AtemEnergia: spin-off in the era of concentrated photovoltaic

[bookmark: _GoBack]New technologies for product innovation are introduced in North East of Italy by a spin-off company born from the Centro Fermi research support.


Abstract
Born during the 1970s oil crisis, research on Concentrated Photovoltaics (CPV) tried, in cooperation with flat-plates and thin-film Photovoltaics (PV) technologies, to overcome energy shortage problems. During last decades important improvements were achieved in many fields: the most promising result for the forthcoming development of CPV systems is the availability of high-efficiency multi-junction solar cells, whose efficiency continues to increase, but also the development freeform optics, at low costs, had a great impact for all CPV research groups. The know-how of others already mature industrial sectors could also be helpful in the development of a complete CPV system solving a set of main problems: heat sinking from electronic components technology, moisture control in outdoor devices, design of simple high-efficiency optical systems. Although these appear to be trivial problems, they are in fact quite challenging. Efficiency, cost effectiveness, reliability, and bankability are the main ingredients of the forthcoming success of this green technology.
The first part of this paper is devoted to the history of CPV and the introduction of essential concepts. After that AtemEnergia, a spin off company, will be presented and its result discussed.



1. Introduction

CPV history 
Research on Concentrated Photovoltaics began in the USA in 1975 through federal funds. The main players initially were Sandia National Laboratories and US Department Of Energy (DOE, founded in 1977). Over time, many companies and universities tried to develop their own systems. In that period the investments were concentrated in the US, in particular in the sunny south-western regions, rather than in Europe and Japan, due to the higher direct-solar resource, but other research groups worked on this topic, in particular in regions with high direct solar irradiation (DNI) such as Spain and Italy. It was estimated that the total funds expended worldwide from 1975 through 1992 was probably over $40 million, a small fraction of the total investment in flat-plates PV research. Anyway some remarkable success resulted from these investments [Smiai 1992] [O’Neill 1994]. First prototypes were realized in the late 1970s, mainly point-focus concentrators. In fact the first notable demonstrator, developed in the Sandia National Laboratories, used acrylic point focus Fresnel lenses with active water cooling. Meanwhile, the Institute for Solar Energy of the Polytechnic University of Madrid (IES-UPM) developed the so-called Ramón Aceres panel, a silicon-on-glass point focus Fresnel lens with a passive cooling system.
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Figure 1 – Left: first point-focus concentrator, developed in 1978 by Sandia National Laboratories. Right: Ramón Aceres Panel realized in 1978 by IES-UPM.

During that period the solar cells mostly used both for flat-plate and concentrated PV were made of silicon, but the research on multi-junction (or tandem) solar cells carried some good news in 1978, when the devoted group of North Carolina State University realized the first dual-junction solar cell [Bedair 1979].
In the early 1980s oil price plummeted and so the general attention on green-energy resources. The concentrator program was scaled back, and since the enthusiasm and funds became scarce, most of the participants dropped out. Research on CPV topic restarted in 1990, when DOE created the Concentrator Initiative Program (CPVI). The players involved in this initiative were four cell manufacturers (ASEC, Spectrolab, Sunpower and Solarex) and four module manufacturers (Entech, Solar Kinetics, Alpha Solarco and the SEA Corporation), but PVCI program terminated in 1993 even though the progress achieved was relevant.
Early 1990s was also a good period for solid state physics, when a higher efficiency for double-junction solar cells was achieved [Olson 1990] [Kurtz 1990]. An important improvement in this field was obtained in the early 2000s, with the realization of first triple-junction solar cells on germanium substrate [Karam 2001] [King 2000]. This is the current state-of-art technology in terms of efficiency [King 2007] [Sabnis 2013].

The status of CPV activities during 2000s is described in many articles [Swanson 2000] [Swanson 2010] [Luque 2007] [Kurtz 2009] [Bett 2006]. In particular Swanson analyzed very well the results achieved during the first two decades of CPV history.

His analysis concerns constructive and destructive points of CPV development. Grid-parity is a reference point for anyone who works in PV industry, and the loss of enthusiasm in the early 1980s was caused by wrong forecasts during the oil crisis uncertainties and fluctuations. The main point of Swanson’s analysis is that CPV has never been a cost-effective resource due to the inexistence of a significant market and the consequent inexistence of an estimated price for this technology. 

“The industry needs to develop and sell a coherent and compelling vision of how concentrators will benefit society. Concentrators don't fit the prevailing paradigm about the emergence of PV markets. This
paradigm says that the small remote applications will be the basis of an expanding industry, which will reduce costs as experience and volume increase, which will increase the number of cost-effective applications, which will further increase the volume, etc. This cycle will proceed until costs are reduced to the point where PV is competitive with fossil fuel. This is sometimes called the diffusion model”
[cite – Swanson (2000)]


		CPV milestones (1975-2013)

· 1973 Oil crisis
· 1975 Sandia National Laboratories were funded for a research on CPV feasibility.
· 1977 DOE was founded
· Late 1970 Sandia National Laboratories realized the first prototype with active cooling.
· 1979 First dual junction was realized 
· Early 1980s Concentrator program was scaled back due to the end of the oil crisis
· Early 1990s improved dual-junction solar cells
· 1991 DOE created the PhotoVoltaic Concentrator Initiative Program (PVCI), terminated in 1993
· Early 2000s realization of the first 3J III-V solar cells
· 2007 Spectrolab announces the first 3J with efficiency >40%





Concentrators: different technologies 

A solar concentrator comprises a primary collector, a possible secondary optics, a receiver (the solar cell), a cooling system and a tracker.
Over time, many optical schemes have been proposed [Rabl 1976] [Winston 1970] and many design procedures have been studied. Most of these studies are in the field of nonimaging optics [Winston 2005].
General concepts regarding any concentrator are:
· concentration factor C, that is the ratio between entrance and exit aperture;
· acceptance angle θ, defined as the maximum tilt angle in which the number of collected rays is 90% of the perfectly aligned concentrator;
· optical efficiency, defined as the ratio between the number of rays hitting the exit aperture and the number of rays hitting the entrance aperture.
These concepts are intimately linked by the following equation [Winston 2005]
	C ≤ n2/sin2θ
where n is the refractive index of the mean in which the solar cell is immersed.
The equation is valid only for ideal concentrators. It says that the higher the acceptance angle, the lower is the maximum attainable concentration factor. In other terms, large concentration factors allow the system to collect radiation only from a small field of view. Radiation that a collector receives directly from the sun disk is called Direct Normal Radiation (DNI).

Already since the beginning of CPV research, many approaches were tried, including reflective, refractive, luminescent [Goetzberger 1977] [Currie 2008], and holographic [Ludman 1982].
Reflective systems use various types of metalized substrates. The two leading reflective materials are silver and aluminum: the first one has a higher reflectivity (more than 90%) in the solar cells working range, but the second one, with a reflectivity of about 85%, is cheaper and more resistant to oxidation. The higher the concentration factor, the more accurate must be the primary collector surface. This is a crucial point for optical designers, it is necessary to study a dedicated freeform layout. This task can also be achieved with a refractive primary optics, but in this case chromatic aberrations have also to be taken into account (this is in particular a problem for multi-junction solar cells). Refractive-based concentrators can use Fresnel or classical lenses. As shown in figure 2, the main idea behind Fresnel lenses is that the most important characteristic of an optical interface is its slope, so these kind of lenses are made by projecting their surface on a plane in such a way that preserves the slope of each point. Advantages of Fresnel lenses are the low weight and low cost, but materials with low temperature and moisture sensitivity must be chosen. Another important aspect is the optical efficiency, strongly dependent by the number of “teeth” and the molding process precision [Leutz 2001]. The two leading refractive materials are PMMA and Silicon on Glass (SoG).
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Figure 2 – the principle on which a Fresnel lens is designed:  (www.reflexite.com)

Secondary optics can be included in the design, in order to correct errors such as fabrication tolerances or primary collector misalignments. Tolerances and misalignments sensitivity are more important at higher concentration factors, so HCPV systems usually comprise a reflective or refractive secondary optics.
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Figure 3 – point-focus on a single cell (Fresnel lenses, www.suncore.com), point-focus on a parquet of cells (parabolic reflective dish), and linear focus system (reflective parabolic trough)

www.suncore.com
https://www.eeremultimedia.energy.gov/solar/sites/default/files/photo_csp_commercial_maricopa38_arizona_2010_high.JPG
http://www.volker-quaschning.de/fotos/psa/Diss2_1024x768.jpg


Three largely used optical systems are shown in figure 3
· point-focus on a single cell: primary optics, in this case, refractive, cooling is usually passive;
· point-focus on a mosaic of cells: primary optics is a large parabolic reflective dish, cooling must be active;
· linear focus: primary optics is usually a reflective parabolic trough, cooling is usually active.

	
	Concentration range
	Technology
	Tracking

	LCPV
	1-10
	Holographic, luminescent, linear focus systems
	No tracking/one-axis system

	Medium CPV
	10-100
	CPC, linear focus systems (parabolic though, linear Fresnel lenses)
	One-axis

	HCPV
	100-1000
	Point focus (Fresnel lens, freeform mirror, parabolic dish)
	Two-axis



On the back side of the solar cell, a cooling system must be foreseen. Many different solutions have been studied, both active and passive; trade-off between costs and cell temperature must be found, so a passive heat sinking is often chosen as the most fitting.
Considering the concentration factor, an appropriate tracking system has to be studied. Although this could seem a mundane issue, trackers cause more than 50% of the problems observed in the field [Rubio 2011].
Cooling and tracking topics will be expanded in the next paragraphs.


Why concentrate? A comparison between LCPV and HCPV 

Motivation behind research and funds investment in CPV is energy cost reduction in a sustainable way. Concepts like LCOE (Levelized Cost Of Energy), EROEI (Energy Returned On Energy Invested), EPBT (Energy Pay-Back Time) must be considered in the effectiveness of this technology. Many studies have been conducted on these topics [de Wild-Scholten 2010] [Peharz 2005] [Fthenakis 2010] and the conclusion is that CPV is capable to reach grid-parity in a sustainable manner.
CPV has also a greater potential respect to flat-plates PV. Increment of concentration factor has some advantages:
· solar cell efficiency grows as the natural logarithm of incident flux;
· the ratio between semiconductor and active collector area decreases;
· the number of components decreases.
But there are also some disadvantages:
· the higher the concentration factor, the more accurate must be the tracking system;
· increment of solar flux increases the photocurrent, but also losses by Joule effect;
· the higher the cell temperature, the lower is its efficiency.

Debate on which is the best technology between LCPV and HCPV is still ongoing and undecided. The big advantage of HCPV is high multi-junction cell efficiency (>40%). HCPV requires precision optics and 2-axis tracking. LCPV systems can use cheap silicon cells with efficiencies around 20%, with optical losses lower than HCPV. In the short term LCPV offers an alternative to flat-plate PV, but HCPV is also on the route to attain cost effectiveness.

Current status of HCPV systems worldwide 

In order to introduce the activities described in the next chapters, the current status of worldwide HCPV research is here summarized. In 2007 Department of Physics of the University of Padua decided to invest in CPV R&D program. Figure 4 shows that multi-junction solar cells have a great potential, and roadmaps by 3J cells manufacturers promise high efficiency in the near future: 50% can be definitely achieved in the next few years, using a concentration factor close to 1000X. Another reason for high concentration choice, in this specific case, ensues from the idea that mature technologies in other industrial sectors, like automotive e. g., could be used for the purpose.
Cost effectiveness and reliability are necessary for the success of most technologies, and HCPV is one of them. For these reasons a large effort is invested in thermal management and moisture control

"The system enclosure must be designed to avoid dirt burning onto the optics and moisture condensation that can either obscure the optics or “fry” the cells. Although this appears to be a mundane problem, it is quite challenging."
[cite S.Kurtz (2012)]

[image: ]
Figure 4 – Best Research-Cell Efficiency chart, updated by NREL at the beginning of 2013. Triple-junction solar cells under concentration currently performed the highest efficiency







2. AtemEnergia, a spin-off of the University of Padua
Around the year 2007, the curiosity of a group of physicists working at the University of Padua and INFN made them collaborate to set up a very first prototype of CPV. The system had a very simple design, but it showed that the technology was promising. 
Initially the idea was to use optical fibers to convey concentrated sun light on high efficiency cells. After the modest success of this approach, the team decided to study concentration using mirrors rather than lenses, to avoid chromatic aberration among other reasons. Many tests were made with nonimaging optics mirrors of different sizes and different concentration factors.
This would have been just a “nice try”, were not for the very important help from the Centro Ricerche “E. Fermi” in Rome that started to fund the research with a grant for a Post-Doc fellow and with financial aid for instruments and consumables. This allowed the design of nonimaging optics and the construction and test of a more sophisticated prototype. This funding was the seed that made possible the attraction of more funding from the University of Padua, from the Veneto Region and from a group of Italian companies innovating in the field of plastic injection molding. The contribution of these companies have been very important, starting a two-way technology transfer, where each part (academic and industrial) contributed with its know-how toward the project completion (and beyond).
This research, where the funding of Centro Ricerche “E. Fermi” was and still is a pivot, resulted in 2010 in the foundation of AtemEnergia srl, a Spin-off where the University of Padua is a stakeholder. AtemEnergia started with the aim to complete the research and develop a CPV system, and to give technological consulting on the several fields where their founders are active. 
The goal of the program was to study all the technological aspects of CPV (optics, mechanics, electrical interconnections, thermal budgets, and surfaces treatments for all the materials concerned) except cells development. Development of 3J cells falls outside the field of competence of the team. Moreover 3J cells are today available from many producers that invested incredible amount of resources and continuously improve cells efficiency.
The basic idea behind AtemEnergia technology for Concentrated Photovoltaic is the adoption of mature technologies highly developed in other fields. The ones used in automotive sector for the realization of headlights, with different light sources, are easily usable for the concentration of sunlight on high efficiency triple-junction solar cells (3J). These technologies are widely available in the area where AtemEnergia was born (Triveneto). Moreover the collaboration with a few companies, Unica and PiazzaRosa, led by Unitek has dealt to a fruitful network. This network, in Figure 5, shows the fundamental role played by AtemEnergia.
[image: ]
Figure 5 – AtemEnergia network, linking academia to industry

Eventually the winning idea was to design an unit of the approximate size of a car headlight, adopting nonimaging off axis quasi-parabolic mirrors, with the goal to have a manageable object with reduced depth and very simple secondary optics.

TwinFocus

To create a mirror-based optical concentrator, optical profiles of the composite mirrors were designed, simulated, and eventually measured on optical benches made of solid polished aluminum models.
Finally the product, named TwinFocus®, shown in Figure 6, was fully realized industrially by Unitek, and the group of partner industries.
The main features are lightness, compactness, utilization of recyclable or recycled materials, and concentration factor (~600X) that allows easy thermal budget control. One TwinFocus® unit has an entry window of 180mm x 220mm and a depth of only 140 mm. It houses on the two short sides two 3J (5.5 x 5.5mm2) cells on aluminum heat sinks. The power of a TwinFocus® is 8,3 Wp CSTS[footnoteRef:1] (measured in the lab.); 7.25 Wp CSOC2 (measured on field). [1:  CSTS: Concentrator Standard Test Conditions (1000 W/m2 DNI, cell temperature 25 °C, no wind, light spectrum AM 1.5, Air Mass)
2 CSOC: Concentrator Standard Operating Conditions (900 W/m2 DNI, air temp. 20 °C, wind 2 m/s, light spectrum AM1.5)] 


The skills in the design of the mold and the technology to maintain optical quality on rather large molded surfaces are specific know-how of Unitek, the strongest partner of AtemEnergia: pressure, temperature of the mold, and cooling time are crucial parameters to maintain the optical properties in the final product. The polycarbonate injection was performed by Unica in Conegliano (TV). It must be underlined that optical tolerances in CPV applications are much more demanding than in automotive applications. The optical polishing of the mold was a specific task of PiazzaRosa, Pieve di Alpago (BL).
The mirror surfaces are obtained with evaporated aluminum in vacuum and are eventually protected with a product selected after many tests.
[image: ]
Figure 6 – Complete TwinFocus reflector and its commercial logo

Secondary optics is another key point. It must be simple and cheap. Its functions are improving the illumination uniformity of the cell and correcting possible misalignment of the tracker.
A small quartz prism has been designed and produced. It is a very important small piece of hardware that has been realized specially for the project. The prism is obtained by a custom mold using the performing SiVARA™ Sol-Gel Technology that allows the production of objects in silica glass of virtually any shape upon customer exclusive design. 
Thermal budget management in CPV is a critical issue. After many simulations and tests a composite material was used to hold the 3J cells in the correct position. The composite is a multilayer made of aluminum, insulator, and copper. On the top the copper layer is shaped with normal Printed Circuit Board (PCB) technology to match the footprint of the cell and to allow for bonding of its lateral busses.
Optimal thermal conductivity has been achieved with tight control of cell soldering and accurate adhesion of the multilayer cell support to the aluminum-molded heat sink.
On the sides of the TwinFocus reflectors there are small wings that allow sliding them in a metal (aluminum and stainless steel) frame that holds 10 rows of 4 reflectors for a total of 40 reflectors per module. 16 modules equip a tracker for a measured power of 5.3 kWp at CSTS or 4.64 kWp at CSOC.
The distribution of the efficiency at CSOC of the reflectors is in the range of 19.7% ÷ 22.5%, with a few units reaching 25%. That means there is room for relevant improvement with a more accurate process control.
A few trackers have been assembled both in the laboratory of the University of Padova and in the sites of the partner industries to collect statistics, field tests and also energy production. This sizeable effort, mainly supported by partner industries, was finalized to demonstrate the reliability of the technology.

[image: Description: tracker_01luce.jpg]
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[bookmark: _Ref349854731]Figure 7 - Trackers installed. Top: in the Alps, near Belluno, down at Unitek

A couple of them were installed in Unitek, see Figure 7, two others are in the premises of Unica and PiazzaRosa. 




3. AtemEnergia activities
In this chapter are described the activities conducted by AtemEnergia, which resulted in the TwinFocus® module shown in Figure 6. The design principles on the basis of its optics, heat sinking, tracking, and data measured on field will be discussed.
The concentrator is produced using a single molding process, and has both optical and structural functions. Each concentrator is made of polycarbonate (PC) and contains two symmetrical concentrating mirrors. It holds a pair of 3J cells and the respective passive coolers. As it can be seen in Figure 8, one half of the primary optics concentrates the sunlight on the 3J cell placed on the farther receiver, and the same happens for the other half. This is the reason why the concentrator presented is called TwinFocus®.

[image: ]
Figure 8 – Longitudinal section of a TwinFocus® concentrator. Each sector of the primary mirror completely illuminates a 3J solar cell.

Optical design

At the beginning of the project, a geometrical concentration factor of 600X was chosen. This choice was dictated by the efficiency-concentration characteristic curve, shown in figure 9, of the commercially available 3J solar cells, in order to maximize the efficiency working range.
The main tasks during optical design are the attainment of a high optical efficiency and the uniformity of the illumination profile. The first of these two tasks affects the generated photocurrent and is directly related to the concentrator electrical efficiency. Researches on the uniformity of the illumination profile have been conducted and is still an interesting topic [Luque 1998] [Franklin 2002] [Garcia 2011], because it requires an accurate equivalent model of the multi-junction solar cell.
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Figure 9 – Efficiency of a commercially available (Emcore – rev. 2011.10) triple-junction solar cell as a function of the concentration factor 

High optical efficiency is obtained through an aluminized primary reflective surface and a secondary optics made in fused silica. In order to maximize the illumination profile uniformity, a discretization process was adopted: the primary optics has been faceted in four sectors each completely illuminating the whole solar cell. This is the strategy adopted to control hot spots on the target caused by unwanted deformations of the primary mirror during the molding process. These deformations could not be completely avoided, so the real primary surface was measured using a profilometer, and the optics then reconstructed through a ray tracing software.
The secondary optics was introduced in order to improve angular acceptance and to avoid hot-spots caused by misalignments. Figure 10 shows the results of the study. An expected maximal local concentration slightly larger than 800x is a good result if compared with the efficiency-concentration graph (figure 9).

[image: ]   [image: ]
Figure 10 – Optical study results. Left: maximal local concentration as a function of the tilt angle. Right: angular acceptance contour plot.

[image: ]
Figure 11 – Illumination profile after the reconstruction of the primary collector and the introduction of secondary optics in the perfectly aligned case. A maximal local concentration slightly lower than 650X is expected.


Thermal management
HCPV systems are less sensitive to temperature variations, if compared to silicon-based solar modules. In fact, 3J solar cells have a temperature coefficient of -0.045%/K (absolute) [Kinsey 2008]: one order of magnitude less than in silicon.
On the other hand, due to high concentrating ratio, the 3J cell can reach very high temperatures, unless a very good thermal management is realized. High temperatures result in loss of efficiency and less reliability, so the heat sinking of the 3J cells is a very important part of the design of the module.
A performing heat sinking is the result of two aspects: design and assembly, both important.
For point focus solar modules (as describes in Section 1) the cooling of the cells is usually passive, providing sufficient heat sinking at reasonable cost, in array-type modules, instead, active water cooling is necessary [Royne 2005].
The design of the heat sinking for the TwinFocus® modules was developed considering passive heat sinking in worse-case situation: high irradiation, no wind, high air temperature, bad tracker orientation. The final design was made iterating numerical simulations and experimental work.
Once the heat sink was studied and realized, the research on thermal budget was focused on the study of the receiver, the small board on which the 3J solar cell is bonded (figure 12). 
Two goals were to achieve: 
· one “vertical” (the minimization of the thermal impedance of the different layers); 
· one “horizontal” (dimensions and shape of the receiver), an important aspect, since the receiver acts as a heat spreader.
· 
[image: ]
Figure 12 – Thermal path from cell to heat sink.

To achieve the first one it was realized an original measurement set-up for in-sun flash tester. With this set-up it was possible to change the duration of the light pulses (the light being provided by the sun), allowing thus to measure the open-circuit voltage which is an indirect measurement of the temperature of the cell. With shorter pulses duration it is possible to resolve the thermal impedance of the layers more near to the cell. The results of this study are shown in figure 13. This new set-up allowed to select the most appropriate materials and thicknesses for our application.
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Figure 13 – [a.] and [b.] Voc vs time: short time-scale and longtime-scale, respectively. [c.] Heat-sink temperature immediately after the third interface. 


Sun-Tracking

Every HCPV system need and accurate tracking of the sun-path: the concentrating module can use only DNI irradiation. The accuracy must be higher than the acceptance angle defined in the first section, because the mismatch on the assembly of the modules on the tracker, the mechanical dimensions of the tracker and the action of the wind all add angular offset to the optics. This offset is compensated by the angular acceptance, but must be kept as low as possible, and one important issue is the have the tracker following the sun below 0.1 deg.
For the TwinFocus® modules a commercial tracker was optimized for the application.
It is an azimuth–altitude dual axis tracker, where the modules are tilted to follow sun elevation, and rotated around a large ring to follow the azimuth. One advantage of this structure relative to structures with a long pole (tip–tilt dual axis tracker, the other standard technology in HCPV) is that the structure has a low profile, facilitating mounting and maintenance.


[image: ]      [image: ]

Figure 14 – Lateral view of the azimuth–altitude dual axis tracker and detailed view of the electronic device that holds the QPD.

This tracker has two degrees of control: the first one (called “astronomic”) uses the equation giving the position of the sun once position and time is known; the second one uses a closed-loop control based on a quadrant photodiode (QPD) to measure the angle between the modules and the direction of the sun: a pin-hole camera projects the image of the sun on the QPD, and the difference in current produced by each of the quadrant is fed to the electronics to control the motors.
The open-loop control allows for coarse movement, necessary for instance when the sky is cloudy and the position of the sun cannot be found. The closed-loop control acts when the sun is shining and allows a 0.1 deg accuracy.

A threshold level is used to automatically switch from the astronomic control to the closed-loop: when the photocurrent generated by the QPD is too low the control is switched to the astronomic.
Measurements on the error signals and on the module’s output allow to determine that the accuracy is at the level of 0.1 deg, as desired.
The energy necessary for the motors and the control electronics is about 10 kWh/year.


Data analysis

The measurements in the next plots were made at the Laboratori Nazionali di Legnaro (LNL).
All the concentrators were measured: voltage, current and thus power and efficiency. Efficiency η, is defined as the ratio between DC electrical power (P) and the product of solar irradiance (DNI) and concentrator area (A):


Examples of the measurements are shown in the plots of figure 15, which shows the voltage-current and voltage-power characteristics of a module.
[image: VI][image: VP]
[bookmark: _Ref349858098]Figure 15. Electrical characteristics of a series of 8 concentrators. 

Figure 16 shows the dependence of module power on solar irradiation (DNI) measured in a day of August.
[image: dnipot]
[bookmark: _Ref349858590]Figure 16. Module efficiency in dependence of irradiation (DNI)



Market analysis
Concentrated photovoltaics (CPV) is not in competition with “traditional” silicon PV. The two technologies are complementary. 
CPV is competitive where direct normal irradiation (DNI) is very high. Moreover, in very hot climates, silicon PV efficiency sharply decreases due to high dependence on temperature. On the contrary, in these areas CPV modules maintain an efficiency very near to nominal [NREL Report No. CP-5200-47127]. 
The Middle East with North Africa (MENA) and south Europe countries will be the natural markets for CPV. A higher cost for installed power (€/Wp) will not mean a higher cost of produced energy (€/MWh). Northern markets will remain, for the time being, the realm of silicon photovoltaics, due to its sensitivity to global irradiation.
In the MENA regions ambitious renewable energy targets are under discussion or already approved. Not all this power will be for CPV; but already a small percentage of that will be a great opportunity for CPV. 
In conclusion, thanks to the funding from Centro Ricerche “E. Fermi”, which paved the way for more funding from the University of Padua, AtemEnergia spin-off was created. Around this high technology company, an aggressive network of other industries, on cutting-edge CPV products, became an industrial reality: a case study of technology transfer for product innovation.


The authors are indebted to Centro Fermi and Polo Fotovoltaico Veneto for the essential support to their research activities.
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