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Abstract

Photovoltaic systems are an excellent alternative for clean energy production. To reach large
applications, obstructions as high silicon prices must be solved. Concentrator systems are a potential
solution since silicon is replaced by cheaper material such as mirrors or lenses.

The thesis presents the theoretical model that was developed to simulate the behaviour of a
photovoltaic system with solar concentration. The model simulates the response of the systems in
terms of energy yield, module temperature and final AC power using as input the local coordinates
and atmospheric conditions (ambient temperature and clear-sky index).

The model is applied to simulate the performance of the DoubleSun® product, which combines
photovoltaic concentration and dual-axis solar tracking. An experimental campaign using a
DoubleSun® system was performed at the WS Laboratory, in Taguspark, Oeiras. Comparison between
theoretical data and experimental results collected over six months period showed good agreement,
confirming the reliability of the initial assumptions.

The theoretical model was used to develop a sensitivity analysis, which explores the response
of the system (energy yield and module temperature) to slight variations in the leading working
parameters, such as, radiation intensity and concentration factor. The sensitivity analysis leads to
important conclusions: the increase of the energy yield is strongly related with concentration; the
temperature that could damage the module is reached only when the concentration level overtakes
3.3; and a slight decrease in mirror reflectivity, that implies a cut in production cost, induces just a little

reduction in the daily energy yield.
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Resumo

Os sistemas fotovoltaicos sdo uma excelente alternativa para producéo de energia limpa. No
entanto, em grandes aplicacdes, o elevado preco do silicio torna-se um problema. Assim, os sistemas
de concentracdo (onde o silicio é substituido por materiais mais baratos tais como espelhos ou
lentes) surgem como potencial solugéo.

A tese apresenta um modelo teérico para simular o comportamento de um sistema
fotovoltaico com concentracdo solar. O modelo simula a resposta dos sistemas em termos de
producdo energética, temperatura dos moddulos e poténcia AC final, utilizando como input as
coordenadas e condic8es atmosféricas locais (temperatura ambiente, nebulosidade, etc.).

Adaptando o modelo, foi possivel simular a performance de um produto DoubleSun® que
combina concentracao fotovoltaica com seguimento solar a dois eixos. Este sistema integrou uma
campanha experimental realizada no laboratério da WS-Energia (Taguspark, Oeiras). A comparacao
entre os resultados tedricos e os adquiridos durante seis meses mostraram grande concordancia,
confirmando as suposi¢des iniciais.

O modelo permitiu desenvolver uma andlise de sensibilidade, a qual, explora a resposta do
sistema (producdo de energia e temperatura dos moédulos) a pequenas variagdes nos principais
parametros, tais como a intensidade da radiacdo e o factor de concentracdo. A andlise de
sensibilidade conduz a importantes conclusdes: o aumento da producdo energética relaciona-se
fortemente com a concentracéo; a temperatura que pode danificar os médulos é atingida quando o
nivel de concentracdo é superior a 3.3; e uma ligeira variacdo na reflectividade do espelho (com
consequente reducao do custo de producao) provoca uma pequena diminuigdo na producéo diaria de

energia.
Palavras-Chave

Concentrador, Sistema de seguimento, DoubleSun®, Temperatura do médulo, Energia, Andlise de

sensibilidade.
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1. Introduction

1.1. Brief Photovoltaic History

The photovoltaic effect was observed for the first time in 1839 by Edmund Becquerel, a famous
French physicist. He discovered that silver or platinum foils (electrode), dived in a
conductive/electrolytic solution, produced a small power difference when exposed to light. Several
decades later, similar effects were also observed in solid selenium [4]. In 1874, Charles Fritts made
the first solar cell coating selenium (semiconductor material) with an extremely thin layer of gold. At
this point cells efficiency was less than 1%. The efficiency of a solar cell is intended as the ratio
between the power produced by the solar cell and the total radiation reaching its surface.

The understanding of the physics behind the PV only took place in 1905 and it was Albert Einstein
to provide the first description [3].

Solar cells for power applications started with the development of silicon pn junction cells by
Russell Ohl's, in 1940s. During 1955 Bell Laboratories fabricated the first silicon module designed for
outdoor conditions. Between 1950s-1960s solar cells reached efficiencies above 5%. However, these
cells were still extremely expensive. Hence, their application was only competitive in spatial projects
such as electricity production in satellites orbiting the Earth. The first real application was in 1958,
when PV solar cells were used to power the satellite Vanguard 1, which is presented in figure 1. The
space programmes continue to be the main drivers of the development of more efficient solar cells

and opened new perspectives for the production of electricity from solar energy [1- 4].

Py 87 (& (& ( ( (( ((
7( -7 (& 7

In the following of the oil crisis in 1970s, significant efforts were made to improve the production,
performance and quality of the photovoltaic modules. This process led to a decrease of the cost of
photovoltaic components, allowing the implementation of photovoltaic energy in terrestrial applications

[1,3]. In 1980s the photovoltaic took an important place as a source of power for electrical devices



such as calculators, watches and radios. Finally, half a century after first silicon solar cell construction,

the photovoltaic technology is now becoming accepted as an important form of electricity production

[7].

1.2. State of the Art of Photovoltaic Technology

Nowadays, an extremely large variety of photovoltaic (PV) technologies is accessible, and
photovoltaics reached an increasing market share as renewable energy source. The development of
the PV market has been stimulated by the growth of the worldwide energy demand, which cannot be
supported by the scarce, pollutant and expensive oil. PV appears as one of the best solutions because
it is silent, it has long lifetime and low maintenance, it is abundant, free, clean, inexhaustible and
technically exploitable in every corner of the earth. Moreover, sunshine can never be wasted and it is
the world’s largest energy source [4]. Every year, the earth receives 6,000 times more sunlight energy
than the world’s primary energy consumption. By itself, it will make possible a soft transition to a
sustainable energy future. Nevertheless, global generation of solar electricity is still small as compared
to the potential of its source. It has the capability of becoming the major component of a sustainable
energy portfolio with controlled greenhouse gas emissions [29].

There are four primary applications for PV power systems [5]:

- Off-grid non-domestic:  this kind of installations was the first commercial application for PV
systems. They provide a wide range of applications where small amounts of electricity have
high value (e.g. telecommunication, water pumping).

- Off-grid domestic: systems provide electricity to households and villages that are not
connected to the utility electricity network (grid). These systems offer an economic alternative
to extending the electricity distribution network at distances of more than 1 or 2 km from
existing power lines and the only solution to villages with no expectation of public grid

- Grid —connected distributed: PV systems are installed to provide power to a grid-connected
customer or directly to the electricity network.

- Grid-connected centralized: systems perform the functions of centralized power plants.

In 2006, the European photovoltaic installed capacity reached 1245.7 MWp, where the German
market dominates with an estimative of 1150MWp, as shown in figure 2. Power grid connected
applications represents almost all of the European market, with a share estimated at 99.4% (2006).
Photovoltaic sector shall rapidly increase in the coming years when issues such as silicon shortage
and installations prices will be overcome. Today, the growth of the PV sector depends upon political
support as feed-in tariffs. In the next years, most likely before 2011, the energy produced by PV
applications will match energy prices paid by customers allowing a major spread of PV power sources.
If incentive systems (such as feed-in-tarifs) were introduced, the total European installed capacity
would reach near 10 GWp by 2011.
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Source: Systémes Solaires — Le Journal des Energies Renouvables n°178 - 2007, Barométre Photovoltaique — Avril 2007

In 2004 Portugal had 2 MWp of installed PV. This scenario was modified by the introduction of the
“regime especial”’ a law, which provided licences for PV applications for a total of 150 MWp. The feed-
in tariff applicable to photovoltaic electricity, licence under such regulation for a period of fifteen years,
was 45 c€/kwWh for systems lower than 5 kWp and 31 c€/kWh for systems greater than 5 kWp, [2].
This incentive scheme lead to the construction of large power plants as Serpa (11 MW) and Moura (42
MW) but was a major since it did no manage to create a national PV market.

In order to mitigate previous regulation failures, the Portuguese government introduced a new law
at the beginning of 2008. The feed-in supports are quite innovative in Europe and resulted in large
interest of the population, followed by a quick market growth. At present, the “microgeracao” regulation
is responsible for a large growth of the national industry.

$!



2. Principles of Photovoltaic Operation

Photovoltaic (PV) means transformation of daylight energy into electricity using semiconductor
materials such as silicon, as schematized in figure 3. The key components of a PV system are the
photovoltaic cells, which are interconnected to form a photovoltaic module, the mounting structure for
the module or array, the inverter (essential for grid-connected systems and required for most off-grid

applications) the storage battery and the charge controller (for the off-grid systems only) [5].

& . (', 4 ( ( (&

2.1. The Photovoltaic Effect

This section briefly describes the operation of a solar cell. In a crystalline solar cell, the silicon
atoms form a stable crystal. Each atom has four valence electrons. To reach a stable configuration,
two electrons of the neighbouring atom form one pair of connections, as shown in figure 4. These
connections can be broken by the influence of light or heat. The electron can move freely, leaving a
hole behind.

Figure 4. Crystalline structure of the silicon.
Source: Energia Fotovoltaica, manual sobre tecnologias, projectos e instalacdo

The process alone cannot be used to generate electricity. In order to operate like an energy

generator, the crystalline silicon structure must be doped with impure atoms, as shown in figure 5.
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Source: Energia Fotovoltaica, manual sobre tecnologias, projectos e instalagéo

These atoms have either one electron more (Phosphorous) than silicon or one electron less
(Boron) than Silicon. The impure atoms generate defects on the crystalline structure. If Phosphorous
(n impurity) is added there is an extra electron brought in by each phosphorous atom. This electron
can move freely inside the crystal and carry electric charge. On the other hand, if a Boron atom (p
impurity) is added, an extra hole is available. This hole can be filled by a silicon electron leaving a hole
behind.

If the layers of n and p semiconductors are joined, a pn transition region is produced. This leads to
the diffusion of the extra electrons from the n-semiconductor to the p-semiconductor, as shown in
figure 6. An electric barrier is created. In the n area of the transition region, the positive dopant atoms
are far-off and the same happens with the negative atoms in the p area. This process leads to the

formation of an electric field opposite to the movement of the charge carriers.

I Potential Barrier in a region of pn transition, by the electrons and holes diffusion process.

Source: Energia Fotovoltaica, manual sobre tecnologias, projectos e instalacao.

If a pn semiconductor (solar cell) is exposed to light its photons will be absorbed by the electrons.

This energy supply breaks the connections between the electrons. The electrons are free and driven

$1



through the electric field to the n area. The holes left behind go in the opposite direction to the p area.
This process is called photovoltaic effect. The diffusion of the charge carriers to the electric contacts
produce a voltage in the solar cell bounds. If the electric circuit is closed, electricity can flow [6]. In the

following section it will be examine how this process is used in photovoltaic devices.

2.2. Photovoltaic Cells

The cell is the smallest unit of a photovoltaic system. The typical silicon solar cell consists of two
silicon layers doped by different impurities. The layer towards the sun is negatively contaminated with
Phosphorous (n layer) while the layer below is positively contaminated with Boron (p layer). The solar
can be schematized as shown in figure 7. An electric field is produced between the two layers, which

lead to the separation of the charges (electrons and holes) when the cell is exposed to the sunlight [6].

o &

Source: See reference [4].

To produce electricity with the solar cell, metallic contacts (silver or aluminium) are present in both
sides of the semiconductor. With an external circuit attached to the contacts, the electrons can get
back to where they came from and current flows through the circuit. The semiconductor device
converts sunlight into direct current (DC) electricity. The PV cell has no storage capacity; it simply acts
as an electron pump. The amount of current is determined by the number of electrons that the solar
photons knock off. Cells can produce electric power in a range of 1.5W (which fit to a voltage of 0.5V
and a current of 3A). Larger cells, more efficient cells, or cells exposed to more intense sunlight will
deliver more electrons [4].

There are currently four commercial types of PV Cells, which are described in the table hereafter.

Type Main Characteristics Cost Cell Efficiency
Single Crystalline Cells are manufactured using a single crystal growth
method
Polycrystalline or Usually manufactured from a melting and
Multicrystalline solidification process
String Ribbon Refinement of polycrystalline production
Amorphous or Thin  Silicon material is vaporized and deposited on glass \/ \/
Film or stainless steel

I && &', (
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2.3. The Photovoltaic Module and Array

A PV module consists on many PV cells connected in parallel, to increase current, and in series,
to deliver a higher voltage. The module is encapsulated with transparent material on the front surface,
and with a protective and waterproof material on the back surface, as shown in figure 8. The edges
are sealed for weatherproofing, and there is often an aluminium frame holding everything together in a
mountable unit. In the back of the module there is a junction box, or wire leads, providing electrical

connections.

21 6 & &

Source: See reference [4].

The PV modules can be wired together in series and/or parallel to deliver the voltage and

amperage a particular system requires. This joining is usually called PV array [4].

2.4. The PV Mounting Structure

A wide range of mounting structures has been developed. The simplest structures are for the fixed
and flat plate. In the next chapters the typical structure of a concentrator and tracking system will be

described.

2.5. Inverter, Storage Battery and Charge Controlle r

The electricity produced by these systems is, in most parts of the industrial countries, injected in
the grid electricity, which is easily accessible as a convenient backup to PV or other renewable energy
supplies. However, the energy produced by a PV array is direct current (DC), which should be
converted in alternate current (AC) by an inverter. After this transformation, the current can be injected
into the grid. Operators of PV can use the grid as a giant “storage battery”. The grid can absorb PV
power that is surplus to current needs and turn it available for use by other customers. In this way, the
amount of electricity produced by conventional means is reduced.

For off-grid systems a storage battery is required to provide energy during low-light periods.
Nearly all batteries used for PV systems are of the deep discharge lead-acid type. To maintain the
battery at its highest possible state of charge (SOC) a charge controller is necessary. This regulator
also provides the required quantity of electricity while protecting the battery from deep discharge or

overcharged [5].
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3. Concentrating and Tracking PV

3.1. Why Concentration and Tracking Systems?

Photovoltaic technology is a very attractive option for clean energy generation. Today, PV
applications are limited in use due to the high cost.

The PV power generation cost had been decreasing substantially over the two last decades, but in
recent years it slightly increased and it is now quite high as compared to the cost of conventional
power generation technologies.

PV cost has started increasing due to the large growth of the photovoltaic market, which in turn led
to stress on the silicon supply chain (also used in the electronic market). As it is shown in figure 9 the
modules are the most expensive components of a PV system, representing more than 50% of the total
cost. This happens because modules cost is predominantly driven by the silicon price. Crystalline
grade silicon is expensive, it is produced by energy intensive processes and, at the moment, the
supply chain is not reliable, driving cost upwards. Some strategies to solve this problem consist on
thinner wafers and new thin-film solar cell technologies. The improvement in the PV cells production
together with concentrating and tracking PV technologies will lead to a decrease in the amount of
semiconductor material per watt of generated power. It will also provide an increase of the radiation
intensity by area, which will stimulate the application of PV systems for electricity production in large

scale [7].
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Source: See reference [7]
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3.2. Concentration S ystems

The concept of concentrating the energy of the sun was first used by the Greek ancestors. Some
historians believe that Archimedes used mirrors and the solar energy to attack Roman ships on fire, as

shown in figure 10.

4 ( 7(( ( ( &

Concentration PV (CPV) systems expose the cells to concentrated sunlight increasing the amount
of radiation that falls upon the cells. In this way, the PV concentrator technologies require less area of
solar cells reducing considerably the usage of semiconductor materials. In these systems, the cheaper
optical concentrators, such as mirrors or lenses, replace the expensive PV cells. The concept of use
solar PV concentrator with PV modules looks simple but it is very complex to implement. It puts stress
on solar PV cell illumination profiles, sun tracking and overheating. These challenging issues of a PV

concentrator are explored in the following.

3.3. PV Cell lllumination

PV systems have groups of solar cells connected in series. In order to deliver the same power,
every cell must be homogeneously illuminated; otherwise, it can give rise to losses in the production,
fast ageing of the photovoltaic cells, creation of hot spots and extremely high temperatures. In fact,

achieving a consistent flux profile on every cell and over the full module size is challenging.

3.4. Tracking System

Concentrator systems work with direct beam sunlight and have a small acceptance angle. As a
result, they are optimized for locations where direct beam radiation is a high proportion of global sun
radiation. The concentrators are always associated with sun-tracking devices, which follow the sun as
it crosses the sky, either through single- or dual-axis tracking. The aim is to keep the sunlight focused
on the solar cell. This tracking capability allows concentrators to take advantage of as much daylight
as possible from sunrise until sunset so they can capture considerably more energy than fixed
systems. Moreover, tracking devices have an additional advantage of providing large amounts of

power in the late afternoon when electricity demands reaches a peak of consumption.



3.5. Modules and Cell Temperature

Modules and cell temperature effects are one of the issues which have to be solved to unlock
large investment on CPV. Investors are afraid of modules and cell temperature increase due to
concentration. This increase of the temperature could be critical above certain limits, because, high
cell temperatures and currents can lead to large electrical losses and thermal stresses. As it will be
demonstrated in this thesis, the temperature of the cell or module is not an issue for the technology

analyzed here, also called DoubleSun®, while it is an issue for higher concentration level.
3.6. CPV Advantages

Ideally, a PV concentrator should deliver low cost energy with reliable systems designed for 20
year operation. However, it is difficult to keep these conditions all together, as cost tends to increase
with better mirror quality, improved tracking accuracy, and sometimes the use of refrigerators. his
kind of systems is more expensive than flat-plate photovoltaic arrays. Photovoltaic Concentrators,
CPV, make sense when compared to flat-plate PV because they can produce more energy in less
space, with less money.

CPV offer many benefits over other PV technologies, such as higher conversion efficiency, a
minor dependence on the availability of Silicon Feedstock and a manufacturer based at most on well
established industries (like steel, sheet metal and plastic). CPV appears to be the least expensive of
all PV technologies for most of the locations in the world.

Concentrating photovoltaics has been advancing considerably in the last few decades. A standard

concentrator desigh mounts a large system on a pedestal, and then pivots the system on it [8,9,11].
3.7. CPV Challenges

The biggest challenge facing the CPV industry has more to do with developing a market than with
technological hurdles. PV concentrators cannot compete directly with electricity from state grids and
lack the niche markets that have accommodated conventional photovoltaic modules. CPV can attain
credibility by qualification standards. This will ensure good product performance and give costumers
the confidence that their project investments will pay off.

Generous government support would be the start point to CPV market development. If for one
hand fossil fuels have benefited from government support for decades, on the other hand market
incentives have enticed utilities to use wind energy. Thus, as with these two examples, CPV would
also benefit from long-term, steady support of state and local organizations.

CPV will only be a significant player in the world’s energy if it goes on focus on four essential
points: reliability, technological improvements, cost and market penetration.

When a suitable market for large scale PV systems opens, whether driven by subsides or by other

means as higher electric prices, concentrator systems will be a strong rival for the conventional PV



systems. From the beginning, concentrators were envisioned for large power plants installations,
producing significant quantities of non-polluting energy. In this application they compete with
conventional fossil fuel plants, which produce low-cost electricity. On the other hand, CPV applications
can be installed in industrial area, delivering clean energy directly on consumption sites. In this case,
CPV systems compete with final client electricity prices, which today, in few industrialized countries
are already in the same range of CPV produced energy (20 c€/kWh — 25c€/kWh).The significant
development is an increased number of projects with sizes of several hundred kilowatts (kW), creating
a market appropriate for CPV technology. These technologies are ready today for this market

opportunity  with  high-efficiency solar cells and well-developed hardware [9-12].



4. DoubleSun ® technology description

The theoretical model developed in this thesis has the purpose of analyze the physics behind the
photovoltaic concentrator (CPV) technologies. To confirm the reliability of the developed model, the
theoretical results were confronted with the experimental data. This way, the simulation was adjusted
to DoubleSun® technology in order to obtain the experimental results. In 2006, the DoubleSun®
technology was awarded as best national innovation in the renewable energy sector, by Espirito Santo
Investment Group. This technology and the products resulting from its application were the start-up
point of a new company, the WS Energia.

The DoubleSun® technology increases the average annual energy production of commercial
photovoltaic modules about 100%. This technology combines photovoltaic concentration with solar
tracking techniques. The first, increases the instantaneous photovoltaic power, while, the latter,
optimizes the daily hours of energy production.

Every hour, every day, the system based on DoubleSun® technology concentrates sun rays
homogeneously over the photovoltaic modules. This technology is innovative since its concentrating
structure is able to increase the daily energy production by using any conventional photovoltaic
modules with no need of additional manufactured elements. To optimize the system performance, the
PV modules must be of proven quality and with a high efficiency.

The technology is based on a 2-axis tracking systems with high precision (<2°) and solid structure.
The tracking electronic architecture was awarded as one of the five electronics concept (out of 3500
candidates from 102 nations) with a positive impact on the environment at the 2007 LIVE EDGE
contest held by Farnell Electronics.

The DoubleSun® was developed specially for medium to large industrial applications, as solar
parks. This technology consists on a reliable, easy to make and easy to build solar concentrator.

The DoubleSun components such as the tracking structure, the control system and optic elements

(mirrors) are described with detail in the following subsections [13].
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4.1. The Optics

To concentrate the sunlight, the system makes use of two flat mirrors. These surfaces distribute
the incident radiation over the photovoltaic modules in a uniform way. More details on the importance
of homogeneous light reflection over the absorbing surface are analysed in Annex D.

The best analogy to describe the input of the mirrors is to think that the modules are exposed to
two suns, one direct and other reflected which is responsible by the extra radiation. Figure 12 shows a
scheme of the concentration technique used in the DoubleDun® technology [13].

The mirrors, which are responsible for the reflection of the radiation, are imported from a Germany
company, ALANOD. The ALANOD reflector materials for external applications have the product name
- MIRO-SUN®. These products have a high total light reflectance and a high total solar reflection.
Moreover, the MIRO sun products have an excellent resistance to outdoor conditions, because, as it
was mentioned, it is used in outdoor applications.

#! (& ( ( ( - (7 (7 ()

To increase and enhance the total reflectivity to higher levels, several nanometer-thin optical
coatings must be applied to the aluminium surface in a vacuum. All products of the MIRO family are
provided with a PVD (Physical Vapour Deposition) layer system, as shown in figure 13. This PVD-
coating is applied to achieve a maximum total light reflection, which is about 95 %. This is probably the
major feature of MIRO® compared to 87% for state of the art conventional anodized aluminium strip.

This leads to a 20% higher operating efficiency for lighting systems using MIRO® reflectors.
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The MIRO® surfaces are absolutely free from interference colours, which mean that they exhibit a
neutral colour independently of the incidence angle (from 0° to 80°). This behaviour is a major
improvement over even the best conventional anodized aluminium strip. They have also an
outstanding UV stability.

While for visible light applications in general, the spectral reflection needs to have its maximum
centralised around 500 nm, for photovoltaic (PV) applications, the relative sensitivity of the cells needs
to be considered. For Silicon based cells, the maximum sensitivity lies between 750 nm — 950 nm.
Thus, the better solution to this range of absorption is to use “spectrally shifted” MIRO material (also
called MIRO KKSP), which can be coated with the solar lacquer for outdoor use.

The reflection diagram for MIRO 4270KKSP at angles of incidence of 10°and 70°is shown in
figure 14, offering a comparison with MIRO 4270KKS (which is used for optical applications) and also

showing a typical photo sensitivity of a Si cell against wavelength.
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As shown in figure 14, the PV cells are more sensitive to the radiation between 750 nm - 950 nm.
The recommended mirrors for this application are MIRO KKSP, since it has higher efficiency in the
wished wavelength. The calculated PV efficiency of the lacquered material lies between 89% and
91%, depending upon the angle of incident light.

Figure 15 shows the relation of reflection against wavelength in both, the visible light range as well

as in solar light range (300 nm - 2500 nm), each for different angles of incidence (10° 40° 55 70° ).
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In the DoubleSun® technology, the radiation falls upon the mirror with an angle that lies 32° - 33°,
so the total solar reflectance of the mirror to be considered is about 93%. Moreover, the efficiency in
turning the reflected light into direct radiation is about 90%. Thus, the real mirrors efficiency is about
84%.

The good abrasion resistance, as well as corrosion resistance and resistance to delamination,
point to a material which will stand the test of time in outdoor environments. MIRO-SUN® has passed
several corrosion tests at an external accredited test institute [14]. However, at the state of the art
there is no fixed formula to correlate accelerated ageing tests with actual time in an outdoor
environment. For the solar lacquer on anodised aluminium there is already a 5 year of experience.

These mirrors have 10 years warranty on optic properties [14].
4.2. Structure

The mirrors previously described are supported by a structure in stainless steel, which is designed
and produced in Portugal. The DoubleSun® structure in Zn-coated steel and Zn-coated aluminum, as
shown in figure 16, has dual axis solar tracking with modules fixation clips. The solid structure design

was tested in high wind conditions; it is easy to make and fast to install [13].



4.3. Control (electronic box)

The two tracking axes are moved by two linear actuators. These actuators orient the modules
surfaces towards the sun through all day and all year, as shown in figure 17. The actuators are
controlled by algorithms which compare the angle between the modules and the earth with the sun
position. This angle is measured by inclinometers, which are integrated within the robotic control. The
structure of the DoubleSun® technology is moved by the robotic 3DSunTracker®, which behaviour is

described in detail in the following lines.

Figure 17. The tracking system is based on a sunflower motion. This will set the modules perpendicularly to the sun

radiation during all the day and year.

The movement of the Sun is followed along two axes, x and y. The X-axis tracks the azimuth of
the sun, during the day (East-West variation), as shown in figure 18. The tracker starts on the most
Eastern position just before the sunrise and reaching the extreme limit Western position at the end of
the day. During 10 seconds for each elapsed minute the system actuates over the X axis to
compensate small misalignments towards the Sun (less than 3 degrees). For higher misalignments
the system will be continuously correcting the error until it goes under 3 degrees. During the night the

X axis will be turned to a horizontal position (0°).
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The second axis — Y axis - will be tracking the elevation of the sun during the year (North-South
variation, this axis rotates about 1° a week, as shown in figure 18). The system actuates to
compensate misalignments on the Y axis only when the X axis is close to the horizontal. In this case,
the system actuates during 5 seconds for each elapsed minute. When the X axis is far from the
horizontal the system will not make any compensation over the Y axis, reducing this way the power
consumption.

The 3DSunTracker® is powered by a 12V Lead-Acid battery. During the day this battery is
charged by the solar panels. A protection circuit is keeping the battery from going flat while it cuts the
power if it goes under 11.5V.

This tracker's control is based on the board inclination and because of this the board should
always be kept in its original position inside the box [13]. Figure 19 shows a picture of the
3DSunTracker® box.

Figure 19. 3DSun Tracker® box. The 3DSunTracker® board and its powering battery are both enclosed inside the same

box.

4.4, DoubleSun ® Maintenance

As all the PV systems, DoubleSun® products need reduced maintenance, mainly for prevention.

The essential system’s cares are resumed in the following table.



Component Maintenance Period of maintenance
Visual inspection of motors’ patella. In case

Motors of obvious erosion it should be changed.
Motors Lubrification
Motors’ patellas Lubrification Annual

Visual maintenance. In case of obvious

Nylon fop/dandy erosion it should be changed.

Screw and screw nut Eventual tighten of this elements
Tracker's battery Replacement of the tracker’s battery Each 5 years
They must be cleaned with water and a
Reflectors and PV modules smooth cloth. The application of detergents and When necessary
solvents is not advisable.
#l

4.5. DoubleSun® Technology VS. fixed PV system

The concentrator with tracking systems increases the energy production of the commercial PV
modules by a factor which varies between 1.72 and 1.80, depending on location. This increase in
energy yield leads to a reduction of the number of modules required to produce the same amount of
energy than a conventional flat system. In a DoubleSun® system, the expensive modules are replaced
by the reflector surfaces which cost is 1/10 lesser than the PV modules. In DoubleSun® technology the
incidence of modules cost is about a half of the total cost of the system; in the fixed system the
incidence of module cost over the fall system is almost ¥ of the total price. The energy increase
based on low cost components allows the reduction of the price of the energy produced by PV

systems, optimizing the clients’ investment.
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5. Theoretical Model

This section explores the theoretical model that was developed to analyze the behavior of a
photovoltaic solar concentrator, and in particular to simulate the DoubleSun® performance. To analyze
the physics behind such a complex system, the model was constructed on a series of easy steps. The
model starts with an elementary estimation of the irradiation that reaches the Earth and ends with the
prediction of output power produced by a system based on DoubleSun® technology. During the
development of the model many parameters are taken into account, all these assumptions are

explained in this chapter. The model was numerically implemented in a Matlab simulation.
5.1. Irradiance Estimation
5.1.1.The PV Source

In one hour, the Earth receives enough energy from the sun to cover its energy needs for nearly a
year. Solar radiation is an electromagnetic wave emitted by the surface of the Sun. The Sun is
composed by a mixture of gases with a predominance of hydrogen which is converted into helium, in
the Sun’s bulk, by fusion reactions. This energy flux is rapidly converted into thermal energy and
transported toward the surface of the star, where it is released in the form of electromagnetic radiation
[29]. The energy is radiated away from the sun uniformly in all directions, in close agreement with
Planck’s blackbody radiation formula [15].

The power density emitted by the Sun is about 64 MW/m?. By the time this energy has travelled
150 million km to the Earth, only 1373W/m? reaches the top of the Earth’s atmosphere, this quantity is

often referred as the solar constant, K, [15].
5.1.2. Irradiance Estimation at First Approximatio  n

To estimate the amount of irradiation available for a given location, at a given time, it is necessary
to develop a model and clarify a few definitions. Irradiation is defined as the measure of sunlight
energy density (kWh/mz). Irradiation is the integral of irradiance (measure of the power density of
sunlight, in W/m?, instantaneous quantity) [15].

The irradiance that reaches the Earth is proportional to the cosine of the zenith angle, , i.e. the
angle measured between the direct beam and the zenith, which is the direction pointing directly above
a particular location (perpendicular) [18], as shown in figure 21. The radiation intensity can be

calculated, at first approximation by:
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where is the radiation intensity or irradiance (W/mz), is the solar constant (1373 W/mz) and is

the zenith angle.



Figure 21. Zenith and Zenith Angle.
Source: http://mynasadata.larc.nasa.gov/images/sza.gif

The maximum value of the irradiance is reached when the sun is at the zenith.

The latitude, ' , which gives the location of a place on Earth north or south of the equator (see
figure 23), bounds the maximum and minimal value of radiation intensity. Between the tropic lines (i.e.
the area centred at the equator and limited by the tropic of Cancer in the northern hemisphere and the
tropic of Capricorn in the southern hemisphere) the radiation reaches its maximum intensity twice a
year, i.e. the sun passes two times by the zenith. At the tropics it only occurs once at the respective
solstice and at the Earth’'s pole, the sunlight reaches the surface with greater inclination and never
perpendicular, i.e. never through the zenith, so there is energy dispersion and the maximum value is
reduced.
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The solar energy has a regular annual cycle due to the movement of the Earth around the Sun,
i.e. the translation movement, but also due to the inclination of its axes as for the elliptical plane. The
polar axis of the Earth is inclined by an angle, , of 23.45° as for the plane of the Earth’s orbit around

the sun [15], as shown in figure 22.
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This inclination is responsible for the sun’s height in the sky, which is higher in summer than in
winter. It is also the origin of longer summer sunlight hours and shorter winter sunlight hours, as
shown in figure 22. In order to calculate the radiation that reaches a particular place or location on the
Earth, it is necessary to define the declination angle (see figure 23), which relates the tilt of the earth
axis, 23.45°, with the Earth’'s translation and rotation movements. The declination is zero at the
equinoxes. If angles north are considered as positive and angles south of the equator are considered

negative, than at any given day of the year, d, the declination can be expressed by the equation, [28]:
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where, + is the declination angle in radians and d is the day of the year after 1% of January.

However, the solar energy has also a regular daily cycle due to the earth motion around his axes,
called rotation movement. A new angle should be introduced, the hour angle (see figure 23 and 25),
=, which measures the angular displacement of the sun from solar noon, in the plane of its apparent

travel.

Figure 24. Hour angle.
Source: se reference [15].



In the northern hemisphere, the solar noon occurs when the position of the sun is exactly over
south. At solar noon the sun is at its highest altitude in the sky. However, solar noon generally is not
the same as noon on the clock. This happens because there are two different concepts of time, the
solar time and the local time, which should be perfectly understood. The “local solar time” (or simply
“solar time”) is the time according to the position of the sun in the sky relative to one specific location
on the ground. In solar time the sun is always due south (or north in the southern hemisphere) at
exactly noon. Solar time is longitude dependent and is generally different from local “clock time”, which
is defined by time zones, i.e. is the artificial time used in everyday life to standardize our time

measurements.

The time zone had put the clocks of the same region with the same mean solar time. Since there
are 24 hours in a day and that the Earth rotates 360° during this period, it is straightforward that the
Earth rotates at a rate of 15%%hr [15, 20, 23]. Time zones are centred on meridians which longitude is
multiple of 15°, usually called reference meridians, . Within any time zones, solar noon occurs at
clock noon only at the reference longitude. As it is shown in figure 25, the shapes of time zones are
very irregular due to national frontiers and political questions. For any time zone, at longitudes east of

, solar noon will occur before 12 noon and at longitudes west of , solar noon will occur after 12
noon.

The zero meridian, usually called Greenwich Meridian or Prime Meridian, is defined as zero
longitude, , and is the reference for the other time zones, as shown in figure 26. This meridian
passes through Greenwich, London, United Kingdom. The hour determined by the Greenwich time
zone is called Greenwich Mean Time (GMT). Each time zone for East of Greenwich represents one
more hour while four West represents one hour less. Thus the time zone immediately East of

Greenwich meridian is called (GMT+1).
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Accordingly to the previous definition it is easy to define the hour angle taking into account that:

The hour angle is the measure of the sun displacement as for the solar noon
At solar noon the hour angle is zero, =0
The Earth rotates at a rate of 45?4>
Solar noon, =0, occurs when solar time, tg, is 12h
At first approximation:

= %@4 A& ®)
where t; is time of day expressed with respect to solar midnight on a 24 hour clock. However,
this hour angle estimation is only correct for reference meridians, D D g , where the solar
noon match the clock noon
If D F Dg itis necessary to insert a new parameter in the hour angle calculations
The new parameter is GD Dg H which is positive for east longitudes and negative for west
longitudes
Since at longitudes east of D¢ , solar noon will occur before 12h and at longitudes west of

Dg , solar noon will occur after 12h the new approximation is given by:

= Y%@4 A& 3 GD D ¢ H (4)

Due to the irregular motion of the Earth around the sun it is necessary to add a correction to
the hour angle calculus, [15,18]:
= %@4 A&! T GD D ¢ H 1K (5)
where, = is the hour angle (rad) and TEQ is given by:
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Finally, if the declination, +, the latitude, ' , and the hour angle, =, are known, the incidence angle

of the sunlight at a certain location, at a given day and time, can be determined using [15,18]:
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5.1.3. Influence of the atmosphere in the Irradiat  ion estimation

The calculation of the radiation intensity requires other parameters such as the attenuation of the
radiation due to the atmosphere. As sunlight propagates through the Earth’s atmosphere, some is
absorbed (mainly by ozone, water vapour, oxygen, carbon dioxide and absorbing aerosols such as

dust and smoke), some is scattered (due to air and aerosols), and some passes unaffected by it.

Figure 27. Transparency of the atmosphere as a function of wavelength and the influence of absorption by different
atmospheric gases.

Source: http://oceanworld.tamu.edu/resources/oceanography-book/radiationbalance.htm

Ozone plays an important role by absorbing a significant amount of radiation in the ultraviolet
region of the spectrum, while water vapour and carbon dioxide absorb primarily the visible and infrared
parts of the spectrum. The absorption occurs in lines and bands while the scattering takes place over
the whole solar spectrum, with more or less spectral depending on the aerosols characteristics. Thus,
the Sun radiation is restricted to certain wavelength values when reaches the terrestrial surface. This
values range from 300 to 2500 nm. It is composed by 9% of Ultraviolet radiation (D P > VW ), 39% of
visible light (400nm<X<700nm) and 52% of infrared.



Figure 28. Solar spectrum. Profile of the spectrum when observed outside of the Earth atmosphere and profile of the
spectral irradiance from a blackbody at 5800K.
Source: http://odin.physastro.mnsu.edu/~eskridge/astr101/week5.html

As shown in figure 28, the pattern of the solar spectrum resembles closely the radiation of a
perfect black body at 5800K.

The atmosphere is not homogeneous so the attenuation factor changes from one place to
another. However, as usually, in the theoretical model used in the present analyse, the Earth
atmosphere was assumed as homogeneous and with constant thickness.

The intensity of sunlight is reduced by the mass of air travelled by the light in atmosphere, i.e.
greater pathway means higher attenuation. Thus, it is defined airmass (AM) as the path length which
light takes through the atmosphere normalized to the shortest possible path length (that is when the
sun is directly overhead). The airmass quantifies the reduction in the power of light as it passes
through the atmosphere and is absorbed by air and dust. The path length of the sunlight is generally
compared with a reference value, usually called as AM 1. This represents the path of the sunlight
through a dry and clean atmosphere when the sun is exactly at the zenith ( ,=0°). As it is shown in
figure 29, the distance travelled by the radiation is proportional to the secant of the zenith angle,
[15,21]:
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As expected as the latitude drives away from the equator (zero latitude), the maximum intensity of
solar noon tends to decrease, because the path of the solar radiation through the atmosphere is
longer than AML1. As the latitude drives away from equator the minimal and maximal distance crossed

through the atmosphere tends to increase, figure 29 and table 3.



Figure 29. Variation of the air mass during the year for Berlin, Cairo and Oeiras .
Source: See reference [21]

Local Latitude (9 ] aimax (9 1~min (9 AM max AM pin

Berlin 52.523 75.61 29.2 AM 4 AM 1.15

Oeiras 38.697 61.18 15.29 AM 2.14 AM 1.03

Cairo 30.057 53.4 6.6 AM 1.7 AM 1.01
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In figure 31, the curve labelled AMO is the reference spectrum, which illustrates the irradiance
measured at the top of the terrestrial atmosphere. After passing through the atmosphere with the
minimal path length ( _ ), AML, the irradiance is reduced to approximately 1000 W/m?® and has a
modified spectral content due to the atmospheric absorption. The irradiance for AM 1.5 is accepted as
the standard calibration spectrum for the photovoltaic cells.

At AM1, after absorption has been accounted for, the intensity of the global radiation is generally
reduced from 1367 W/m? to just over 1000 W/m? at sea level. Hence, for an AM1 path length, the
intensity of sunlight is reduced to about 70% of its original AMO value. The better fit for observed data
is given by [15]:
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where, is the radiation intensity (fgW <), s the solar constant (@ 3 2fgW <) and YZ is the airmass

previously defined.



Figure 30. Spectral irradiance at the top of the atmosphere (AMO) and for a path length of AM1.5 through the atmosphere.
Source: See reference [21]

5.1.4. Influence of the distance between the Eart h and the Sun

The distance between the Earth and the Sun changes by 1.7% between apogee and perigee. This
effect is responsible for a fluctuation of the solar constant, 1373 W/m?, which varies during the year

according to [19]:
678
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where, is the new solar constant (which varies as to L) and L is the day of the year after 1 January.

Thus, equation 8 is now given by, [15]:
| %3 & & (10)

where, is the radiation intensity (fgW <), is the new solar constant (which is given by equation 9)

and YZ is the airmass previously defined.
5.1.5. Clear sky radiation and attenuation factors

In the previous study, of solar radiation, it was assumed that the sky was cloudless (clear-sky).
Maximum insolation is obtained when skies are absolutely clean and dry and relatively less radiation is
received when aerosols are also present [24].

In order to obtain a realistic radiation, it is necessary to consider clouds attenuation, which is

defined as:

h i jkimnk (11)
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where, \ywand .3 are the global radiation intensity and the radiation intensity at clear-sky
conditions registered in [24]. Theoretical analysis of the attenuation of solar radiation passing through
clouds requires great deal of information regarding instantaneous thickness, position and number of
layers of clouds, as well as their optical properties. In this theoretical model the clouds attenuation
factor is an average value, which was estimated for each month.
This factor influences the radiation intensity as shown in the following equation:

I %3 & & (12)

where, is the radiation intensity %fgW<& is a the solar constant as a function of the day, YZ is the

airmass and h is the clear-sky factor.
5.2. Power produced by a system based on the Doubl  eSun® technology
5.2.1.Tracking System

As described in subsection 4.3., the DoubleSun® technology integrates a tracking system, which

tracking East-West aperture is limited to certain values (see Annex A).

&!

To estimate the irradiation that falls upon a system with this technology it is necessary to multiply
equation 12 by a factor that takes into account the relative position between the incident radiation and

the direction perpendicular to the collector:
I %3&R &1 RRY=, €& (13)

where, is the radiation intensity %fgW<& is the solar constant as a function of the day, YZ is the
airmass, h is the clear-sky factor, = . is the maximum aperture (50°) of the DoubleSun® system and =
is the hour angle. This factor is only taken into account when €=€ « =, , i.e. when the tracking system
is stopped. Otherwise, the factor .R2%= & &is equal to one and the equation equals equation
(12).
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For values within the tracking aperture bounds, the cosine factor disappear because there is a
perfect tracking, i.e., the incident radiation is perpendicular to the collector maximizing the radiation

absorption. When the system is fixed only the perpendicular component of the radiation is absorbed.
5.2.2.Modules efficiency

Usually, the power conversion efficiency of the solar module is only measured in standard test
conditions (STC), which are 1=1000W/m?, AM=1.5 and T=25°C. This specific situation considers
unigue values for temperature and radiation so, it cannot be assumed as the real behaviour of the
entire system in outdoors. Each modules have its efficiency, which generally is available in their

manuals. The DC power obtained, taking into account the modules efficiency, is estimated by:

;! (14)
where, , is the DC power (fgW <), is the module efficiency as provided by the manufacturer at STC

and is the flux of radiation that reaches the surface of the earth (fgw <) .
5.2.3.Temperature

The module temperature is a crucial parameter in the system. In this subsection the influence of
the temperature is implemented in the model, this parameter is called as temperature coefficient ( T).

When the PV cells are assembled in the module, they can be characterized as having a nominal
operating cell temperature, Tyoct. The Trocr is the temperature that cells will reach when operated at
open circuit in an ambient temperature of 20°C at AM 1.5 irradiance conditions, 1=800 W/m? and a
wind speed less than 1m/s. For variations in ambient temperature, T,, and irradiance, I, the module

temperature (in °C) can be estimated by the linear approximation:

l, 1 U feeti g (15)



where, Ty is the module temperature ( C) and T, is the ambient temperature ( C).

The combined effects of irradiance and ambient temperature on modules performance must be
considered with great attention because excessive temperature elevation in the modules leads to cell
damage. Thus, a new parameter, called temperature coefficient,+| , should be inserted in equation 14.
This parameter takes into account the influence of the module temperature in the output power. The

temperature coefficient is defined as presented in the following equation:

+ U % | & (16)

where, +| is the temperature coefficient, Tg is the reference temperature of the module at STC (25°C)
and Ty is the module temperature determined by the equation 15, is the thermal coefficient of Py
(i.e. percentage of P,y lost by the increase of 1°C in modules temperature). All the properties of the
modules are tested at the reference temperature, Tr=25°C. However, if the module temperature
increases, the efficiency of the module is also changed. The difference between the module
temperature and the reference temperature gives the rise of the module temperature. Multiplying this
difference by the temperature coefficient we achieve the loss percentage of maximum power. If this
value is subtracted to 1 we achieve the efficiency of the module due to its temperature. The power
can now be described as:
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where, , is the output DC power2%fgWé& is the efficiency of the module, is the radiation intensity
and +| temperature coefficient.

If the module temperature is equal to the reference temperature, the system’s performance is not
affected, being +I @ . Otherwise, if the modules temperature exceeds the value of the reference

temperature, +1 P @, the obtained power will be smaller.

5.2.4.Concentration

The solar radiation that reaches the Earth has two components: diffuse radiation and direct
radiation. The direct radiation is the sunlight that reaches the Earth’s surface without scattering, it is
about 75% of the global radiation; and the diffuse radiation is the scattered sunlight, about 25% [21].
The quantity of direct solar radiation is hard to estimate because, as it was referred behind, it depends
on certain parameters such as the quantity of clouds in the sky, atmosphere components and the
position of the Sun, which vary from place to place. For example, in cloudy days the amount of diffuse

radiation increases.



Figure 33. Direct and diffuse radiation.
Source: See reference [21]

The concentration will increase the produced DC power. The concentration is introduced in the
theoretical model by the concentration coefficient, +". This parameter is calculated by the following
equation:

" @UR" @&! .! & (18)

where, LA is the ratio between the direct radiation and the global radiation, . is the efficiency of
ZotteMe

the mirrors, and C is the ratio between the effective area (modules area plus the area of

concentration) and the modules area:
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where, Y ceis the effective area, which is obtained by the sum of the modules area (Y_,s ) plus the

concentration area (Y, ).

Figure 34. Sketch of the concentrator system. Definition of the effective area, A, and modules area, Anog. The effective area

consists on concentrators/mirrors area plus the modules area.

In equation 18 the factor (C-1) gives the ratio between the area of concentration and the modules

area. This ratio must be multiplied by the efficiency of the mirrors,2., which is defined as:

Lo (20)



where, is the efficiency of the mirrors as reflectors and is the percentage of direct radiation
reflected by the mirrors. When the light falls upon the mirror, only a percentage of the incident
radiation is reflected, this value is called efficiency of the incident radiation, , and depends of the
mirrors quality.
The DC power can be calculated by:
;L2 (22)

where, , is the output DC power %fgW<& is the module efficiency, is the radiation intensity, +l is

the temperature coefficient and +" is the concentration coefficient.

It is important to notice that +1 is now calculated with the new flux of radiation, , , , which

is composed by the direct radiation plus the reflected radiation. Thus, the new radiation flux is:
X zx +"2 (23)

where, , ,« is the radiation intensity due to concentration (fgW <), is the radiation intensity
(fgw <) that reaches the Earth and +"2is the concentration coefficient.

As it was seen before, the module temperature depends on the amount of radiation that reaches
the module, so, the module temperature is changed when concentration is taken into account. The
new module temperature is:

U—ttS o 222022 (24)

la | ,_
where, |, is the module temperature (°C), | ,_ is the ambient temperature (°C) and , , is the

radiation intensity taking into account concentration (fgW <).
5.2.5. Inverter
Inverters are available in a wide range of power scales. All the inverters have an efficiency which

should be considered in the AC power calculation. When considering the inverter efficiency the AC

power is calculated by:

G L@ 'Y e 222222222 3"5

where, Ppc is the produced DC power (W) , is the inverter efficiency (usually above 90%) and
Y 6 is the area of the modules (m?). The modules area is introduced in the previous equation in

order to calculate the total power produced by a system similar to the presented at WS Laboratory.



5.2.6. Time adjustment to real measurements

To have a model which produces results that can be compared with experimental data it is
necessary to introduce a final parameter that corrects the solar time. This parameter is related with the
hourly change, which consists on the anticipation and delay of one hour in spring and autumn,
respectively. This change aims to reduce the global energy consumption, by matching the labour
hours with the sun hours. The shifting occurs in the last Sunday of March and October, respectively,
as sketched in figure 35. For the reference meridians, the solar noon and the clock noon only match in
winter time, because at summer time there is an anticipation of one hour. Portugal had adopted this

change since 1976.

Last Sunday Last Sunday
(e.g. 30 March 2008) (e.g. 26 March 2008)

! B

JAN |FEB |MAR APR |MAY |JUN |JUL |AUG |SEP |OCT NOV |DEC

Winter time Summer time (+1h) Winter time

Figure 35. Time adjustment



6. Numerical Model

The model in study was developed considering several parameters, such as, the radiation
intensity, the ambient temperature and the module efficiency. In this section, the source and value of

each parameter is explained and defined.
6.1. Standard Test Conditions (STC)

In Europe, the PV modules must follow the norms of the IEC (International Electrotechnical
Comission). To warrant that the PV modules fulfil these norms, they are submitted to several tests,
which are achieved under the Standard Test Conditions (STC). These conditions are a set of
reference photovoltaic device measurement conditions consisting of a global irradiance of 1000W/m?

with spectral distribution conforming to AM 1.5 spectrum and a PV module temperature of 25°C, [25].

. E @ fgW <
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6.2. Airmass conditions

The reference value for the airmass is called AM1. This parameter was described in section 5.1.3.

and takes the following value:
YZ%_&'YZ@ @
For AM1 de radiation intensity that reaches the Earth is 10002fgw <.
6.3. Modules

At WS Laboratory located in 38.74° and -9.30°% lati tude and longitude, respectively, the
DoubleSun® technology has been initially tested with the SANYO HIP-190BE11 modules. Today,
several commercial modules are currently being analyzed.

Sanyo modules are based on the SANYO HIT (Heterojunction with Intrinsic Thin layer) solar cell,
which is made of a thin mono crystalline silicon wafer surrounded by ultra-thin amorphous silicon
layers. Cells have high conversion efficiencies, excellent performance at high temperature and
considerable output under diffuse and low light conditions. HIT solar cells have an efficiency of above

18%, and consequently module efficiency, about 16.1%,[25].



Figure 36 . Sanyo modules performance under several &0l 6 7& (1
temperatures operating conditions. = &
Source: See reference [25] F"G

The main parameters of Sanyo BE11 solar modules can be listed as:
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are defined in subsection 5.2.3

6.4. Mirrors

Mirror characteristics were explained in detail in subsection 4.1. The main parameters that are

used in the theoretical model are listed in the table 4.

Measurement Value
Total Light Reflection for 30° z (o5}
Diffuse Light reflector for 30° O@ce

Table 4. Characteristics of the mirror

Using the parameters listed in the previous table, it is possible to calculate the following values:
(o] & & (



6.5. Inverter

The Sunny Boy SB 1100LV is the inverter used in WS Laboratory to carry out the experimental
tests. At first approximation we can assume that the efficiency is constant and takes the following
value:

i

This approximation is reasonable since the efficiency is constant over the operating condition.
Later on, to confirm this assumption, the constant efficiency was replaced by an expression that gives
the efficiency as a function of the output power (which profile is shown in figure 38). The results
obtained for both situations will be compared in section 7.2.5. and the best approximation will be

achieved.

Figure 38. E fficiency of the Sunny Boy SB 1100LV as a function of the output power

6.6. Atmosphere Temperature

The ambient temperature was provided by the website [24]. The data presented in this site was
fitted to a Gaussian to obtain a profile of the monthly ambient temperature.

For a comparison between the results obtained with the theoretical model and the results
measured at WS Laboratory, it was used the ambient temperature measured at the WS Laboratory.

The sampling was based on average value taken over 15 minutes step.

6.7. Module Temperature

Photovoltaic cells are dark in colour. By absorption within the body of the cell or its substrate, most

of the energy of the incident radiation which is not converted to electricity is converted in heat.
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In the absence of irradiation the modules temperature is equal to the ambient temperature.
Nevertheless, when the radiation starts do light on the system, the modules temperature start

increasing. This parameter is calculated by the equation 15 where for the Sanyo modules:

lse >>4_"

For a comparison between experimental data and the results of the simulation, it was used the
module temperature measured at the WS laboratory. This data was sampled every 15 minutes. The
temperature sensor is a small electronic component located in the face of small board depicted in
figure 39. This face should be perfectly leaned against the back of the solar panel to have a correct

measure of tem perature.
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6.8. Irradiance

Irradiance was calculated by equation 12 explained in subsection 5.1.5. It is also possible to

measure the global radiation at the WS Laboratory, with a sampling of 15 minutes.

6.9. Ratio between direct and global radiation

The ratio between the direct radiation and the global radiation, , is different for each day of the
year and is not only time dependent but also varies in compliance with atmospheric conditions. So, it
is very difficult to predict a precisely function that describes behaviour. For a more realistic
approximation, it was used the data presented in reference [24]. This site provides mean values of the

variation during a day for each month. By fitting this information it was found an for each month,

which subsequently were inserted in the program.



6.10. Clear-sky index

The clear-sky index was calculated based on the data presented in the website referred in [24].

This index was calculated by the ratio between the radiation designated by ,,;;  and the radiation

designated by yx,,w A mean value was estimated for each month.

6.11. Numerical benchmarking days

The program was tested for four special days of the year; spring equinox (20 of March), autumnal
equinox (20 of September), summer solstice (21 of June) and winter solstice (21 of December).

The equinox occurs at the beginning of spring, March 20 (vernal equinox in the northern
hemisphere), and at the beginning of fall, September 20 (autumnal equinox in the northern
hemisphere). In spring the sun is moving from rising south of due east to rising north of due east. In
fall, the sun is moving from rising north of due east to rising south of due east. The irradiance profile
obtained for these days should perfectly agree. The matching of the results is a proof of the program’s
validity.

The Summer solstice occurs around June 21 and is the day of the year with the longest period
between sunrise and sunset. In the northern hemisphere north of the tropic of cancer (latitude 23.45°),
solar altitude reaches its highest point on summer solstice. Thus, the irradiance profile for this day
must be the uppermost result.

Winter solstice occurs around December 21 and is the day of the year with the shortest period
between sunrise and sunset. The maximum solar altitude during the day is at its lowest value at winter
solstice. Contrarily, to the case before, this day must present the smallest irradiance profile.

The comparison of these four days provides an initial model validation. The final validation only

will be attained after a comparison with the experimental results measured at the WS laboratory.



7. Data analysis and experimental comparison

Photovoltaic devices are designed to operate outdoors for an extended period of time. To
guarantee reliability, it is necessary to study the influence of environmental conditions on the
performance of PV systems. In this chapter, the results obtained with the theoretical model described
in the previous sections are presented and analyzed. The real results will confirm the validity of the
model and allow the prediction of the system behaviour when exposed to real outdoors conditions.

The local site in study is the solar WS Laboratory which is in Tagus Park, Oeiras, Portugal. Its
coordinates are 38.74° and -9.30° for latitude and longitude, respectively. The reference meridian is
the Greenwich Meridian, which longitude is zero.

In the following sections all the results will be analysed in detail and interesting conclusions will be

achieved.
7.1. Earth Irradiance for the benchmarking days

The validity of the model is tested in this sub-section. All the previous assumptions will be justified

and the results obtained for the benchmarking days will provide improvements in the model.
7.1.1. Earth Irradiance neglecting the atmosphere  attenuation

In this subsection it is considered an Earth without atmosphere. Since the atmosphere is
disregarded, the maximal value of the irradiance should match the extra terrestrial irradiance value,
1373 W/m?®. In this case, it is considered that the radiation that falls upon the surface of the Earth will

not suffer any attenuation. Thus, it should hit always the same value, from sunrise to sunset.
7.1.1.1. Solar constant as a constant value

At first approximation, the solar constant was assumed as a constant value, K, (see subsection
5.1.1.). The obtained profile for the irradiance that reaches the surface of the Earth is presented in
figure 40.

Since the atmosphere attenuation is being considered, the radiation intensity only undertakes two
different values; it is zero before the sunrise and after the sunset, and reaches the maximum value,
1373W/m?, between the sunrise and the sunset. This radiation intensity leap, before and after the
sunrise/sunset, is due to the absence of atmosphere, which plays an important role in attenuation of
the radiation. When the atmosphere is taken into account it will be presented a different radiation
profile. The radiation intensity will depend of the mass of air travelled by the sunlight and this pathway
will vary with the hours of the day. Thus, the intensity jump presented in the profile of figure 40 will be
replaced by a smooth radiation increase.

Results show that in summer the days are longer than in winter. The durability of the days is

directly related with the height of the sun in the sky, which is higher in summer than in winter. It is
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straightforward that higher sun altitude means more hours of sunlight, thus summer days are longer
than winter days. The maximum and minimum hours of sun that a day can reach are bounded by the
summer and winter solstices, respectively. These days have the highest and smallest peak of the sun
in the sky. The spring and the fall equinoxes match almost perfectly. These benchmarking days tend

to oscillate according the year.

Figure 40. Profile of the radiation intensity neglecting the attenuation due to the atmosphere.

7.1.1.2. The solar constant varies as a function of  the days

To improve the model, it is important to consider that the distance between the Earth and the sun
slightly oscillates due to its elliptical orbit (oval-shaped). This means that the Earth is slightly closer to
the sun during some parts of the year (winter for the northern hemisphere) and further away at other
times (summer for the northern hemisphere). Thus, the solar constant should vary during the year
according to equation 9 and the maximum intensity values reached by the radiation in the
benchmarking days is slightly changed, as shown in figure 41.

The maximum values attained for each of the analyzed days are presented in table 5. The highest
value is obtained in the winter solstice. In this day the Earth reaches its closest position as to the Sun.
As a consequence, the energy losses due to the pathway between Sun and Earth is smaller than in

the summer and higher radiation intensity values are attained.

Benchma rking day Irradiance maximum value (W/m ?)
March 21 1373
June 20 1368
September 22 1373
December 21 1378
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Figure 41. Profile of the radiation intensity taking into account the oscillation of the solar constant, K.

7.1.2. Radiation intensity taking into account the atmosphere

The atmosphere is responsible for the attenuation of the radiation intensity. As it is shown in figure
42, the atmosphere modifies the whole radiation intensity profile. As a result, the maximal radiation
intensity reached for each of the analyzed days is reduced.

The profile of the radiation that reaches the surface of the Earth is different when the atmosphere
is taken into account. Instead of a square profile with a single value for the radiation intensity between
sunrise and sunset, as shown in figure 41, the radiation reaches several values during the day. These
values depend on the pathway of the sunlight through the atmosphere. The atmosphere attenuates
the radiation in a different way according to the position of the sun in the sky. As the sun gets closer to
solar noon, its highest position in the day, the sunlight travels over a small amount of air mass. Thus,
the smallest attenuation occurs at solar noon while at the beginning and at the end of the day the
attenuation reaches its highest levels.

When the attenuation of the atmosphere is considered, the maximum radiation intensity reached
in the winter solstice is smaller than in the summer solstice. This happens because in the first case the
sun is at its lowest position so the pathway of the light through the air mass is longer than in the
summer. The higher attenuation leads to a higher decrease in radiation intensity. In the winter solstice
the attenuation at solar noon is about 45%. In June 20, the summer solstice, the situation is exactly
the opposite because the sun is at its highest position, so, the mass of air travelled by the sunlight is
less than in winter. In the summer, the minimum attenuation at solar noon is about 30.5%, in the
summer solstice. At the equinoxes the pathway of the sun is exactly the same so the radiation
intensity undergoes the same attenuation. Table 6 shows the maximum values of the irradiance
reached for the benchmarking days and the maximum values of the irradiance when the atmosphere

is neglected (which is the same that consider extra terrestrial irradiance). Both values are compared in



the most left column, where the irradiance reduction due to the atmosphere is registered as to the

extra terrestrial irradiance.

Figure 42. Profile of the radiation intensity taking into account the attenuation due to the atmosphere.

Benchmarking Ma_tximum value of the i rra_diance taking Maximum value f_or the Reduction in the i rradis_ance
days into account the attenuatlon2 of the _extra terrestrial 2 as for _the extra terrestrial
atmosphere (W/m ©) irradiance (W/m ©) irradiance (%)
March 21 898.7 1373 -34.5%
June 20 949.5 1368 -30.5%
September 22 898.7 1373 -34.5%
December 21 754.4 1378 -45.0%

Table 6. Radiation intensity taking into account the attenuation of the atmosphere and neglecting its influence. Reduction
in percentage of the irradiance when the atmosphere is taking into account. The presented values were measured at solar
noon.

Figure 43 shows the profile of the radiation incidence angle in the atmosphere. This angle is
measured as for the normal to the location. At sunrise/sunset the angle is 90° and at solar noon the
angle reaches the minimum value. This minimum is different for each day of the year and is related
with the sun height in the sky. It never reaches zero for this location, the minimum incidence angle is
15.31° in the summer solstice at the solar noon. A higher height means an approach as for the
perpendicular to the location, i.e. a smaller incidence angle. Thus, the smallest incidence angle is
reached in the summer solstice which leads to a smaller attenuation and higher radiation intensity
values.

On the other hand, it is important to notice that the solar noon does not match with the 12h of the

local time. In Tagus Park Lab, the noon occurs at 12h45min of the local time.



Figure 43. Incidence angle of the radiation as for the perpendicular to the location

7.1.3. Taking into account the clear-sky index

The clear-sky index is a mean value calculated for each month. A higher clear-sky index means
that more radiation will reach the surface of the Earth. The mean values of the clear-sky index, for
each of the analyzed days, are registered in table 7. December has the smallest clear-sky index
because it is a month with high nebulosity. This table also shows that the attenuation is higher in the
months with the lower clear-sky indexes.

Since the clear-sky index in March is different of the clear-sky index in September, it is
straightforward that the profile of the radiation intensity will be different even if in principle the radiation
intensity reaching the Earth is the same as shown previously. Thus the radiation intensity is smaller in

March, as shown in figure 44, due to the higher nebulosity of this month.

Benchmarking Maximum value of the irradiation Maximum value of the irradiation taking into Clear-sky
days in clear-sky conditions (W/m %) account the factor clear-sky index  (W/m?) index
March 21 898.7 647.4 0.72
June 20 949.5 735 0.77
September 22 898.7 703.7 0.78
December 21 757.4 370.8 0.49

Table 7. Maximum value reached by the irradiance in clear sky conditions and maximum value reached by the irradiance
when the clear-sky index is taken into account. These values were registered at the solar noon. The clear-sky index is also
registered in the most right column.
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Figure 44. Attenuation of the radiation intensity due to the clear-sky index, f. In the legend, the label “with f" means that the

clear-sky index is taken into account and the label “without f” means that it is considered clear-sky conditions.
7.2. Power output for the benchmarking days

In the previous sections we considered the losses of energy due to the travel of the radiation from
the sun to a particular location on the Earth surface. In the following sections it will be explored the
losses during the conversion of the sun energy into electricity. In this section these losses are
analyzed and the output energy for a system based on DoubleSun® technology is estimated. The
values presented in the following have been obtained using the theoretical model described in section
4,

7.2.1. Aperture of the tracking system

The DoubleSun® technology integrates a tracking system which aperture is limited to [-50°, 50°].
These bounds modify the profile of the radiation intensity received by the system, as shown in figure
46. Since the tracking system works between 8h30 and 17h, the highest energy loss will occur for the
days with more hours of sunlight, i.e. the summer days. However, on the whole, the energy loss for a
day will be insignificant, because the hours with higher radiation intensity are not affected by these
tracking bounds. This assumption will be verified in section 7.2.6., with the analysis of the system

output energy.
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Figure 46. Profile of the radiation intensity taking into account the aperture of the DoubleSun® system (labeled as limited) and

profile of the radiation intensity considering a DoubleSun® system that tracks the sun since the sunrise till the sunset.

7.2.2.Ambient temperature

In this subsection it is presented the profile of the ambient temperature, which was obtained by the
data presented in reference [24]. These temperatures are average values calculated for each month,
which means that higher temperatures can be reached in a specific day of each of the represented
months. Higher ambient temperatures will be reached when specific days are analyzed.

The ambient temperature influences the module temperature. The months with high temperatures
will induce higher modules temperature, with decrease in the modules performance, as it will be

shown in subsection 7.3.

Figure 46 . Profile of the average atmospheric temperature for March, June, September and December. These profiles were
obtained by a fitting of the data registered in the website referred in [24].
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7.2.3. Profile of the ratio between the direct rad iation and the global radiation,

The \ parameter influences the amount of radiation that falls upon the system. Since a
concentrator only works with direct radiation, higher values, i.e. higher amount of direct radiation,
will lead to higher output energy. As presented in figure 47, September is the month with higher
amount of direct radiation.
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7.2.4. Comparison of the modules temperature in a tracking system and in a system
that integrates DoubleSun® technology

The modules temperature reaches higher values when integrated in a system based on
DoubleSun® technology, as it is shown in figure 48. This result was expected since in this system, the
amount of radiation that falls upon the modules is higher than in a system that only integrates tracking.

The major increase in the modules temperature occurs for the months with higher radiation
intensity and higher amount of direct radiation, i.e. higher . However, as shown in figure 48, this
temperature increase is always below the critic modules temperature, 80°C. The critic module
temperature is the maximum value that the module temperature can reach without damage the
module. This value is about 95°C, however, at WS Energia, in order to protect the modules over 20
years operation, we consider that the critical value is about 80°C.

It is necessary to take in account that the atmospheric values that were considered for this
calculus were mean mensal values. This means that the critical ambient temperatures are not
achieved here. Nevertheless, the module temperature is far away from the critical value, 80°C. In

section 7.4. it will be presented the results for specific days with higher ambient temperatures.
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Figure 48. Comparison between the profile of the average module temperature reached at a DoubleSun® system and the
profile of the average module temperature reached at a tracking system.

7.2.5.Inverter efficiency as a function of the out  put power

In this subsection it is compared the difference between the output power for a constant inverter
efficiency, e=0.9, and the output power for an inverter efficiency that varies as a function of the output
power, figure 50. This profile was obtained by a fitting of the data presented in figure 38.

The profiles of the output power for both situations are presented in figure 49. The inverter
efficiency as a function of the output power increases the output power in hours where the radiation is
more intense. In order to verify if it is important to consider the inverter efficiency as a function of the

output power, it is necessary to analyze the energy graphic, which is presented in figure 50.

Figure 49. Comparison between the output power obtained when it is assumed an inverter with constant efficiency
(¢ £ ) and the output power obtained when it is assumed that the inverter efficiency varies as a function of the output power
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Figure 50. Accumulated energy normalized to peak PV power module STC. Comparison between the energy obtained
when it is assumed an inverter with constant efficiency and the energy obtained when it is assumed that the inverter efficiency
varies as a function of the output power.

As shown in figure 50, the output energy of the system is slightly increased if it is considered an
inverter efficiency that varies as a function of the output power.

The maximum energy values, reached for each of the benchmarking days, are presented in table
8. In the most right column it is presented the percentage of difference between the total energy
calculated when the inverter has a constant efficiency and the total energy calculated with an
efficiency that varies as to the output power. This percentage is calculated as to the last parameter.
According to these results, if it is considered an inverter efficiency with more 2.6% of efficiency the

adjustment would be much better, as shown in figure 51.

Benchmarking T_otal Energy cglc_ulated Tota}I _Energy calcula_ted with % of diﬁerqnce as to the total energy
days with constant efficiency efficiency as a function of calculated with an efficiency that varies
(KWh/kWp) the output power (kWh/kWp) as a function of the output power
March 21 16.51 16.95 -2.6
June 20 21.64 22.21 -2.6
September 22 17.55 18.02 -2.6
December 21 7.36 7.58 -2.9

Table 8. Total energy calculated when it is assumed an inverter with constant efficiency and total energy calculated when it is
assumed that the inverter varies as a function of the output power. The most right column shows the percentage of difference as
to the total energy calculated when it is considered efficiency as a function of the output power. The total energy is the energy
accumulated in the end of the analyzed day.
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Figure 51. Accumulated energy normalized to peak PV power module STC. Comparison between the energy obtained
when considering an inverter with constant efficiency and the total energy obtained with an inverter efficiency which varies
according to the output power.

The slope of the energy profile is related with the radiation intensity and with the amount of direct
radiation. Thus, a pronounced slope means higher radiation intensity. By the other hand, the
maximum radiation intensity is reached at different instants for each day, because the number of the
sunlight hours for each day is different. For the equinoxes days the maximum energy is reached at the
same time, however its value is different because in September the radiation intensity is higher than in

March.
7.2.6.Energy

With the DoubleSun® technology, the energy reached in the end of the day is much higher than

with a tracking system, as shown in figure 52 and in the table 9.

Figure 52. Accumulated energy during the day. Comparison between the final energy produced by a system based on
DoubleSun® technology and the energy produced by a traditional PV tracking system.
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Benchmarking Total e nergy obtained with a Total e nergy obtained with % of energy increase as

days tracking system (kWh/kW) DoubleSun ® technology (KWh/kW) to the tracking system
March 21 11.17 16.99 52.10
June 20 14.87 22.27 49.76
September 22 11.85 18.06 52.04
December 21 4.09 7.57 85.08

Table 9. Comparison between the total energy produced during the day by a tracking system and total energy produced during
the day by a system based on DoubleSun® technology. Percentage of difference between the final daily energy obtained with a
tracking system and the final daily energy obtained with a system based on DoubleSun® technology, all divided by the total
energy produced by the tracking system.

As it is shown in table 9, the concentration is responsible for an increase of about 60% in the
energy produced in a day by a tracking system.

The main responsible for the energy raise, in a concentrator system, is the amount of direct
radiation. This can be proven by a comparison between June 20 and September 22. Since the mean
ambient temperature, in these days, reaches approximately the same values, and that the radiation
intensity is higher in June than in September, the only factor that justifies the higher energy increase in
September than in June is its high , i.e. a higher amount of direct radiation.

At first appreciation it is strange why the energy increase is higher in March 21 than in June 20,
since the radiation intensity and the is higher in the last one. However, when the ambient
temperature for each of these days is compared, this doubt is explained by the lower ambient
temperatures in March, which lead to lower module temperature and higher module performance.

In spite of the total output energy reaches the highest values for the months with higher radiation
intensity, the highest energy increase is reached for the day with the lowest ambient temperature. The
highest energy increase with the DoubleSun technology is verified for the coolest day, December 21.

In subsection 7.2.1., the influence of the tracking bounds was analyzed. It was asserted that the
tracking limits will certainly be insignificant in the final energy output of the system for a day. The
values of the energy produced for the analyzed days are presented in table 10. Analyzing the column
on the right, which shows the difference of percentage obtained by the difference of energy between

the two situations in discussion, it is clear that the tracking limits are insignificant in terms of energy

loss.
Benchmarking Energy with a DoubleSun ® Energy without tracking % of difference as to the
day system bounded to [-50°, 50°] limits tracking without bounds
March 21 16.99 17.13 0.82
June 20 22.27 23.06 3.55
September 22 18.06 18.21 0.83
December 21 7.57 7.57 0.00

Table 10. Comparison between the energy produced during the day with a DoubleSun® system, which tracking system is limited
to [-50%509, and the energy produced by the same system but without tracking limits. Percentage of difference between the two
analyzed cases as to the tracking without limits.

The most affected day by the tracking limits is June 20. However, the energy difference is very
low, about 3.55%, which is also negligible. Since this is the biggest day of the year, it is straightforward
that this energy loss is also the highest possible. For a more detailed analysis, it is important to see
figure 53, where the profile of the energy production is represented for each of the benchmarking

days.
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Looking at figure 53, it is evident that the loss of energy occurs at the beginning and at the end of
the day, where the tracking system is motionless. During the most important hours, the difference of
energy remains constant. Such results confirm that the choice of introducing limits to the motion will

not be significant in the daily energy yield.

7.3. Earth Irradiance profile during the year

After a detailed analysis of the benchmarking days it is time to study the performance of the
system during the full year. Figure 54 shows the profile of the radiation intensity, taking into account
the atmosphere attenuation, during the year and during the day. The daily profile is similar to the
profile analyzed in previous sections. For the summer months it is verified that this profile is larger
because the sun is at its highest point so, there are more hours of sunlight, as shown in figure 54. The
highest irradiance values are also reached for the summer months, i.e. June, July, August and

September.



Figure 54. Profile of the radiation intensity that reaches the surface of the Earth, during the day and during the year

When the clear-sky index is taken into account in the simulation, the profile is changed as shown
in figure 55. The smooth curve observed in figure 54, is replaced by well defined stages because each
month has its mean clear-sky index value. As it is shown in the same figure, the summer months have

the highest clear-sky index, while in the winter months this factor is very low.

Figure 55. Profile of the energy during the day and during the year when it is considered the clear-sky index.

In general, the major contributors for the PV energy production during a year are the summer
months. DoubleSun® technology is not an exception. As it is shown in figure 56, the higher growth in
the energy production occurs in summer. The slope of the energy profile obtained for the DoubleSun®
technology is higher in the middle of the year, i.e. in summer months, than in the beginning and in the

end of the year. In one year the DoubleSun® technology can produce 2716 kWh/kW of energy, which



means more 50% of energy than a tracking system and more 97.3% (30% due to solar tracking and
67.3% due to concentration) of energy than a traditional fixed system with optimal orientation, as

shown in table 11.

Figure 56. Accumulated energy normalized to peak PV power module STC. Comparison between the accumulated energy
produced by a system based on DoubleSun® technology and the accumulated energy produced by a tracking system during

the year
Fixed system Tracking system System based on DoubleSun © technology
Annual Energy (kWh/kW) 1420 1860 2802

Table 11. Annual energy produced by a fixed system with an inclination of 34°(optimum at the given orientation ), the annual
energy only reaches 1420 kWh/kW, according to the website referred in [24]. The results registered for the tracking system and
the system based on DoubleSun® technology were obtained by the theoretical model.

7.4. Experimental Campaign

In order to complete the validation of the model it is necessary to make a comparison between the
results obtained with the simulation and the data registered at WS laboratory obtained with a real

system.

7.4.1.September 2007

When we want to compare the real data obtained in September with the results obtained with the
theoretical model, it is essential to make an adjustment in the time. Due to the summer hour
adjustment, explained in subsection 5.2.6., it is necessary to add one hour to the time of theoretical
results. If this adjustment is ignored, the simulation results will be shifted one hour for the left, i.e. the

sunrise would occur one hour earlier than in the reality.
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Figure 57. Comparison between the radiation intensity measured at WS Laboratory (experimental) and the radiation
intensity calculated by the theoretical model (theoretical).

It is important to notice that the radiation intensity measured at WS Laboratory is only the radiation
that directly falls upon the modules. However, the radiation intensity measured at WS laboratory is
higher than the radiation intensity calculated with the model, as shown in figure 57. This is probably
due to an error in the calibration of the equipment that measures the intensity of the radiation. Thus, it
is necessary to adjust the obtained data to the correct values, as shown in figure 58. The
instantaneous value of the radiation intensity measured at WS Laboratory is divided by the maximum
value measured at the WS Laboratory. Then, the obtained value is multiplied by the maximum value

calculated with the theoretical model.

Figure 58. Profile of the radiation intensity, measured at WS Laboratory, after the calibration.
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The profile of the ambient temperature is shown in figure 59. This profile is different from the
theoretical profile, which is a mean value for each hour of a day in September. As it is shown in figure
59, the maximum value that the ambient temperature reaches in the analyzed days is much higher
than the mean temperature. Thus it is expected that the module temperature reaches higher values

than the presented before.

Figure 59. Profile of the ambient temperature

Figure 60 shows a comparison between the profile of the modules temperature measured at WS
Laboratory and the module temperature calculated by the theoretical model. As it is shown in the
same figure, the module temperature obtained at WS Laboratory is a few degrees lower than the
theoretically calculated. This can be related with a factor such as the wind velocity, which is not being

considered.

Figure 60. Comparison between the profiles of the module temperature measured at WS Laboratory (labeled as
experimental) and the module temperature calculated by the theoretical model with the radiation intensity and the ambient
temperature measured at WS Laboratory (labeled as | and Tamp measured).
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The AC power measured at WS Laboratory reaches higher values than the AC power calculated
by the simulation. It is should also be noticed that the measured power shows a straighter profile,
which probably is due to the existence of some shadows in the beginning and in the end of the day.
As a consequence, the final energy measured at WS Laboratory for the given days is smaller than the

energy estimated with the theoretical model.

Figure 61. Comparison between: the AC power measured at WS Laboratory; the AC power calculated by the model using
as input the theoretical radiation intensity and the ambient temperature measured at WS Laboratory; the AC power calculated
by the model using as input the radiation intensity and the ambient temperature, both measured at WS Laboratory; and the AC

power calculated by the model using as input the radiation intensity and the module temperature measured at WS laboratory.

In figure 62, the graphic of the energy produced in September 20 shows a considerable difference
between the energy calculated based on the theoretical radiation intensity and the energy calculated
based on the radiation intensity measured at WS. This difference is due to the existence of clouds in
that day, which influences the intensity radiation measured at the laboratory. As it is shown in figure 58
the profile of the radiation intensity for September 20 present some peaks. These peaks will lead to a
significant difference between the theoretical energy and the measured energy. However, when the
simulation use the radiation intensity measured at WS, which is influenced by the clouds, the final

energy is much closer of the measured energy at WS.
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Figure 62. Accumulated energy normalized to peak PV power module STC. Comparison between: the energy measured at WS
Laboratory; the energy calculated by the theoretical model using as input the theoretical radiation intensity, I(theoretical), and
the ambient temperature measured at WS Laboratory; the energy calculated by the theoretical model using as input the
radiation intensity and the ambient temperature, both measured at WS Laboratory ;and the energy calculated by the theoretical
model using as input the radiation intensity and the module temperature, both measured at WS Laboratory.

When considering data from September 22 all the results are very close. In September 24 the
energy measured at WS Laboratory is lesser than the energy calculated with the simulation because,
as it is shown in this figure and in figure 61, the system have started to work after 10 A.M. and at this
moment the system should be produced about 2kWh/kW of energy. The late start up was due to

technical problems with cables.

7.4.2.March 2008

As in the previous analyzed case it is necessary to calibrate the radiation intensity, as shown in

figure 63.

Figure 63. Calibration of the radiation intensity measured at WS laboratory
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Figure 64 shows the profile of the module temperature. For all the days the module temperature
calculated by the simulation is lower than the module temperature measured at WS Laboratory. Once

again, this fact is due to the wind velocity, which is not being considered.

Figure 64. Comparison between the module temperature measured at WS laboratory and the module temperature
calculated by the model using as input the irradiance, |, and ambient temperature, Tamp, both measured at WS laboratory.

As shown in figure 65, the output power measured at WS Laboratory reaches higher values than
the output power calculated by the simulation, except for March 3, where the AC profile is very

irregular and low.

Figure 65. Comparison between: the AC power measured at WS laboratory; the AC power calculated using as input the
theoretical radiation intensity and the ambient temperature measured at WS Laboratory; the AC power calculated by the model
using as input the radiation intensity and ambient temperature measured at WS laboratory; and the AC power calculated by
the model using as input the radiation intensity and the module temperature measured at WS laboratory.
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The energy registered at WS Laboratory in March 1 and March 2 is higher than the energy
calculated by the simulation. For March 3, it is verified a high difference between the measured energy
and the energy simulated with the theoretical radiation. This difference is due to the intensity radiation

difference shown in figure 63.

Figure 66. Accumulated energy normalized to peak PV power module STC. Comparison between: the energy measured
at WS laboratory; the energy calculated by the model using as input the theoretical radiation intensity and the ambient
temperature measured at WS Laboratory; the energy calculated by the theoretical model using as input the radiation intensity
and ambient temperature, both measured at WS laboratory; and the energy calculated by the model using as input the radiation
intensity and module temperature, both measured at WS laboratory.
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8. Sensitivity analysis

The aim of the sensitivity analysis is to study the behaviour of the system in the presence of slight
variations either in the system properties or in the outdoor conditions. These slight variations can
produce a high increase/decrease in the final daily energy.

Some parameters such as the radiation intensity, the ratio between the direct radiation and the
global radiation ( ), and the ambient temperature cannot be controlled by humans and some of them
are difficult to predict. However, other parameters such as the thermal coefficient (st), the mirrors
reflectivity (), the ratio between the concentration area and the modules area can be modified during
the fabrication process or even by replacing the product. The module temperature is also an
uncontrolled parameter varying with radiation and ambient temperature.

In this chapter all the referred parameters are slightly varied in order to study its weight effects in
the efficiency of the system. Conclusions are presented and analysed. These results were obtained

from tests performed at 2" of March of 2008.
8.1. Radiation Intensity

The variability of the solar radiation intensity has a significant impact on the efficiency of solar
energy conversion systems, especially on the photovoltaic systems, featured by a fast and nonlinear
response to the incident solar radiation.

Considering that the presence of the clouds modifies the global irradiation and taking into account
that the processes involving clouds tend to be very dynamic, a great variability in instantaneous values
is expected.

In order to study the influence of the radiation intensity in the output energy, the radiation
measured at WS Laboratory is multiplied by a factor in the following range:

V S 4Q"@ Q¢
in steps of 0.25.

The oscillation of this parameter also influences the module temperature, which is registered in
table 12 for 13h45min (see figure 74, Annex C). In this table it is presented the module temperature
obtained due to the radiation intensity increase. The temperature was registered at 13h45min. The
following column shows the difference of temperature between the reference module temperature
(factor 1) and the module temperature reached for each factor (n). The column of the daily energy
shows the total energy (kWh/kW) produced in March 2 for each factor. In the most right column it is
presented the percentage of difference of energy as to the reference factor (n=1). This column is
calculated by the difference between the daily energy for each factor (n) and the daily energy for the

reference factor (n=1), all divided by the daily energy reached for the reference factor (n=1).
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Difference of % of difference of

Module Daily energy
€ temperature (°C) as to energy as to the
temperature (°C) (KWh/kW)
n=1 n=1
0.25 31.64 -30.13 2.56 -72.83
0.5 41.68 -20.08 4.99 -47.06
0.75 51.73 -10.04 7.27 -22.79
1 61.77 - 9.42 -
1.25 71.81 10.04 11.43 21.32
15 81.85 20.08 13.30 41.16

Table 12. Results obtained for a slight variation in the radiation intensity parameter. Theoretical module temperature reached
for each factor at 13h45min. The difference of temperature is the difference between the module temperature reached for factor
n and the module temperature reached for the reference factor (n=1) . The daily energy is the total energy produced in March 2.

The percentage of difference of energy is the difference between the daily energy obtained for factor n and the daily energy
obtained for the reference factor (n=1), all divided by the reference factor (n=1).

As shown in table 12, as the factor increases, the total energy of the day also reaches higher
values. However, this relation is not linear. One of the reasons of this nonlinearity is the influence of
other parameters such as the ambient temperature or the module temperature. The increase of
radiation produces an increase of energy. However, the increase of radiation also produces an
increase in modules temperature which decreases the productivity of the modules.

When the radiation intensity is multiplied by a factor higher than 1, the maximum radiation intensity
reaches values that according to the theoretical analysis are impossible to reach for the location in
study. Theoretically, the maximum value that the radiation intensity can reach is 1000W/m? and in WS
Laboratory it is under this value, about 900 W/m?®. However, these two cases shows that even with
50% more radiation intensity, the modules integrated in a system based on DoubleSun® technology
only overtakes in 4C the critical temperature (80° C). In the case of an increase of 25% the module

temperature remains under the critic value.
8.2. Thermal parameter,

This parameter represents the percentage of power lost by the growth of 1T in the modules
temperature and it is given by the manufacturer of the modules. The Sanyo modules used in the
Laboratory have s;=-0.3 %/C. Middle quality modules have a st2S >« Q <%/T. Low quality
modules have stZ Q Several values were used for this parameter:

-4 7> Q-

Table 13 shows the consequences of a slight variation in the thermal coefficient. The column of
the daily energy shows the total energy (kWh/kWp) produced in March 2 for each factor. In the most
right column it is presented the percentage of difference of energy as to the reference parameter,

. This column is calculated by the difference between the daily energy for each parameter
() and the daily energy calculated for the reference parameter ( & , all divided by the daily

energy reached for the reference parameter.



Daily energy % of difference of energy as for the factor
sT (%Pmax/oc)

(KWh/kw) $1=-0.3
0.2 9.74 3.35
0.3 9.42 -
-0.4 9.11 -3.30
0.5 8.80 -6.62

Table 13. Results obtained for a slight variation in the thermal coefficient, . The daily energy is the total energy produced in
March 2. The percentage of difference of energy is the difference between the daily energy obtained for factor ~ and the daily
energy obtained for the reference factor ( ¢ ® ), all divided by the reference factor ( t® )

As it can be verified in table 13, when the absolute value of is low, the energy production is
higher, because the loss of energy, due to the modules temperature increase, is smaller. However,
this value is given by the manufacturer, so it cannot be controlled by the end users. In the modules
selection this is an important parameter to analyze. The presented values of  are acceptable since

the lost energy does not overtakes 7%.
8.3. Module Temperature

The module temperature is a crucial parameter. This parameter is modified by almost all the other
parameters analyzed in this section. The module temperature plays an important role in systems
performance and if it overtakes certain vales it could damage the module or induce an accelerate
ageing prematurely. The temperature of the module was calculated with the radiation intensity and the
ambient temperature measured at WS Laboratory.

The module temperature, calculated from the ambient temperature measured at WS Laboratory,
was multiplied by a factor in the following range:

V S 24
in steps of 0.25. Table 14 presents the module temperature when multiplied by this factor V. The
registered module temperature occurred at 14h15min. The following column shows the difference of
temperature between the reference module temperature (factor 1) and the module temperature
reached for each factor (V). The column of the daily energy shows the total energy (kWh/kWp)
produced in March 2, for each factor. In the most right column it is presented the percentage of
difference of energy as to the reference factor V. @. This column is calculated by the difference
between the daily energy for each factor (V) and the daily energy for the reference factor V @, all
divided by the daily energy reached for the reference factor.

As expected, the module temperature varies inversely as for the Energy. This relation seems to be
almost linear.

For a system based on DoubleSun® technology it is now verified that an increase of 25% in the
usual modules temperature at solar noon is insufficient to reach the critic value, 80C. This gives an
excellent edge to warrant the modules safety, with a loss of energy under 5%, which is negligible.
Moreover, the temperature which damages the modules is 95C. At WS Energia, in order to protect

the modules over 20 years operation, we consider 80<C.



Module Temperature Daily Energy % of difference of e nergy as to the

(°C) (KWh/kW) factor n=1

0 0 10.37 9.99
0.25 15.77 10.37 9.99
0.50 31.54 10.25 8.80
0.75 47.31 9.85 4.52

1 63.09 9.42 -
1.25 78.86 9.00 -4.54
1.50 94.63 8.57 -9.09
1.75 1104 8.14 -13.64

2 126.2 7.71 -18.19

Table 14. . Results obtained for a slight variation in the module temperature parameter. Theoretical module temperature
reached for each factor at 14h15min. The daily energy is the total energy produced in March 2. The percentage of difference of
energy is the difference between the daily energy obtained for factor, ©, and the daily energy obtained for the reference factor
(© ), all divided by the reference factor (© ).

The application of a cooling system in the analyzed technology would improve its performance.
However, if we look for the table, it is important to notice that a decrease of 50% in the module
temperature lead to an increase of 9% in the final energy of a day, which probably is not as significant
as the price of a cooling system. These cooling systems are expensive, so their application will
provide a notable growth in the total price of the system. Probably, its application only compensate in

locations where the ambient temperatures are excessively high.

8.4. Ambient Temperature

The ambient temperature plays an important role in the modules temperature and subsequently in
the system performance. The atmosphere behaves like a “refrigerator” because in general these
temperatures are lower than the modules temperature. So there is an energy transfer for the module
to the atmosphere, which will help to cool the module. However, if the atmosphere temperature is
high, the “natural refrigerator” will not work.

The temperature measured at WS laboratory was multiplied by a factor in the following range:

vV $§ Q@ Q«
in steps of 0.25. The temperature measured at WS laboratory was multiplied by factor,2V which varies
between S Q" @ Qin steps of 0.25. Table 15 presents the ambient temperature (at 12h45min) when
multiplied by factor V. It is also registered the module temperature at 12h45min. The following column
shows the difference of temperature between the reference module temperature (factor 1) and the
module temperature reached for each factor (V). The column of the daily energy shows the total
energy (KWh/kW) produced in March 2 for each factor. In the most right column it is presented the
percentage of difference of energy as to a reference factor V. @. This column is calculated by the
difference between the daily energy for each factor (V) and the daily energy for the reference factor

V @, all divided by the daily energy reached for factor reference V. @.
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Ambient Module Difference of Total % of energy

€ temperature Temperature temperature (°C) as to Energy difference as to
(°C) (°C) n=1 (KWh/kw) n=1
0.5 11.68 50.95 -11.68 9.72 3.16
0.75 17.52 56.79 -5.84 9.58 1.58
1 23.36 62.63 - 9.42 -
1.25 29.20 68.47 5.84 9.28 -1.59
1.50 35.04 74.31 11.68 9.12 -3.18

Table 15. Results obtained for a slight variation in the ambient temperature parameter. Ambient temperature reached at
12h45min for each factor. Theoretical module temperature reached for each factor at 12h45min. The difference of temperature
is the difference between the module temperature reached for factor n and the module temperature reached for the reference

factor (© ~ ). The daily energy is the total energy produced in March 2. The percentage of difference of energy is the

difference between the daily energy obtained for factor n and the daily energy obtained for the reference factor (© ), all
divided by the reference factor (© ).

Analysing table 15, we see that it is necessary to reach temperatures around 40C to get near of
the critic module temperature, 80C. However, the t emperature which damages the modules is a little
higher, about 95<C, so, there is a significantly ma rgin between the reached module temperature and
the temperature of damage. Once again, it is verified that a system of refrigeration is unnecessary.

Analysing the daily energy, we conclude that the ambient temperature almost establishes a linear
relation with the energy. An increase/decrease of 50% in the ambient temperature means a

decrease/increase of about 3% in the final daily energy.

8.5. Reflective efficiency of the mirrors,

This parameter is given by the manufacturer of the mirrors. The mirrors used in DoubleSun®

products have a reflective efficiency (2 ) of . This section analyzes how the parameters of the pv
system react to a variation in mirror reflectivity, . In this analysis it takes the following values:
ST T T Q'@ i

Table 16 presents the module temperature when the efficiency of the mirror reflectivity is slightly
changed. The temperature was registered at 14h15min.The following column shows the difference of
temperature between the reference module temperature ( ) and the module temperature
reached for each parameter (). The column of the daily energy shows the total energy (kwh/kwWp)

produced in March 2 for each factor. In the most right column it is presented the percentage of

difference of energy as to parameter ( ). This column is calculated by the difference between
the daily energy for each parameter () and the daily energy for parameter ( ), all divided by
the daily energy reached for parameter ( ).

Since the mirrors are responsible for the concentration of the radiation, this parameter influences

the concentrator performance. As it is shown in table 16, a slight decrease of the mirror reflectivity is



negligible in terms of energy. However, the decrease of this parameter induce a significant reduction

in mirrors price and consequently in the global price of the system.

Module Module temper ature (°C) as Dailv Ener % Energy as for

& Temperature for @&=0.93 y 9y @:=0.93
0.80 61.06 -2.02 9.00 -4.47
0.85 62.84 -1.25 9.16 -2.74
0.87 62.15 -0.93 9.23 -2.06
0.90 62.62 -0.47 9.33 -1.03
0.93 63.09 - 9.42 -
0.95 63.40 0.31 9.49 0.68

1 64.18 1.09 9.65 2.38

Table 16. Results obtained for a slight variation in the efficiency of the mirror reflectivity. Theoretical module temperature
reached for each factor at 14h15min. The difference of temperature is the difference between the module temperature reached
for factor (©&and the module temperature reached for the reference efficiency (0.93). The daily energy is the total energy
produced in March 2. The percentage of difference of energy is the difference between the daily energy obtained for factor n
and the daily energy obtained for the reference efficiency (0.93), all divided by the reference efficiency (0.93).

8.6. Ratio between the concentration area and the m  odules area

This parameter was defined as C and is given by the following formula:

" YEE Yx UY—xG @UYX
Y—XG Y_x6 Y—X6

Since C is 1.936, it was found that °|'—° is 0.936. This value (C-1) was multiplied by a factor in the

following range:

in steps of 0.5.

This parameter directly influences the performance of the concentrator and as a consequence
other parameters such as the radiation flux, and the modules temperature. Table 17 presents the
module temperature when the concentration parameter is slightly changed. The temperature was
registered at 14h25min. The following column shows the difference of temperature between the
reference module temperature (V @) and the module temperature reached for each parameter (V).
The column of the daily energy shows the total energy (kWh/kWp) produced in March 2 for each
factor. In the most right column it is presented the percentage of difference of energy as to parameter
(V @). This column is calculated by the difference between the daily energy for each parameter (V)
and the daily energy for parameter (V @), all divided by the daily energy reached for parameter
vV @).

Looking at table 17, we conclude that an increase in the concentration level of the DoubleSun
system means an increase in the module temperature. If the ratio between the concentration area and
the modules area triplicates, it would be necessary to implement a system of refrigeration. Because,
an increase in the concentration level of the DoubleSun® give rise to high modules temperatures,

which are above the critic value.
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% of Energy as

n Module Difference of module temperature Daily energy for the factor
temperature (°C) (°C) as to the factor n=1. (KWh/kW) n=1

0 48.62 -14.47 5.00 -33.21
0.5 55.85 -7.24 7.89 -16.27

1 63.09 - 9.43 -
1.5 70.32 7.24 10.89 15.50

2 77.56 14.47 12.27 30.24
2.5 84.79 21.70 13.59 44.20

3 92.02 28.94 14.84 57.40

Table 17. Results obtained for a slight variation in the concentration parameter. Theoretical module temperature reached for
each factor at 14h15min. The difference of module temperature is the difference between the module temperature reached for
factor (©) and the module temperature reached for the reference factor (© ~ ). The daily energy is the total energy produced in
March 2. The percentage of difference of energy is the difference between the daily energy obtained for factor n and the daily
energy obtained for the reference factor (© ~ ), all divided by the reference factor (© ).

The critic module temperature is reached when the ratio is multiplied by the factor 2.5, which
corresponds to a concentration level of about 3.325. This provides an energy increase of about 40%,

which probably justifies the implementation of refrigeration system.

8.7. Ratio between the direct radiation and the glo  bal radiation,

This section helps us to understand the behaviour of the system in cloudy days or even in
locations with different atmospheric conditions. This parameter is multiplied by a factor in the following
range:

V ST @«
in steps of 0.05.

The oscillation of the parameter analyzed in this section is responsible for the amount of
concentrated radiation, because concentrators only work with direct radiation. So, a higher means
more concentrated radiation.

As it is shown in table 18, the oscillation of also affects the module temperature. A higher
means more direct radiation and, consequently, more concentrated radiation. Since there is an
increase in the amount of radiation that falls upon the modules, the modules temperature also rises.
Table 18 presents the module temperature when the ratio between the direct radiation and the global
radiation is slightly changed. The module temperature obtained for each factor was registered at
14h15min. The following column shows the difference of temperature between the reference module
temperature (V@) and the module temperature reached for each parameter (V). The column of the
daily energy shows the total energy (kWh/kWp) produced in March 2 for each factor. In the most right
column it is presented the percentage of difference of energy as to the reference parameter (V @).
This column is calculated by the difference between the daily energy for each parameter (V) and the
daily energy obtained for the reference parameter (V @), all divided by the daily energy reached for
the reference parameter (V' @).

The relation between the Zariation and the energy variation seems almost linear. If the amount

of direct radiation rises in 20% the final energy of the day will rise about 6%. By the other hand, the
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maximal module temperature reached, due to this direct radiation growth, is 66.31C, which is far

away from the critical value. If the direct radiation rise 20% the temperature is increased in 3TC.

Maxi Difference of Total Energy f or the % of difference

aximum module o

n temperature (°C) temperature (°C) as to analyzed day of energy as to
factor n=1 (KWh/kW) n=1

0.80 60.41 -3.04 8.87 -6.48

0.85 61.15 -2.28 9.02 -4.85

0.90 61.88 -1.52 9.17 -3.23

0.95 62.62 -0.76 9.33 -1.61

1 63.36 - 9.48 -

1.05 64.1 0.77 9.63 1.60

1.10 64.83 1.521 9.78 3.19

1.15 65.57 2.82 9.93 4.78

1.20 66.31 3.04 10.08 6.36

Table 18. Results obtained for a slight variation in the ratio between the direct radiation and the global radiation.
Theoretical module temperature reached for each factor at 14h15min. The difference of module temperature is the difference
between the module temperature reached for factor (©) and the module temperature reached for the reference factor (© ).
The daily energy is the total energy produced in March 2. The percentage of difference of energy is the difference between the

daily energy obtained for factor n and the daily energy obtained for the reference factor (© ~ ), all divided by the reference
factor (© ).
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9. Conclusions

The comparison between the results obtained by the theoretical model and the data registered
during the experimental campaign, which was performed 6 months away from the other, showed good
agreement.

In one year a system based on DoubleSun® technology produces about 2716 kWh/kW of energy.
This means more 31% of energy than a tracking system and more 97.3% (31% due to the solar
tracking and 66.3% due to concentration) of energy than a traditional PV fixed system with optimal
orientation. Analysing this results, it is confirmed that concentrators are suitable for power plants
since they produce more energy in lesser space and with a less number of modules.

After the validation of the model, a sensitivity analysis was performed. This analysis is very
important since the system operates in outdoor conditions and is directly influenced by the weather,
which cannot be controlled by humans. Slight variations in parameters such as the solar irradiance
and the ambient temperature can highly influence the PV-module temperature and the final energy. In

the following lines it will be presented the main conclusions of the sensitivity analysis.

The radiation intensity strongly influences the module temperature and the energy production. A
decrease of 75% in this parameter means a decrease in 31T and of 72% in the module temperature
and daily energy production, respectively. The relation between the radiation intensity and the energy
yield is not linear, since as we has seen it also influences the modules temperature, which in its turn
influences the energy yield. It is important to refer that an increase of 25% in the radiation intensity is
not a risk for the modules, because they reached a temperature away from the critical temperature
and the module temperature calculated by the theoretical model is honestly above the real

temperatures.

The variation in the ambient temperature is an important parameter because it plays an important
role in the variations of the module temperature. It works as a natural refrigerator since it tends to
absorb the heat produced by the modules. For a decrease of 50% in the ambient temperature, i.e. -
11.68C, the module temperature tends to decrease the same amount. However, this is not as
significant in terms of energy vyield, which only rises 3%. When the ambient temperature reaches
extremely high values (about 35<€C), which only happens in the summer peak, the modules

temperature does not reach the critical value and the loss in energy yield is insignificant, about 3%.

Analysing the sensitivity of the system as to the module temperature we see that it is necessary a
decrease in 75% (about 48<C) in the modules temperature to achieve an increase of 10% in the daily
energy yield. This leads us to conclude that a refrigeration system is not justifiable in this system
because they are very expensive and the energy increase is not rewarding. For an increase of 25%
(16°C) in the module temperature, the critical temperature for module failure is almost reached.
However, it is necessary to take in account that parameters such as wind are not being considered

and that the estimation is above the real values, so there is still a significant chance between the real
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modules temperature and its critical value. Moreover, the 80T that is being considered as critical
values are not sufficient for the modules damage. It is necessary that the modules temperature
overtakes 95T to spoil the module. The theory confirms that the module temperature is a critical
parameter which strongly affects annual energy yield but also shows that a system of refrigeration is
not a sustainable solution. The system shows a great performance when working with the “natural

refrigerator”.

The main objective of concentration is to increase the energy yield. Since we cannot control the
weather parameters one possible solution is to increase the concentration area. The sensitivity
analysis of to the ratio between the concentration area and the modules area, shows that the critic
module temperature is reached when the ratio is multiplied by the factor 2.5, which corresponds to a
concentration level of about 3.325. This provides an energy increase of about 40%, which probably

justifies the implementation of a refrigeration system.

The results also show that the average energy yield is not very sensitive to mirror reflectivity. In
fact it is shown that a reduction of 13% in mirror reflectivity induces a reduction of about 5% in the
daily energy, which is not as significant when compared to the reduction in the prices of the mirrors. If
the reflective efficiency of the mirror is reduced, the price of the mirror substantially decreases and

consequently the total price of the system can be reduced.

As referred before the concentrators only work with direct radiation. Looking for the sensitivity
analysis as to the ratio between the direct radiation and the global radiation (i) we see that this
parameter strongly influences the final energy yield. A decrease in 10% of this parameter leads to a
decrease in 7% in the daily energy yield. The amount of direct radiation that is available for a certain
location is very important for the system performance. Thus, it is advisable to analyze the location

before the installation of the system, to guarantee its excellent performance.

Along this thesis it was proved the excellent performance of a system based on DoubleSun
technology. The module temperature is the most critical parameter, however, this analysis shows that
the system is not affected by it and that the implementation of a refrigeration system is unnecessary.
The DoubleSun technology is very well implemented and works without constraints. It is

recommendable for solar parks or even for “microgeracéo”.
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Annex A — DoubleSun ® technology: Heliots © VS. DoubleSun ®Four

Product

Heliots®

DoubleSun®Fo

ur

Mirrors dimension

1.25 x 3.5 m (each)

1.25 x 3.5 m (each)

Maximum area of the

PV modules

1.6x3.0m

1.65x4.0m

Mast minimum
height

1.6 m (above the ground)

1.9 m (above the ground)

Structure

Zn-coated steel

Modules fixation

clips

Stainless steel

Mirrors support
structure

Zn-coated aluminium

Tracking system

2 axis:
x-axis linear motor

y-axis manual adjuster

2 axis with two linear actuators

Tracking aperture

°Q (East-West)
@ S (South-North)

° QC (East-West)
@ S (South-North)

Modules temperature sensor

Sensors - Modules protection sensors against
over-heating
3 modules SunPower SPR220 4 modules DoubleMono 220 02
PV modules or 5 modules SANYO HIP 210-215 02

4 modules SANYO HIP BE11

5 modules SunPower SPR 220

Suitable applications

Medium and small photovoltaic
applications (peak power below 100 kW

nominal)

Medium and large photovoltaic
applications (peak power above 100 kW

nominal)

Static and dynamic

calculation

Withstand wind speed up to 150 km/h

Withstand wind speed up t0130 km/h

Warranties

System: 20 years

Optical properties of the mirrors: 10 years




Annex B - Annual Energy

Figure 67. Profile of the average ambient temperature for each month

Figure 68. Profile of the ratio between the average direct radiation and the average global radiation ( ) for each month.
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Figure 69. Annual module temperature for a tracking system.

Figure 70. Annual module temperature for a system based on DoubleSun® technology



Annex C — Graphics of the sensitivity analysis (All the results presented in this annex are
referred to 2™ of March of 2008)

Figure 71. Profile of the radiation intensity when multiplied by a factor which lies between [0.25 — 1.5] in steps of 0.25. The WS
profile was measured at WS Laboratory.

Figure 72. On the top, it is shown the profile of the module temperature obtained for a slight variation in the radiation intensity.

The module temperature was calculated by the theoretical model (for each factor) using as input the radiation intensity and the

ambient temperature, both measured at WS laboratory. The WS profile is the module temperature measured at WS laboratory.
On the bottom, it is shown difference of temperature between the module temperature reached for factor %Va&nd the module

temperature reached for the reference factor (V. @).
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Figure 73. On the top, it is shown the profile of the accumulated daily energy normalized to peak PV power module at
STC, for a slight variation in the radiation intensity. The energy was calculated by the model using as input the radiation intensity
measured at WS laboratory and multiplied by a factor V, and the ambient temperature measured at WS laboratory. The
“theoretical” profile was calculated by the model using as input the theoretical radiation intensity and the ambient temperature
measured at WS laboratory. The “WS” profile was registered at WS laboratory.
On the bottom, it is shown the percentage of difference of energy between the energy reached for factor %Vand the energy

reached for the reference factor (V @).

Figure 74. On the top, it is shown the profile of the accumulated daily energy normalized to peak PV power module at STC, for
a slight variation in the thermal coefficient (). The energy was calculated by the model using as input the radiation intensity
and the ambient temperature, both measured at WS laboratory. The “theoretical” profile was calculated by the model using as

input the theoretical radiation intensity and the ambient temperature measured at WS laboratory. The “WS” profile was
registered at WS laboratory.
On the bottom, it is shown the percentage of difference of energy between the energy reached for factor % &and the energy

reached for the reference factor ( ).
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Figure 75 . Profile of the module temperature obtained for a slight variation in the module temperature. The module temperature
was calculated by the theoretical model using as input the radiation intensity and the ambient temperature, both measured at
WS laboratory, and after it was multiplied by a factor (V), which lies in [0; 2], in steps of 0.25.. The WS profile is the module
temperature measured at WS laboratory.

Figure 76. On the top, it is shown the profile of the accumulated daily energy normalized to peak PV power module at STC, for
a slight variation in the module temperature. The energy was calculated by the model using as input the radiation intensity and
the ambient temperature, both measured at WS laboratory. The “theoretical” profile was calculated by the model using as input
the theoretical radiation intensity and the ambient temperature measured at WS laboratory. The “WS” profile was registered at
WS laboratory.
On the bottom, it is shown the percentage of difference of energy between the energy reached for factor %Va&nd the energy
reached for the reference factor (V. @).
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Figure 77. Profile of the ambient temperature. The WS profile was measured at WS laboratory and the other profiles were
obtained by the multiplication of this profile by a factor (V), which lies in [0.5; 1.5] in steps of 0.25.

Figure 78. On the top, it is shown the profile of the module temperature obtained for a slight variation in the ambient
temperature. The module temperature was calculated by the theoretical model (for each factor) using as input the radiation
intensity and the ambient temperature, both measured at WS laboratory. The WS profile is the module temperature measured at

WS laboratory.
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On the bottom, it is shown difference of temperature between the module temperature reached for factor %V&nd the module
temperature reached for the reference factor (V @).

Figure 79. On the top, it is shown the profile of the accumulated daily energy normalized to peak PV power module at
STC, for a slight variation in the ambient temperature. The energy was calculated by the model using as input the radiation
intensity measured at WS laboratory and the ambient temperature measured at WS laboratory and multiplied by a factor (V).
The “theoretical” profile was calculated by the model using as input the theoretical radiation intensity and the ambient
temperature measured at WS laboratory. The “WS” profile was registered at WS laboratory.
On the bottom, it is shown the percentage of difference of energy between the energy reached for factor %Vand the energy
reached for the reference factor (V. @).

Figure 80. On the top, it is shown the profile of the module temperature obtained for a slight variation in efficiency of the mirror
reflectivity. The module temperature was calculated by the theoretical model (for each factor) using as input the radiation
intensity and the ambient temperature, both measured at WS laboratory. The WS profile is the module temperature measured at
WS laboratory.

On the bottom, it is shown difference of temperature between the module temperature reached for factor % &and the module
temperature reached for the reference factor ( ).
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Figure 81. On the top, it is shown the profile of the accumulated daily energy normalized to peak PV power module at STC, for
a slight variation in the efficiency of the mirrors reflectivity ( ). The energy was calculated by the model using as input the
radiation intensity and the ambient temperature, both measured at WS laboratory. The “theoretical” profile was calculated by the
model using as input the theoretical radiation intensity and the ambient temperature measured at WS laboratory. The “WS”
profile was registered at WS laboratory.

On the bottom, it is shown the percentage of difference of energy between the energy reached for factor % &and the energy

reached for the reference factor ( ).

Figure 82. On the top, it is shown the profile of the module temperature obtained for a slight variation in the ratio between the
concentration area and the modules area. The module temperature was calculated by the theoretical model (for each factor)
using as input the radiation intensity and the ambient temperature, both measured at WS laboratory. The WS profile is the
module temperature measured at WS laboratory.

On the bottom, it is shown difference of temperature between the module temperature reached for factor %V&nd the module

temperature reached for the reference factor (V @).
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Figure 83. On the top, it is shown the profile of the accumulated daily energy normalized to peak PV power module at
STC, for a slight variation in the ratio between the concentration area and the modules area. The energy was calculated by the
model using as input the radiation intensity and the ambient temperature, both measured at WS laboratory. The “theoretical”
profile was calculated by the model using as input the theoretical radiation intensity and the ambient temperature measured at
WS laboratory. The “WS” profile was registered at WS laboratory.
On the bottom, it is shown the percentage of difference of energy between the energy reached for factor %Va&nd the
energy reached for the reference factor (V @).

Figure 84. Profile of the ratio between the direct radiation and the global radiation. These average values were provided by
reference [24]. The profile registered at WS laboratory (“WS”) was multiplied by a factor which lies in [0.80; 1.20] in steps of
0.05.



Figure 85. On the top, it is shown the profile of the module temperature obtained for a slight variation in the ratio between the
direct radiation and the global radiation ( ). The module temperature was calculated by the theoretical model (for each factor)
using as input the radiation intensity and the ambient temperature, both measured at WS laboratory. The WS profile is the
module temperature measured at WS laboratory.

On the bottom, it is shown difference of temperature between the module temperature reached for factor %Vand the

module temperature reached for the reference factor (V @).

Figure 86. On the top, it is shown the profile of the accumulated daily energy normalized to peak PV power module at
STC, for a slight variation in the ratio between the direct radiation and the global radiation ( ). The energy was calculated by the
model using as input the radiation intensity and the ambient temperature, both measured at WS laboratory. The “theoretical”
profile was calculated by the model using as input the theoretical radiation intensity and the ambient temperature measured at
WS laboratory. The “WS” profile was registered at WS laboratory.
On the bottom, it is shown the percentage of difference of energy between the energy reached for factor %V&nd the

energy reached for the reference factor (V @).



Annex D — Tests with the ThermaCAM ™

In order to evaluate the importance of radiation on module temperature, an extensive analysis on
the thermal response and homogeneity was performed at WS Energia on day 7™ of March of 2008.
In this Annex it is shown the consequences of an inhomogeneous illumination of the module. This
analysis is purely illustrative. Three different tests are presented in this section:
one single cell is blocked
one line of cells is blocked
one column of cells is blocked
The results of these experiences were registered by the ThermaCAM™, which consists on an
infrared camera usually called thermographic camera. It is a device that forms an image using infrared
radiation Instead of 450-750 nanometer of the visible light camera, infrared cameras operate in

wavelengths as long as 14,000 nm.

Figure 8 7. a)Module with one single cell blocked, b)Module with one column blocked and c) Module with one line blocked

As it is shown in figure XXX, when one single cell is blocked, its temperature increases. This
happens because the cell starts to behave like a resistance and dissipates energy. In the second
case, the block of one column overheats two columns, which should be connected in series. The last
experience stops the production of the whole module because all the paths for the current are
blocked. Thus in a superficial analysis it can be concluded that a homogeneous illumination of the PV
module is essential for its preservation. Otherwise, the module overheats and it could lead to its

damage prematurely.
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