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ABSTRACT: In this paper an overview on the history and actual status of the CPV market is given. Since the
introduction of multi-junction solar cells to terrestrial concentrator systems, the installed capacity of high
concentration systems has strongly increased. Today, commercial CPV power plants produce electricity cost
competitive compared to other solar technologies. To verify the system design and prove reliability, the certification
IEC 62108 was introduced and today several modules have successfully completed the test sequence and received the
certificate. Beside the widely used point focus systems there are different system approaches with the potential to
increase the efficiency and solar concentration. At Fraunhofer ISE the CPV tower and the CPV and thermal (CPVT)
system approaches are investigated. Using the thermal energy in addition to the electrical energy, test receivers

showed that 75 % of the solar energy can be utilized.
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1 INTRODUCTION

Currently high concentration concentrator photovoltaic
(CPV) systems are entering the market. They are reliable
and cost competitive. Typically these systems have
concentration factors between 400 and 700 suns and the
system efficiencies are up to 29 % AC. However, in the
future, the efficiency will increase and the costs will be
reduced further. This will be achieved by advanced
designs and concepts which needed to be developed. This
includes the development of new processing schemes as
well as new designs and applications. In this work the
actual status of the CPV technology is reviewed and
advanced concepts which are under R&D at Fraunhofer
ISE are presented.

2 HISTORY AND ACTUAL STATUS OF THE CPV
MARKET

CPV systems are divided into low concentrating systems
(LCPV) and high concentrating systems (HCPV)
depending on their concentration factor. According to
reference [2] for LCPV systems the concentration factor
is below 100x and for HCPV from 300x up to 1000x.

Figure 1 presents for LCPV systems the installed system
capacity during the recent years. One major plant was
finished already in 2006 by Abengoa with a capacity of
1.2MW in Seville [3]. Solaria announced on their
webpage a total installed capacity of 3.7 MW during the
last years. Other companies like Cogenra Solar, CPower
Entech Solar, JX Crystals or Skyline Solar, WS Energia
realized prototype installations and demo systems
ranging from few kilowatts up to 300 kW. In total the
installed capacity of LCPV today is about 6 MW.

N w
T

Installed capacity [MW]

to 2006 2006 2007 2008 2009 2010 2011 2012

Figure 1: Yearly installed capacity in Megawatt (MW)
for low concentration photovoltaic (LCPV).

For HCPV systems the yearly installed capacity is shown
in Figure 2. Until 2008, mostly silicon solar cells were
used. However, since the introduction of multi-junction
solar cells to terrestrial solar concentrator applications,
the growth of HCPV is rapid. After several prototype
installations, in 2008 the first large demo systems were
installed. For example at ISFOC, in Puertollano I, a total
capacity of 800 kW was grid connected [1]. From then
on, the yearly installed capacity increased significantly.

It should be noted, that the data presented in Figure 1 and
Figure 2 are taken from publications and press releases,
unpublished installations are not included or publications
not revealed.
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Figure 2: Yearly installed capacity in MW for high
concentration photovoltaic (HCPV) systems with a
distinction which type of solar cell material was used
(silicon or multi-junction).
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Today, a total capacity of 86 MW is installed. Most of the
installed systems are point focus systems and in
particular lens based systems. As Figure3 shows,
Amonix has the largest installed capacity with almost
40 MW. Guascor Foton, Soitec, SolFocus and Suncore
have installations of more than 5 MW and Arima,
Greenvolts, Solar Systems and Suntrix each published
installations that add up to more than 1 MW. Currently
many installations are under construction, for example in
Goldmund China (Suncore), in Hami China (Focusic),
Italy (Soitec, Suntrix), Portugal (Magpower), Mexico
(SolFocus), Saudi-Arabia (SolFocus, Solar Systems) with
a total capacity of more than 60 MW. Moreover,
considering already finalized power purchase agreements
(PPAs), the accumulated CPV projects reach the three
digit volume per year.
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Figure 3: Total installed capacity in MW for HCPV
systems of different companies according to published
data. It represents the status of 09/2012, numbers change
very quickly.

Production capacities above 30 MW were announced by
Amonix, SolFocus (50 MW expandable to 100 MW),
Soitec (80 MW, under development 200 MW), and
Suncore (200 MW). In addition many companies are
active in the market with smaller production capacities or
do not publish their capacity. Hence, the increasing
demand for CPV products can be satisfied by the
industry.

3 TECHNICAL STATUS OF CPV

The efficiency of the solar cells is the key driver for the
HCPV technology. In Figure 4 record efficiencies for
solar cells as published in reference [4] are displayed.
Since 2002 the efficiency has increased by 0.9 %
absolute per year. Solar cells made by Solar Junction [4]
and Sharp [6] achieved the today’s champion efficiency
of 43.5 %. As can be seen in Figure 4, commercial cell
efficiencies follow R&D results very quickly, showing
that R&D results were introduced into the production
immediately. According to product data sheets of the
companies, today multi-junction solar cells are
commercially available with efficiencies between 37 and
40 %. Companies are for example AZUR SPACE Solar
Power, CESI, Cyrium, Emcore, JDSU, M-Com,
Microlink Devices, Spectrolab and Solar Junction.
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Figure 4: The graph shows the best solar cell and module
efficiencies as published im [4], commercial cell
efficiencies according to product data sheets, measured
efficiencies for Fraunhofer ISE CPV test modules and
commercial installations from Soitec [5].

Also, the module development has been successful. In
Figure 4 the development of the ISE test module
efficiencies are shown. The improvements are obvious.
The IV curve of the most recent module ISE-044 is
shown in Figure 5. This module uses triple-junction solar
cells from AZUR SPACE Solar Power. The aperture area
is 832 cm? and the measuring conditions are very close to
standard operating conditions with a DNI of 830 W/m?
and temperature of 23.7 °C. A spectral parameter Z [7] of
-0.008 close to zero indicates that the spectrum is similar
to AMI1.5d low AOD. The wind speed during the
measurement was only 1 m/s. The measured efficiency
under these operating conditions was 32.1 %.
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Figure 5: Outdoor measurement of a FLATCON®
module in Freiburg with conditions close to SOC
(standard operating conditions).

Recently, a module efficiency of 33.9% [8] was
published by the company Semprius. They claim that this
is the highest reported efficiency value for a CPV
module. The measurement of the module efficiency was
performed indoors by the Instituto de Energia Solar at the
Universidad Politécnica de Madrid (IES-UPM) at an
illumination intensity of 850 W/m?, a cell temperature of
25°C and a spectrum matched to AM1.5d. In reference
[4] a calibrated module efficiency of 33.5£0.5 % has
been reported. The module was manufactured by the
company Amonix and was measured by NREL.

Figure 4 presents also the efficiencies of commercial
CPV systems. The shown efficiencies are on the basis of
in reference [5] published data from Concentrix/Soitec.
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However, also other companies like Abengoa, Amonix,
Emcore, SolFocus or Suntrix claim on their webpage that
they achieve DC or AC system efficiencies between 25
and 29 %.

As any other PV system, CPV installations are designed
for at least 25 year, thus they have to be reliable. The
standard IEC 62108 called “Concentrator photovoltaic
(CPV) modules and assemblies - Design qualification and
type approval” issued by the International
Electrotechnical Commission (IEC) in 2007 is a
mandatory step to demonstrate this reliability. Today
many companies have certified their products according
to this standard. Table 1 lists companies that received the
certification according to their own websites or to
announcements by the certification labs. Please not that
additional UL and IEC standards (e.g. for power and
energy rating, module safety) are under preparation and
drafts are already available.

Table 1: Companies that received the -certification
1EC 62108:

Company |Product Certification institution

AEST Oculis-A- |TUV Rheinland [9
24B
Amonix Not Not specified [10]
specified
Cogenra 200-0992 [TUV SUD America [11]
CPower R4120 Albarubens Srl. [12]
Emcore/ G3-1090X  |Intertek [13]
Suncore
Entech Solar|SolarVolt™ [TUV Rheinland Photovoltaic [9]
Greenvolts |GV- TUV SUD America [11]
MODO001
Isofoton GEN 2 TUV Nord Cert GmbH [14]
Skyline X14 TUV SUD America [11]
Soitec CX-75-200 |CENER (Centro Nacional de|[15]
Energias Renovables)
Certified by AENOR
(Asociacion ~ Espafola  de
Normalizacion y Certificacion)
CX-75-11 |TUV Rheinland [9]
CX-M400 [11]
CX-M500

SolFocus SF-1000P |Six 9's Reliable, L.L.C.
SE-1100P |certified TUV Rheinland PTL [91

Suntrix SCPV-500 [CGC (China General |[16]
Certification.)

CNAS (China National
Accreditation Service

3 ADVANCED CONCEPTS IN CPV

Several promising CPV concepts are under development
at Fraunhofer ISE. In general, the R&D focus is on the
increase of concentration and efficiency in order to lower
the cost on kWh basis.

To increase the concentration factor towards 1000x and
beyond, module concepts with mirror optics are of
interest. The mirror optics has no chromatic aberration
and can easily be scaled to large units.

The solar tower concept, which is well-known in CSP
technology [17], is an interesting path for CPV
technology. The sunlight is focused by a heliostat field

onto a centralized area in a tower [18]. This means PV
receivers with a size of several square meters, actively
cooled and suitable for light intensities of 1 MW/m? are
needed. Obviously this approach is technically very
challenging. However, first pillot installations, but with
lower concentration ratios, have been already realized by
Solar Systems [19].

Another interesting approach is to use a dish system with
diameters of several meters. This requires also an actively
cooled CPV receiver. However, if properly designed the
generated thermal energy can be utilized. These systems
are called CPVT (CPV and thermal) systems. An
example for a commercial CPV'T installation is in Yavne
(Israel) from Zenith Solar [20].

The potential of the CPVT approach has been
investigated theoretically in reference [21]. In order to
investigate it experimentally, a test dense array module
was developed at Fraunhofer ISE. The receiver consists
of four single-junction monolithically interconnected
modules (MIMs) [22] with a size of 4.41 cm? each,
mounted to a water cooled heat sink and electrically
interconnected. The module was assembled to a
secondary optics to homogenize the flux distribution on
the solar cells (Figure 6). The receiver was tested in the
outdoor test set-up at Fraunhofer ISE [24] as shown in
Figure 7.

e 7 b .
Figure 6: CPVT receiver with 4 single-junction MIMs
(left) and receiver assembled to the homogenizer (right).

Figure7: CPVT receiver and homogenizer assembled to
the outdoor test setup at Fraunhofer ISE.

In Figure 8 the efficiency curves of the CPVT receiver
ISE 023-CO23 are shown. The total system efficiency at
To-Tamp 18 63 % with an electrical efficiency of 14 % and
a thermal efficiency of 50 %. The electrical efficiency is
nearly constant over the temperature range whereas the
thermal efficiency decreases due to losses by thermal
convection.
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Figure 8: Efficiency curve of a CPVT receiver measured
at Fraunhofer ISE. T,, is the medium fluid temperature
and T,,, the ambient temperature. In black squares the
electrical efficiency, in red dots the thermal efficiency
and in blue triangles the total efficiency are given. During
the measurement the wind velocity fluctuated between
0.3 and 2.5 m/s causing fluctuation especially in the
thermal performance.

It should be emphasized that there is a large potential for
optimization of this prototype receiver. Firstly, this is
using multi-junction solar cell structure for increased
electrical efficiency and reducing the shading of the
metallization on the solar cells as described in [23].
Secondly, the area and reflection losses due to gaps
around and between the cells can be reduced.

To evaluate the potential of the CPVT a thermal-only
receiver was tested. The cooler was coated with black
solar absorber paint and assembled to the homogenizer.
This means the reflection losses were reduced but still the
optical losses of the homogenizers are included. A
thermal efficiency of 75 % was measured.

For the electrical performance a second test receiver
ISE 017-C020 was recently assembled using lattice
matched triple-junction solar cells with a size of 1 cm?.
So far, the module was characterized only indoors at
Fraunhofer ISE at the flash simulator under homogeneous
illumination with an intensity of 52 W/cm?. The IV-
curves for the receiver is shown in Figure 9. The
efficiency is 30.1 %, where the full area (441 cm?) of the
illuminated area is taken into account. L.e. in addition to
the solar cell area the gap between the solar cells of
0.5 mm and a small gap around the solar cells with a
thickness of 0.25 mm (half gap thickness) is included.
Hence, the large part of the edge area is neglected. It is in
proportion higher for this small test unit than for larger
receivers and in the system it is covered by the secondary
optics.
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Figure 9: IV curve prototype module measured under

concentrated illumination (519%, 1000 W/m?, 25 °C) at
the flash simulator at Fraunhofer ISE.

4 CONCLUSION

The major part of CPV installations in the market today
are high concentration systems. This is due to the high
efficiencies of multi-junction solar cells which are used
in these systems. Commercially available solar cells
achieve efficiencies up of up to 40 %. So far more than
86 MW of HCPV systems are installed and in operation
and several MW projects are under construction.
Regarding module efficiencies values as high as 33.9 %
have been reported. In this paper we presented an outdoor
measurement of a FLATCON®-module with an
efficiency of 32.1 %.

Moreover, briefly advanced concepts which are under
development Fraunhofer ISE are discussed, i.e. CPV
tower systems with centralized power generation and
CPVT systems. Using the thermal energy additionally, it
was shown that the efficiency can be increased to 75 %.
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