara neden olan temel problemler tanimlanmistir. Silisyum giines pili teknolojisi
ve seri tretime uygun diisiik maliyetli imalat yontemleriyle, %80'den daha yiiksek bir optik verimliligin ve 170
W/m?yi asan panel giiciiniin elde edilebilmesinin miimkiin oldugu gosterilmistir.

Anahtar Kelimeler: Yogunlastirmali Fotovoltaik, Silisyum giines hiicresi, Orta seviye yogunlastirma, CPV, Isik
klavuzu, Giines yogunlastiricisi, Lens dizisi
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1. INTRODUCTION

Concentrated photovoltaic (CPV) systems have
been shown to be an important alternative to
conventional crystalline silicon and thin film
photovoltaic (PV) energy conversion systems
[1]. World record solar cell conversion
efficiencies of up to 46.0% under concentrated
light have been demonstrated using multi-
junction solar cells, which were developed for
use in CPV systems [2]. In these systems,
lenses or mirrors are used to collect sunlight
from a large area and to focus it onto a small
area high efficiency photovoltaic cell. This
system would replace more expensive
semiconductor photovoltaic cells with cheaper
optics; therefore, very expensive, small area
high efficiency PV cells could be used.

Although the CPV idea is very simple, systems
with high concentrations have several problems,
such as a very small acceptance angle, a large
module thickness and excessive heating. In our
previous publication [3], we discussed these
problems, which are inherent to conventional
point focus CPV systems, and showed that
horizontally staggered light guide solar
concentrators can be used to overcome most of
these problems. In this approach, the incoming
solar radiation is collected by several small
primary concentrators and directed onto a single
PV cell through a light guide that is vertically
located with respect to the direction of the solar
radiation. This design has the potential to attain
high concentration ratios while maintaining
high enough tracking tolerances. This design
can also provide an easy solution to the
overheating problem and smaller module
thicknesses are achievable compared with
conventional point focus CPV approaches.

In recent years, solar module prices have
dramatically reduced. To compete with the
current price level of crystalline Si-based flat
PV modules, the cost of electricity generated by
CPV systems should be further reduced. With
the existing expensive high efficiency cell
technology, this reduction is only possible by
further reducing the cell area via an increase in

the concentration level (up to 2000x), which
causes complications and reduces the reliability
of the systems. As a result of recent advances in
single-junction GaAs based solar cells and the
availability of high efficiency back-contact
silicon solar cells; medium concentration
approaches have become more promising and
may facilitate the use of CPV systems.

Medium concentration approaches can use low
cost trackers and also collect some of the
diffuse radiation. With the help of tracking and
large acceptance angle, most of the circumsolar
diffuse radiation can be utilized for energy
generation. Moreover, such systems are less
problematic with respect to heating and silicon
solar cells, which have a large and mature
industry, can be used as the receiver [4].

Although initial theoretical studies showed
promise for CPV systems that were based on
horizontal concentrating light guides, the
practical demonstration of this system has yet to
be realized. Therefore, it is of great interest to
demonstrate the feasibility of this system and to
test the outcomes against the theoretical
expectations. In this paper, we report the
design, fabrication and test results of a medium
concentration CPV unit that is based on a
horizontally staggered light guide solar
concentrator.

We investigated the various available
production methods and materials for the
concentrator to attain an optimum system
design. Here, we present an optical concentrator
design that is based on a lens array and light
guide units that are made of PMMA. The
system performs well under realistic conditions
and constitutes a real alternative to conventional
CPV systems. We discuss the efficiency and
applicability of the system in this report.
Moreover, suggestions are made for further
improvements to the design and fabrication
processes for future development.
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2. HORIZONTAL CONCENTRATION
AND DESIGN OF SOLAR MODULE

2.1. Basic concept

The horizontal concentrating light guide solar
concentrator is based on a primary lens array
and a light guide with extra concentration
features. Primary lens array is collecting and
focusing light onto the reflective surfaces of the
light guide. These reflective surfaces do not
have any reflective coating and using only total
internal reflection to steer the light into the light
guide. Light travels in the light guide until
reaching to the end of it, as shown in Figure 1.
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Horizontal Lightguide
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Directing
Surface

Figure 1. Concentrator Concept.

The primary concentrator is constructed as an
array of aspherical lenses. These lenses do not
have faceted geometries and therefore do not
have associated losses, such as tip rounding
losses or draft losses that are common to
Fresnel lenses. Moreover, the primary lens
surfaces are smooth and do not contain fine
details; this geometry is therefore easy to
produce and suitable for low-cost injection
molding. The lenses can have a very small focal
length, on the order of a few centimeters, and
the focal length is the main parameter that
determines the module thickness. The light
guide is placed under the primary concentrator
such that the light acceptance regions of the
light guide coincide with the focal points of the
primary concentrator lenses.

The light guide has a horizontal stepped
geometry, which does not increase the light
guide thickness. Moreover, the light directing
surfaces do not interfere with the incoming light
and do not cause any geometric loss. Therefore,
this light guide is a lossless light guide that is

very suitable for CPV applications where every
photon is important for energy generation. The
light guide is further concentrating light while
light is being transported along its length via the
inclusion of extra concentration features. These
geometrical features, such as side cuts and end
cuts are applied to the light guide to concentrate
the light in the light guide. This prototype is
named as the Hor-con, an abbreviation of
horizontal concentrating module.

This architecture solves the thickness problem
of CPV systems. Module thicknesses that are
similar to flat panel PV systems can be easily
achieved. Moreover, due to the strip cell
geometry, the excessive heat that develops in
the solar cell is spread to a line and can easily
be dissipated by passive cooling elements.

2.2.Solar cell selection

The optical design parameters are determined
with respect to the type of solar cell and to the
required concentration level. Although the
system presented here can easily be adapted to
any type of solar cell structure with any level of
concentration, we found that a medium
concentration system with silicon solar cells is
very promising and easy to realize. The amount
of Si cells used in this system is approximately
4% of the cell amount used in flat silicon panels
with the same panel area. This result means that
a considerable reduction in the amount of solar
cell area can be obtained and that the cost of the
system is therefore minimized. In addition to
the cost benefit, because the conversion
efficiency in Si solar cells generally increases
under concentrated light, we gain a significant
improvement in the energy conversion. For
example, if a solar cell with 22% efficiency
under one sun is used as a receiver, its
efficiency reaches 25% at 45x concentration
level [5]. Moreover, silicon solar cells have
already been shown to work with 27.6%
efficiency under concentrated light [2].

Si solar cells with screen-printed metallization
have a high series resistance loss due to a high
current density at the metal finger contacts. For
this reason, low series resistance laser-grooved
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buried-contact (LGBC) silicon solar cells were
used in this study. In this type of solar cell, the
front surface metallization is made by using
electroplating into the grooves that were opened
by laser ablation [6]. The cell architecture on
the Si wafer was designed for this particular
application, as shown in Figure 2. The target
width of the exit port of the horizontal guide is
3.2 mm. The active area of the solar cell should
be larger than the exit port of the light guide to
minimize light coupling losses. Moreover, some
assembly tolerances should be introduced.
Therefore, the solar cells were designed to have
an active area width of 4 mm and a total width
of 6 mm, including busbars. LGBC solar cells
with an active area of 4x121 mm? were
designed and produced specifically for this
project by a manufacturing company (NAREC).
The layout of the solar cell structure is shown in
Figure 2. Cells are obtained by laser cutting
from a full silicon wafer. Strip cells have an
efficiency of 14.5% under 1 sun and 17.1%
under 45x concentrated light.

15mm
i

121.0mm
121.0 mm
0.425 mm

T
4.0 mm s.0mm

Figure 2. Buried Contact Solar Cell and Cell Strip.

2.3.Optical design

The Hor-con module is designed to be a
medium concentration (45x) system that uses
high quality silicon solar cells as receivers. The
3-dimensional view of the optical design is
shown in Figure 3. The system consists of a
lens system that is aligned with the underlying
light collecting guide, as previously shown in
Figure 1.

Figure 3. Concentrator Design.

The target efficiency of the optical system is
80%, which is equivalent to that of most
conventional Fresnel lens based systems. The
loss mechanisms in this system are mainly
Fresnel reflections from the optical boundaries.
The boundary reflection loss is approximately
4% from every surface; because there are 3
surfaces, the total boundary reflection loss is
approximately 12%. The remaining 8% of the
loss budget compensates for absorption losses
and for scattering losses that are due to
manufacturing defects.

The primary optics consists of an aspheric lens
array that is produced from PMMA. The lenses
have square 16 mm x 16 mm apertures. The
front surface of the lens has a 15.46 mm radius
of curvature. The conic constant of the surface
is -1.348, and the A4 coefficient is 0.0000272.
The back side of the lens is flat, and the center
thickness is 6 mm. With these parameters
primary lens array geometry is fully defined
and an individual lens is able to focus light to a
point 28 mm from its back surface and has an
effective focal length of 32 mm. By considering
the diagonal of the square aperture of the lens,
the f-number of the lens is 1.41.

Front surface of the lens is curved in this
prototype to investigate the soiling issues.
Because this lens is not a Fresnel lens, soiling
may not be so severe. As a future design
variant, it is also possible to design the lens
array to have a flat front surface. This change
will guarantee no dust accumulation at the
borders of the lens while making the module a
few millimeters thicker.
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The light guide is designed to collect and
concentrate the light that comes from the
primary lens array. Directing surfaces have no
reflecting coating. The reflection is a result of
total internal reflection and an angle of 55
degrees is used to satisfy total internal
reflection without any loss from the directing
surfaces, as shown in Figure 4. The directing
surfaces are placed 16 mm away from each
other to ensure that every directing surface is
registered with a primary lens. A light-guide
with a thickness of 4 mm is formed from the 9
branches and every branch collects light from 9
consecutive aspherical lenses.

Figure 4. Directing Surfaces.

This guide thickness is the same everywhere
except for at the exit port region, where it is
reduced to 3.2 mm to increase the concentration
ratio by 25% (see Figure 5). The exit port of the
light guide is designed to have a flat top
surface, enabling a cheaper and more reliable
injection mold to be built.

2.28mm

|
_,,_,#/ 11’5
55
Figure 5. Exit region of light guide.

2mm

3

To increase the concentration level of the
travelling beam, side cutting surfaces can be
used [3]. Side cuts are generating new side
surfaces that are tilted by 5° and by 10.8° with
respect to the original side surface, as shown in
Figure 6. The geometry of the side cuts was
calculated using ray tracing. Every injection
region increases the width of the light guide by
3 mm. Without the side cuts, the exit port
would be 27 mm wide; the side cutting surfaces
reduce this exit port width to 16 mm and
increase the concentration by 69%. The design

was not optimized to reach the maximum
concentration for this prototype because this is
the first manufacturing run for this concentrator
geometry and achievable manufacturing
tolerances were unknown.

v Without side cut

> Side cuts

Overlapping without
v sidecut

Figure 6. Side Cutting Surfaces.

2.4. Module design

The three dimensional schematic view of the
demonstration module that has been designed in
this study is shown in Figure 7. To hold the lens
and the light guide in proper positions, a
mechanical structure is designed. This
mechanical structure is produced from
aluminum and also used for heat dissipation
purposes.

Figure 7. Hor-con Mini Module Design.

The light guide and the photovoltaic cell are
attached to each other using a transparent
adhesive. During operation, the cell heats up as
a result of the high level (45x) of solar
irradiation. Therefore, a copper cooling rod is
bonded to the back side of the cell using an
epoxy adhesive to transfer the heat to the
bottom aluminum plate which has the same area
with the module.

The Hor-con module that has been fabricated in
this study possesses the design parameters
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shown in Table 1. The geometric concentration
ratio, acceptance angle and the module
thickness are realized as a result of the optical
design of the module. The primary goal of this
design is the realization of the concentrator and
the design has room to improvement. From this

Table 1. Hor-con Design Specifications.

study we have obtained the manufacturing
constraints and tolerances. With a further
design study, it is possible to push the
geometric concentration ratio or the acceptance
angle to higher levels by optimizing the extra
concentration features of the light guide.

Acceptance angle +- 2 degrees
Geometric concentration 45x

Optical efficiency 80%
Absolute concentration ratio

Module thickness 4cm

Module efficiency
Output power

30.6x (with respect to 1000 W/m?)

13.6% (with cell efficiency 17% under concentrated light)
115.6 W/m? (under 850 W/m? direct radiation)

Concentrator systems mainly use the direct
component of solar irradiation. A direct solar
irradiation of 850 W/m? is assumed for the
module power estimations. The power output of
the module is estimated to be 115.6 W/m? and
is calculated by multiplying the incident solar
power with the optical efficiency and the PV
cell conversion efficiency. The target optical
efficiency can be improved by using an
accurate mold production and by applying
appropriate antireflection coatings.

3. MANUFACTURING

3.1. Optical fabrication

A prototype of the Hor-con-45X solar
concentrator is produced and tested to verify the
manufacturability of the concept. PMMA
material is used for both the lens array and the
light guide. For the lens and guide production,
a low-cost injection molding method is used.
Both the light guide and the lens array are
produced in the same mold for cost
effectiveness. The mold wused for this
production is shown in Figure 8. The left side
cavity is used for the primary lens and the right
one is used for the light guide manufacturing.

Figure 8. Injection mold used for production.

3.2. Quality check

The quality control of the manufactured system
was performed using a standard solar simulator.
The different images of the system under the
solar simulator, shown in Figure 9, demonstrate
the light concentration in the system. Because
the collimation of the solar simulator is not
good enough, a larger spot size is obtained at
the focus of the primary lens array and not all
the light is coupled to the waveguide. Although
the simulator is not enough for absolute testing,
the light coupled to the waveguide should be
guided until the end of the light guide and any
leakage should show the defects on the light
guide. By the help of inspections under the
solar simulator, we observed that the surface
qualities of the side surfaces are not so good for
the light guide. Most of the light loss is
expected to be due to the side walls because of
the surface roughness.
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To eject the produced optical components from
the injection mold, several ejector pins were
used in the design of the mold. These ejector
pins push against the optical surfaces and cause
surface damage. The circular light loss regions
that are seen on the down side of the light guide
are due to these ejector pins.

The mold that was used for production is a
simple and low-cost mold. It is possible to
remove these marks completely and to improve
the surface roughness of the side walls by using
a better serial production mold.

3.3. Assembly:

Most of the measurements were conducted at
the outdoor test facility of the Solar Energy
Research and Applications Center (GUNAM).
The solar radiation was recorded using a
radiometer. The solar cell with the above
dimensions was bonded to the light guide using
a transparent adhesive, as shown in Figure 10.

g 47 L
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Figure 10. Hor-con Mini Module Assembly.

4. RESULTS and DISCUSSIONS

The current voltage (I-V) characteristic of the
bare cell used for the characterization of the
concentrator is shown in Figure 11. The tested
cell has a 4 mm x 121 mm active area and test
is performed under standard test conditions
(1000W/m?,  AM1.5, 25°C). This cell is
attached to the waveguide and used for outdoor
testing.
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Figure 11. I-V measurement of Strip Solar Cell.

The short circuit current (Jsc) and the open
circuit voltage (Voc) of the cell is recorded
during outdoor testing. The efficiency of the
optical system is determined by comparing the
outdoor test results with the laboratory
measurements of the bare cell. The outdoor
tests are performed under 800W/m? direct solar
irradiance which is measured with a radiometer
at the test time. The outdoor tests are performed

Table 2. Test Results.

with a very short exposure to sun light, as a
result cell temperature is the same as the outside
temperature, which was 25 °C.

Short circuit current density is increasing
linearly with the light falling on to the solar cell
and therefore it is used to understand the light
collection efficiency of the concentrator. Test
results tabulated in Table 2 show that, the Hor-
con optics effectively concentrates sunlight. As
shown in this table, when the cell is attached to
the light guide concentrator, the short circuit
current density increases from 32.9 mA/cm? to
880.0 mA/cm?. Taking into account the 800
W/m? direct solar irradiation, the optical
efficiency was estimated to be 74%. This result
is lower than the targeted 80% optical
efficiency but is quite acceptable considering
the several well identified defects in the light
guide.

Test date/location:

Characterization under 1000

Measurement with the concentrator

30 September 2012 /Ankara wW/im? optics
Shor'g Circuit Current 329 mA/em? 880 mA/cm?
Density

- 800 W/m? (direct)

2

Reference Solar Irradiation 1000 W/m 940 W/m? (total)
Geometric Concentration 1x 45x
Open Circuit Voltage 550 mV 650 mV
Efficiency of the cell 14.5% 17.1%
We observe that Voc increases under improved to increase the optical performance of

concentrated light from 550 mV to 650 mV, as
expected because of the concentration. The
efficiency of the cell becomes 17.1% with this
concentration level and corresponds to a
relative improvement of 18% with respect to 1
sun condition. This result is in good agreement
with the reported efficiency improvements in Si
solar cells under concentration [7]. With the
74% measured optical efficiency and the
attached 17.1% efficient LGBC cells, the solar
panel can deliver 108 W/m? of power under 850
W/m? direct solar irradiation.

The prototype results show that the Hor-con
concentrator optics can be realized using low
cost injection molding. The mold used in this
study has some defects and can be further

the system. By manufacturing a new mold, an
optical efficiency of greater than 80% can
easily be achieved.

To obtain a better module power output and
cost effectiveness, better efficiency cells are
needed. In this prototype study, LGBC cells
with 17.1% efficiency under concentration are
used. This front contact cells have high shading
effect as a result of dense fingers to reach low
series resistance. The efficiency can be
improved by using interdigitated back-contact
(IBC) solar cells. Back-contact cells can easily
reach an efficiency of greater than 25% under
concentrated light [8]. Therefore, with 80%
optical efficiency and 25% cell efficiency, a
module efficiency of greater than 20% is
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reasonable. This efficiency corresponds to a
module power output of 170W/m? under
850W/m?direct solar radiation.

5. CONCLUSIONS

In this study, we have demonstrated the
realization of a new CPV approach that is based
on horizontally staggered light guide unit,
named as Hor-con module. The test results
confirm an optical efficiency of 74%, while the
target efficiency was 80%.

This prototype study shows that the Hor-con
module is easy to manufacture and can be
realized with cost effective materials. The mold
used in this study has some identified defects
and can be improved to increase the optical
performance of the system. By manufacturing a
new mold, an optical efficiency of greater than
80% can easily be achieved. Therefore, with an
optical efficiency greater than 80% and a cell
efficiency of 25%, module efficiency greater
than 20% is achievable. Such a module can
generate more than 170 W/m? under standard
test conditions.

The Hor-con module is a medium concentration
CPV system. Medium concentration systems
can use cost effective and mature high
efficiency silicon solar cells. Because of loose
manufacturing tolerances and more flexible
tracking requirements, medium concentration
systems can be a reliable and cost effective
alternative to present PV technologies.
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