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ABSTRACT

Photovoltaic systems present themselves as anl@xcalternative for clean energy production.
To reach large applications, obstructions as hilitoa prices must be overcome. Solar concentration
systems are a potential solution since silicorejdaced by cheaper material (like mirrors or lepses
Nevertheless, there are still many issues anderigdls yet to overcome. One of these challengéegis t
economic cost of the solar cells, since the CP\esys need to integrate expensive high efficientgrso
cells specially designed to operate at high lee¢lsadiation. Thus, it is necessary to explore new
approaches.

In this thesis presents a study of the potentidhefscreen-printed silicon solar cells to integyrat
the CPV systems, concretely the HSUN system. Taolar £ells, conventional 1Sun and conventional
15Suns, were analyzed and integrated in the HSWNexeivers, in order to understand their behavior
under several levels of concentration and whergrated in series in sub-receivers. After the firstt
of the experimental campaign (electrical charazé¢ion of solar cells) it was concluded that the
conventional standard silicon solar cells are ulasnable for use in the HSUN system (which operates
a 15 suns), since these solar cells only work pippg to a concentration of 5 suns. Regarding the
Upgraded 1-sun silicon solar cells, the results ewsatisfactory regarding their behavior under
concentration, until a concentration level of 2@ssu

In the second part of the experimental campaignUpgraded 1-sun solar cells were integrated
in the HSUN sub-receivers and their behavior weaslyaed. The results taking from this part of the
experimental campaign prove the good performancehef Upgraded solar cells and that their
performance is unaffected by their integration lie tsub-receivers. Associated to this part of the
experiments, was also performed the optimizatiothef mounting process of the sub-receivers. This
optimization provided a faster process with a lowesbability of damaging the solar cells. To a
complete study of the potential of these solarscedlis important to take into account the ecormomi
viability of the solar cells. Comparing the cosfi@éncy of the standard conventional solar cele
LGBC solar cells (cells used actually in the HSUNtem) and the Upgraded 1-sun solar cells, it was
concluded that the solar cells more viable up ¢torecentration level of 24 suns are the Upgradeainl-s
solar cells, being that from this concentratiorelethe LGBC solar cells solar cells present thevesel
as the most viable.

Therefore, and taking into account all the workaleged along this thesis, it was concluded that
the most cost-efficient solar cells to integrate HISUN system are the conventional solar cells with
some characteristics optimized for the requirecteatration levels.

Keywords: Concentration Photovoltaic systems, Silicon sacklts, Screen- printing, Laser Grooved
with Buried Contacts
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RESUMO

Os sistemas fotovoltaicos apresentam-se como urcelegite alternativa para produgao de
energia limpa. Os concentradores solares mostrasorae uma potencial solugcédo, uma vez que parte
do silicio é substituido por materiais menos didpmos (como espelhos e lentes). Contudo, existem
ainda varios desafios associados a este tipo tEmsis que necessitam ser resolvidos. Um desses
desafios prende-se com 0s custos economicos ads®@a uso de células solares de alta eficiéncia
muito caras, desenhadas para funcionarem a altes rde radiacdo. Assim, mostra-se necessario a
exploragdo de novas ideias e tecnologias. Nestaéegpresentado um estudo da potencialidade de
células solares screen-printed de silicio paragmtgio em sistemas de CPV, concretamente no
sistema HSUN.

Dois tipos de células solares, convencionais stdsda células solares de silicio optimizadas
para uma concentragdo de 15 sois, foram analisaaes, o objectivo de se perceber o seu
comportamento e a sua performance sob véarios neetoncentracdo. No fim da primeira parte da
campanha experimental desenvolvida (caracterizag@ctrica das células solares), foi possivel
concluir que as células convencionais ndo séo pgaooviavel para integrar o sistema HSUN (que
opera a uma concentracdo de 15 soéis), uma vezgjastas células apenas apresentam um correcto
funcionamento até uma concentracdo de 5 sbéis. Nb rgapeita as células solares de silicio
optimizadas, os resultados foram satisfatériosgdeam consideracdo o seu comportamento sob
concentracao até 20 sais.

Na segunda parte da campanha experimental, ascdalares optimizadas foram integradas
em sub-receptores e 0 seu comportamento foi adaligas resultados obtidos provaram a boa
performance, ja demonstrada na sua caracterizadé@tria, e que o seu funcionamento ndo é
afectado através da sua integragdo em sub-recepfmeociado a esta parte experimental, foi ainda
realizada a optimizacdo do processo de montagersulBreceptores. Esta optimizacao proporcionou
um processo de montagem mais rapido e com menbalpifimiade de danificagdo das células solares.
Por fim, e comparando o custo vs. eficiéncia dasllag convencionais, das células solares
optimizadas e das células solares de contactoradte(usadas actualmente no sistema HSUN), foi
possivel concluir que a célula solar mais viavél aa concentracdo de 24 sbéis € a célula solar
optimizada, sendo que a partir desse nivel de otrag@io as células solares de contacto enterrado
passam a ser as mais viaveis.

Assim, e tendo em conta todos os resultados ob&iddengo do desenvolvimento desta tese,
concluiu-se que as células solares mais viaveia paegrar o sistema HSUN sdo células solares
convencionais com algumas caracteristicas optiraggdra o nivel de concentra¢éo requerido.

Palavras-chave:Sistemas de Concentracdo Fotovoltaica, Célula dglelsilicio, Tecnologia Screen-
printing, Células LGBC
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Chapter 1

INTRODUCTION

1.1 Context

Since 1860, the average surface temperature irdte@$ °C. Different future scenarios
predict that by 2100, this temperature will inceedgtween 1.5 and 6° C, if the energy choices and
habits of current consumption remain unchanged [1].

The Renewable Energy whose conversion technoldgies reached a maturity which allows
commercial and technical perspective the applinatifbeconomic significance, are forms of energy
that regenerate cyclically in a reduced scalénoét That is, energies that are in constant renewal
are inexhaustible and can be continuously usedTfals, the renewable energies are pointed out as
one of the solutions to mitigate the energetic fenmis, as well as a sustainable alternative tolfossi
fuels [2]. Among them, solar energy has the biggiesteloping potential and has proven to be an
efficient and cost-effective energy source foretiént applications.

The Sun is the most abundant power source andimsaged that the sunlight that reaches the
Earth's surface is enough to provide more energy iascurrently used. On a global average, each
square meter of land is exposed to enough suriightoduce 1700 kWh of power every year [3].

Photovoltaic (PV) technology involves the generatd energy from the direct conversion of
the sunlight into electricity. Since 2000, total Bvoduction increased almost by two orders of
magnitude, with annual growth rates between 40% @08b. The most rapid growth in annual
production over the last five years could be ob=eéiin Asia, where China and Taiwan together now
account for almost 60% of world-wide production.wéwer, the major barrier towards very large-
scale use of PV systems has been the cost ofielgctreneration with this type of technology [4].

Concentrated photovoltaic (CPV), by concentratimgdunlight into the solar cells through the
use of mirrors or lenses, decreases the silicom meeessary for the production of the same power,
leading to a decrease of the price of electricégayated by the system. As so, the CPV technobkogy i
considered by some the technology with most paktdireach costs of electricity that can compete

with fossil fuels [5].
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The CPV configurations vary widely according to ttencentration ratio, the type of optics
(refractive or reflective) and the geometry, bitgoaby the type of solar cells used. Since the CPV
systems operate under concentration, it's necesbatythe solar cells used in this kind of systems
present several proprieties that lead to a gooeance. Thus, the solar cell choice is decisore f

a CPV system to achieve high performance and teltzble over its entire lifetime [5].

1.2 Scope and objectives

This master thesis was developed within the framkved the HSUN project, a new CPV
system that is being developed in a collaboratietwben the research and development (R&D)
Wemans and Sorasio Laboratories of WS EnergiaD#martamento de Engenharia Electrotécnica
from Faculdade de Ciéncias e Tecnologia — Univexdéd Nova de Lisbo&CT-UNL) and the
Faculdade de Ciéncias da Universidade de Lisfig@UL) and intends to contribute to evolution of
science and technology on photovoltaic systems tlamslincrease the penetration of solar energy in
the markets.

The objective of this research was to study thdopmance of various types of solar cells
under solar concentration and thus, contributimghie development of the HSUN technology. Thus,

taking into account the main objective, the thesidivided in two distinct parts:

. Laboratorial characterization of the solar cellsindy to validate the theoretical
method that was used for predicting the behaviasaddr cells under different concentration

levels.

. Improvement of the mounting process of the HSUNeirers. Through the
implementation of this process, the soldering darsoells has become faster with a lower
probability of damaging the solar cells. It wasoafgerformed an experimental campaign to

understand the behavior of the solar cells whesgiatted into the HSUN sub-receivers.

The objectives were accomplished and are compléetdgrated in the project: the improved
mounting process of the HSUN receivers is beingl tise¢he preparation of new prototypes and the
solar cells studied are already being used in gve HSUN prototype. Some of parts of this work
were presented in the European Photovoltaic Salardy Conference in Hamburg and the article

and poster presented can be consulted in the Alnnex
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1.3.Structure of the thesis

This thesis is organized in eight Chapters:

Chapter 1 sets the context, scope and main objectives dahiiss as the necessity of a correct
choice of the solar cell that integrates the CP&tay.

Chapter 2 presents the fundamental concepts and state aftloé concentrated photovoltaics
systems

Chapter 3 presents the fundamental concepts of the soles aalll describes the state of the
art of the solar cells that are suitable to integtlve CPV systems. Also in this chapter it is pnésd
the physical characteristics of the solar cellsaursdudy in this thesis.

Chapter 4 covers the estimated behavior of the solar celideu different concentration
levels. A mathematical model to estimate the beadrasfi solar cells under concentration is explained
and the expected behavior of the solar cells uodiecentration is presented.

Chapter 5 describes the laboratorial characterization ofdblkar cells under study, with the
presentation of a full experimental campaign wiseneeral experimental procedures were performed
in order to test and analyze the electrical andsiiay parameters of the solar cells.

Chapter 6 describes the behavior of the solar cells testgelgrated in the HSUN sub-
receivers. Also in this chapter is explained thellsoldering process of solar cells developethén t
context of this thesis.

Chapter 7 describes the cost-efficiency analysis of screramgx solar cells to integrate CPV
systems.

Chapter 8 presents the main conclusions of this work, asl el directions for future

developments related to the solar cells in the HSUNproject.
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Chapter 2

Concentration Photovoltaic Systems

This chapter introduces the fundamental concept artief history of Photovoltaic (PV)
technology. Within this area, Concentration photaro (CPV) systems are pointed out as an
interesting technological option to significantlgduce the PV electricity costs. The main areas of

CPV technology are then briefly described.

2.1.Photovoltaic Solar Energy

The photovoltaic (PV) effect consists on the di@tversion of sunlight into electricity. Such
effect, involves the transfer of the photon eneofythe incident radiation to the electrons of the
atomic structure of the semiconductor materialsTranslates into the creation of free chargeben t
semiconductor, which are separated inside the delic the electric field of the junction, thus
producing an electric current outside [6].

This effect was first observed in 1839 by Edmonadgeerel who found that metal plates,
platinum or silver, dipped in an electrolyte, wherposed to light, produces a small potential
difference. Later in 1877, two inventors from theSl) W. G. Adams and R. E. Day, used the
photoconductive properties of selenium, to develbp first solid state device for producing

electricity when exposed to light (Fig. 2.1).

light

Pt wire

vitreous Se

label = 0.6-2.50m —» glass tube

Figure 2.1 -Adams and Days' Selenium glass tube
Source: http://ihome21.kennesaw.edu/new/mods/subaver.htm
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This device consisted on a film of selenium, irepasited on a substrate and a second film of
gold, semi-transparent, which worked as a frontaxtn Despite the low conversion efficiency of the
device (about 0.5%) in the late nineteenth centing,German engineer Werner Siemens (founder of
the industrial empire with his name) marketed dsnsem cell light meters for cameras [7]. With the
advent of the space age, the photovoltaic techgdiag assumed a new importance, since the solar

cells began to be used as backup to the chemittatiea used in satellites, in 1958 (Fig.2.2) [7].

Figure 2.2- Vanguard 1 was the fourth artificial satellitari@hed and the first to be solar power. It's thaest satellite
orbiting Earth, but there is no longer any commatian with it.
Source: http://nssdc.gsfc.nasa.gov/nmc/spacecegfi®)i.do?id=1958-002B

The history of photovoltaic had expected its majcientific developments on the first half of
the twentieth century, including the explanationtldé photoelectric effect by Albert Einstein in
1905, the advent of quantum mechanics and in péatiche theory of bands and the physics of
semiconductor producers [7].

In the 80s, the PV has become an important sourteelectrical energy associated with
electrical devices such as watches, calculators andadios and global photovoltaic
production exceeded 9.3 MW [7]. Due to the growolgmand for renewable energy sources, the
manufacturing of solar cells and photovoltaic asrhgs advanced considerably in recent years [6].
Driven by advances in technology and increasesanufacturing scale and sophistication, the cost
of photovoltaic has declined steadily since thst fgolar cells were manufactured. Net metering and
financial incentives, such as preferential for sglanerated electricity have supported solar PV
installations in many countries [6]. In the lastyars, the total PV production increased almost by
two orders of magnitude, with annual growth ratesMeen 40% and 90%. The most rapid growth in
annual production over the last five years was meskin Asia, where China and Taiwan together

now account for almost 60% of world-wide product{&ig. 2.3) [4].
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Figure 2.3 -Annual Photovoltaic Installation from 2000 to 2010
Source: see reference [4]

2.2. Concentration of photovoltaic

2.2.1. Why Concentration?

Nowadays, the PV technology shows up as a venactitte option for clean energy
generation. However, this technology have beentdishin use due to the high cost associated to
these systems [8] which was mainly associatedeacsthar cells price. One approach to reduce PV
electricity cost lies in the development of concativn photovoltaic (CPV) systems which lead to a
decrease in the amount of semiconductor materiad watt of generated power by providing an

increase of the radiation intensity per area (Eid) [8].

Figure 2.4 —Concentration of the light in the solar cell
Source: http://i00.i.aliimg.com/photo/v0/452739@244l_axis_solar_tracker_for_Concentrated_Photoigjibg
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Such increase in the irradiation is provided byrang or lenses that concentrate solar radiation
from a large area, into a smaller area [9]. Siheedptical elements are cheaper than the sola, eell
further cost reduction on the PV electricity maydxpected [9]. The CPV technology advantage is
illustrated by Fig. 2.5 which shows the percentafyeach PV system component cost as to the total
cost of the system. The relative costs are preddateconventional silicon PV modules integrated in
two different configurations: a fixed structure am@PV system, the DoubleSutechnology which
was developed by WS Energia S.A. As can be obsgmmdtlie case of CPV systems, the impact of
semiconductor material (i.e. of the module), intibtal cost of the system, decreases to almosifa ha

DoubleSun Conventional PV uyioduies (csi)

B Structure

¥ Optics

M BOS (cables +etc.)

¥ Tracker (robotics+engines)
W Installation - basement

" Instaliation - electrical

1.29% 7 Inverter

Figure 2.5 -Relative cost of the components of a PV systeme is total cost for a conventional PV system (o ight-
hand) and for a CPV system, the DoubleéStathnology (on the left-hand).
Source: Reis, Filipa, “LCoE analysis as a decisomh for design of concentrated photovoltaic systezf1l

2.2.2. Fundamentals of CPV systems

The CPV systems are usually classified taking adoount its concentration level which can
be quantified in terms of concentration intensdy,'suns”. The “suns” concentration is defined as
the ratio of the average intensity of the focusgtitlon the cell active area divided by 1000W/m
(the standard peak solar irradiance)[10]. Thus,GR¥ systems are divided in three classes: Low,
Medium and High concentration systems (LCPV, MCRM &ICPV, respectively) as showed in
Table 2.1.
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Table 2.1 -Description of Classes of CPV systems
Source: S. Kurtz, “Opportunities and Challengedfevelopment of a Mature Concentrating PhotovolRwer Industry”, 2009

Class of CPV Typical Concentration Ration

High-concentration >400 suns
Medium-concentration 10 suns — 100 suns
Low-concentration 2 suns -10suns

As showed in Fig. 2.6, a CPV system can be divide8l main components (optics, trackers

and receiver) which are presented and brief desttiitbthe next sections.

ASSEMBLY

Heat Sink
RECEIVER

Secondary Optics i —

E-‘_ et

Figure 2.6 -Schematic of Linear-Focus Trough PV Concentrator
Source: IEC62108 Norm

2.2.2.1. Optics

The optics of a CPV system is the component thateatrates the sunlight into solar cells. It
can be divided in two main groups: refractive aptand reflective optics. The refractive optics
usually consists on Fresnel lenses and can havelistinct configurations: i) point-focus, where is
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show a typical ray hitting the circular active axdahe solar cell; or ii) linear focus, in whichet

sunlight is focused on a line of solar cells which placed in a string (Fig. 2.7) [10].

."'I Ry
|

/ Typical light ray

. { Cell string

Figure 2.7 -Fresnel lens configurations: a point-focus Freter& (on the left-hand) and a domed linear Fref@rethe
right-hand)
Source: see reference [10].

Regarding the reflective optics, the most commolutem is the use of mirrors. These
components can have different configurations swch)dinear (used for low concentration levels)
and ii) parabolic shaped (used for medium and lighcentration levels). As in the case of the
Fresnel lenses, the parabolic shapes can be w@dssif two groups: parabolic with point focus,
where parabolic dishes are used to focus the sunkmd linear focus, where the light is focuses

through the use of parabolic troughs (Fig. 2.8).[10

Cell array

\ Y Typical Light

= ray path

Reflective surface

Reflective parabolic dish

Figure 2.8 -Reflective concentrator configurations: a point-feparabolic mirror concentrating (on the left-haan)l a
linear parabolic (on the right-hand).
Source: see reference [10].

As mentioned before, the mirrors or lenses destrdtmve are used in the CPV systems as the
primary optics. However, many of the CPV configimas also use a secondary optics to raise the

performance of the concentrator. Such improvemeay ke on the increase of the acceptance angle

10



Concentration Photovoltaic Systems

or even on a higher homogeneity of the radiatiat thlls on the cells. As the primary optics, there

are several configurations for the secondary opti0k

2.2.2.2. Tracking systems

To correctly concentrate the sunlight on the sodlis, the optics of the CPV systems have to
be aligned with the sun rays, thus demanding fomeking system which places the CPV system
towards the sun from sunrise until sunset [8].Inagal, the tracking systems, depending of the sptic
requirements, can track in 1 or 2 axes (Fig. 2®)the case of the point focus optics (that was
mentioned above) usually requires the tracking &x&s while, in the case of the linear focus optics
the tracks in 1 vertical axis can be enough to ajutae a proper performance of the CPV system.
Although in most cases the solar cells are the raggensive component that integrates the CPV
system, in some of the cases, when a elevatedrigapkecision is required, the tracking system and
its structure can become the most expensive comparfiea CPV system [10]. Thus, the higher the

precision, the greater is the cost associated twishequipment.

(@) (b)

Figure 2.9 —Types of Tracking systems: (a) 1 axis tracker @M@ axis tracker
Source : see reference [10].

2.2.2.2. Receiver

The concentrator receiver can be describe as tbapgof one or more solar cells and
secondary optics (if present) that receives theeoinated sunlight and incorporates the means for
thermal and electric energy transfer. A receivarldde made of several sub-receivers, where the

sub-receiver can be classified as the elementaryfiithe full-size receiver [11].

11
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The concentration ratios that are reached in a €@tem leads to high temperatures, which
affect the cells performance. Thus, a cooling systeay be required. The cooling system can be
classified in two strands: passive, where the ogobf the module is made through by aluminum

fins; and active, where the cooling of the modslenade with running water[11].

To a properly function in the CPV systems, the pholtaic cells demand for specific
requirements of the concentrated light and fromsiblar cell itself. This aspect will be addressed i

detail in Chapter 3.

12
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Chapter 3

Fundamentals of Solar Cells to CPV systems

This Chapter covers the basic principles of PV rsoklls by addressing: i) the equivalent
electrical circuit; ii) the main electrical paramet that characterize a solar cell and iii) theugrice
of radiation and temperature on solar cells peréorce. This chapter ends with an overview of the

solar cells that are suitable for CPV applications.

3.1. Basic principles of photovoltaic solar cells

3.1.1. Equivalent electric circuit of the solar cell

Photovoltaic cells are made of semiconductor nmateiie. material with intermediate
characteristics between a conductor and an insul&iticon presents itself typically as sand.
However, through the appropriate methods is obthsikcon in a pure form. The crystal of pure
silicon has no free electrons and therefore isa ptectrical conductor [12].

Thus, in order to change this situation, percergageother elements, as phosphorus and
boron, are added to the silicon. This process metadoping. Through the doping of silicon with
phosphorus, a material with free electrons or malgewith negative charge carriers (n-type silicon)
is obtained. By performing the same process, bwtaaded boron instead of phosphorus, is obtained
a material with the opposite characteristics, laek of electrons or a material with free positivel
charges (p-type silicon) [12].

Each solar cell is composed of a thin layer of petynaterial and a thick layer of p-type
material. Separately, both layers are electriaadlytral. But together, in the p-n region, they fam
electric field due to free electrons from the netygilicon that occupy the gaps in the structurthef
p-type silicon. So, by focusing light on the phathaic cell, the photons collide with other eleciso
present in the silicon structure, providing therergy and turning them into conductors. Due to the
electric field generated by the p-n junction, al@as are guided and flow from the p-layer to the n-

layer, converting part of the incident light inte&rical energy direct current (Fig. 3.1)[12].

13
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, n-type
silicon
junction
pype

silicon

+ "hole” flow

Figure 10-Principle of operation of a solar cell.
Sourcehttp://www.esdalcollege.nl/eos/vakken/na/zonnet®l.h

The junction works as a rectifier or diode becatlse application of a potential difference,
with the positive potential applied to the p-typatarial, decreases the potential barrier and allows
current to pass through the interface, while thaiegtion of a reverse potential difference incesas
the potential barrier and not allow the passageurfent. Figure 3.2 illustrates the characteristic
curve of a silicon diode [13].

In &

polarizacdo directa zona de conducdo
A . K 1
+ - sz \LIO

Iy : t »

) /I\ 0.7 Vo
polarizacdo inversa
zona de bloqueio
A . I K
+ - IR\,‘/
-+
In
zona de avalanche

Figure 11 -1-V characteristic of a silicon diode
Source: see reference [13]
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When the diode is connected to a circuit so asttigapotential is positive on the anode doped
with impurities of type p, and negative on the odth doped with impurities of type n, the diode is
directly polarized. In this case its applied thestfiguadrant of characteristic curves, where, feom
defined voltage (threshold driving voltage in tbése is 0.7 V), the current will flow [13].

If the diode is reverse-biased, current is preveeidemove in this direction and in this case, it
applies to the third quadrant of the characterstizve. The diode goes into avalanche or breakdown
region when the reverse voltage exceeds a giveshbid value (which may lead to its destruction),
specific for each diode, called rupture strainisltthe "knee" strain of the I-V curve, and it is
designated by . In the region of rupture, the reverse currentwgroquickly, while the
corresponding increase in voltage drop too low.[13]

The expression that gives us the variation of sitgnof the diode current (1) with a

difference of potential on the terminals is the &hey equation [13]:

I; =1, (exp (mLVT) — 1) (1)

where:
lo - Reverse Saturation Current (or leakage) thagsathrough the diode;
V - Difference of potential on the terminals of tfiede;

m - Ideality factor of the diode (when m = 1, wevda ideal diode; when the m> 1, we have a

real diode);

V1 - Thermal Potential that is given by the equafon
kT 2

k -Boltzman Constant(= 1.38 x 10723 J/K);
T - Absolute temperature of the cell (in Kelvin);

q — Electron chargee(= 1.60 x 1071° J/K).
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The current 4 is void when V = 0, increases exponentially fosigiee values of qV and
decreases when gV is negative for a value of d&araegative.
A solar cell that is not exposed to solar radiai®mnepresented by the equivalent circuit of a

diode and the respective |-V curve in Fig. 3.3 [13]

In &

a) b)

Figure 12 -a) Diagram of equivalent circuit; b) Characteristicve of the cell in total darkness
Source: see reference [13]

The equation that expresses the variation of cunnvoltage for the ideal solar cell is given
by [13]:

vV
I=1L_1DC>I=IL_Io(exp<m_l/T>_1> (3)

where | is the current generated due to exposure to bgldolar radiation. Then, it proves that if
does not exist solar radiation, the value dél0, and the equation (3) leads to the equafiprrf the
presence of solar radiation, the characteristivecof diode is deflected by the peak currerinlthe
direction of reverse bias (fourth quadrant in thegchm of I-V curve) (Fig. 3.4) [13]. The current

generated by the solar radiation can be electyicafiresented by a current source (Fig. 3.4).
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Figure 13- a) Diagram of equivalent circuit b) Charactedastiirve of the irradiated cell
Source: see reference [13]

However, contrary to what occurs in the ideal so#dk, in reality the PV cells have associated
to their characteristic parasitic resistances dfffact their performance. As such, the equivalent
electric circuit should include two elements, tedes (Rs) and shunt or parallel (Rsh) resistance
[13]. Figure 3.5 shows the equivalent electric airthat represents the operation of one real solar

cell when connecting its terminals to one electrterge (Z).

—

I

i
(1)
1

Y o
|-

Figure 14 -Representation of the electrical circuit of one sedr cell
Source: http://www.newworldencyclopedia.org/entoj&® cell

The Rsh is arises from the defects present in dlag sells, while the Rs is formed by many

individual resistances:

. Emitter sheet resistance;

. Bulk substrate;

. Resistance of the the busbar and fingers;

. Contact resistance between front gridlines andtemit
. Resistance of the back busbar.
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The main effect of Rs on the |-V curve is showirig. 3.6 and consists on the reduction in the

slope of the curve near the open circuit voltagecj\Mfegion [6].
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Figure 15 -Effect of variation of series resistance in the ¢iuve
Source: see reference [14]

As mentioned above, the Rsh (shunt resistancejtirasicomponent brings together the
various factors which cause leakage current. Igégh is infinite and its effect on the charactaris

curve is the reductions of the slope near the stiartit current (Isc) region, as shown in Fig. BY.
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Figure 16 - Effect of the variation of the parallel or shuesistance in the I-V curve
Source: see reference [14]
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Both resistances influence the I-V curve by redgdtme cell fill factor. Very high values of
Rshand very low values of Rs may cause the reductishort circuit current and in the open circuit

voltage, respectively. In the presence of thesistegges, the general equation of the characteristi
curve of the cell is given by [6, 15]:

(=] I( (V+Rs><l) 1) V+Rs X1 @)
=1 ol|éxp mvy R,

3.2. Electrical parameters of a solar cell

When through one variable resistance that variesetactrical charge on the terminals of a
photovoltaic module or other photovoltaic devicgp@sed to solar radiation, the photogenerated
electrical current that runs through the resistarar@es according to the voltage on the terminals.
The graphical representation of current as a fanaif voltage is called the characteristic cur¥so a

named |-V curve. Figure 3.8 represented a typidalcurve and a P-V (Power-Voltage) curve for a
solar module [13].

IV curve of the solar cell

\ The short circuit current, lge,
iz the maximum current from a

solar cell and occurs when the
voltage across the device is
Zero,

Current

Power from
the solar cell

Voliage
Voc

Figure 17 -1-V and P-V characteristic curve of an silicon cell
Source: http://www.cleanenergybrands.com/shoppitfpeaducts/HukseFlux-IV400.html

Through the |-V curve of solar cell, it is theredopossible to find several parameters that
allow the characterization of one solar cell.
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3.2.1.  Short-circuit current and open-circuit voltage

The two parameters obtained from the intercephefltV curve with the axis system for a
given radiation and temperature, allow to chara#ayne solar cell of a given area.

This two parameters are the short-circuit currst( = 0)) and the maximum voltage on the
terminals of the cell by the open circuit voltayf@¢ (1 = 0)) [16].

According to equation 5 and 6, the valueggfaind the . is given, respectively, by [16]:

Isc =1 )

Voc=m><VT><(;—z+1) (6)

3.2.2. Maximum power point

Another parameter that it can be seen through Neclirve is the maximum power point
(Pmp). The region of the characteristic curve betwdsc and Voc that corresponds to cell
functioning as a generator, for each point on tieclurve, yielding a value of voltage and respezxtiv
current, or a power (P = VxI), which can be repntsg as shown in Fig. 3.9 [6].

Intensidad (A)
o

T T T T t
0.0 100 200 30.0 400 0.0

Tension (V)

Figure 18 -1-V curve and point of maximum power draw of the ®IET’s simulator.
Source: see reference [6].
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The power delivered is given by the above produadtthere will be an operating point (Impp,
Vmpp) at which maximum power is delivered - therpaif maximum power.
In a short circuit or in an open circuit the povigerzero. The maximum power that emerges

from the cell (Pmp), occurs at the point of therakteristic curve where the product (I x V) is

. . dav)  d(P)
maximum, ie —= = —= =
aw) — dw)

So, according to equation 7, the value of voltageéemaximum power point is given by [16]:

I
Vmpp=VOC—m><VT><(i+1) (7)

And, according to the equation 8, the value ofenirat the maximum power is given by [16]:

_ _ Vmpp Vmpp
Impp = I, T X exp (_VT ) (8)
The value of maximum power is therefore calculdtgdhe product of the maximum values of

intensity and voltage of the solar cell at the Pagpcan be seen in the equation 9 [14].

Pmp = Vmpp X I(Vmpp) = Vmpp X Impp (9)

3.2.3. Fill Factor

The Fill Factor (FF) is a parameter which, in cawgjion with Voc and Isc, determines the
maximum power from a solar cell. The FF is defiredthe ratio of the maximum power from the
solar cell to the product of Voc and Isc and isrespnted in the following figure by the light blue

area. It can be estimated by the equation 10 [14].

]

3-
re MPP

259 Ficie 3

Zelstromin A

Fallakror fp = €8

[ 0 02 03 04 05, 05 or
Zellspannung in¥ MPP

Figure 19 -Fill Factor of solar cells
Source: see reference [6].
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_ Vmpp X Impp

FF = 10
Isc xVoc (10)

The FF is a parameter of great importance andeztgractical use because it is the indicator
of the quality of the cells[6].
Making use of the definition of FF, the Pmp delag@by a cell is given by equation 11 [6].

Pmp = FF X Isc X Voc (12)

3.2.4. Conversion efficiency

The energy conversion efficiency of a solar cellesined by the ratio between the Pmp and

the power that falls on the solar cell, G [6].

Pmp (12)

Naturally, this efficiency and maximum power is @bed only if the load resistance is
adequate, given by Vmpp / Impp. For example, whae says that a commercial cell has an
efficiency of 15% it means that if we had a celiface of 1m2 that is illuminated with 200W/m2 of

incident radiation, the maximum output power wil b5W [14].

3.3. Influence of temperature and radiation intensity onthe characteristic curve

Factors such as the intensity of solar radiatiod &mperature directly influence the
performance of a photovoltaic cell, which can galsé observed through its I-V curve, as showed in
Fig. 3.11.
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Figure 20 -Effect of a) irradiance and b) temperature in thedurve
Source: see reference [13]

As shown by Fig.3.11, the value of Isc is increastl the raise of the incident radiation on
the cell, but this variation is more important fower values of incident radiation. When a PV ¢=ll
exposed to higher temperatures, the Iscincreadiggths while the Voc decreases more
significantly. Thus, for a specified set of ambieanditions, higher temperatures result in a degrea
of Pmp [13].

3.4. Overview of Solar Cells for CPV

Regarding terrestrial applications, the semicormludevices used for the production of PV
cells may be distinguished into several categodepending on the material structure and
manufacturing process. Within the solar cells lade on the market, the highest efficiencies are
nowadays achieved by the crystalline and multijimmcsolar cells (Fig .3.12). These cells are also
the most expensive; however, its cost is afford&meCPV applications in which the solar cell area
is reduced [16].
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Figure 21 -Historic summary of champion cell efficiencies f@rious PV technologies. The highest efficientiase been
achieved for multijunction solar cells; these eéfitcies are still increasing each year. Multijuoctcell efficiencies have

the potential to approach 50% in the coming years.
Source: see reference [5]

Within the crystalline solar cells, the monocryit@ technology are historically the most
widely used and marketed for converting solar enéntp electricity and are made from a single
silicon crystal. These cells are the most efficenall silicon cells. The crystal is obtained framgh
purity fused silica (Si = 99% to 100%) in reactargler controlled atmosphere and with very slow
speeds for the crystal growth (process known asl@atski method). Finally, the cells are obtained
by cutting the ingots into fine discs (0.4-0.5 mimck). The efficiency of this solar cells to contver
the sunlight into electricity is over 15% [17, 18].

Multijunction (MJ) cells consist of multiple semiductors, each one capable of absorbing in
a different region of electromagnetic spectrum.e Bemiconductors are carefully chosen to absorb
nearly the entire solar spectrum, thus generatlagtricity from as much of the solar energy as
possible (Fig. 3.13)19]. This approach allows the cell to cover more @ ltght spectrum, but
increases the complexity of cell design and manufacGaAs based multijunction devices are the

most efficient solar cells to date. In October 2Qtiple junction metamorphic cell reached a record
high of 42.3%.
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Figure 22 -(a) The structure of a MJ solar cell. There are sixdrgmt types of layers:-n junctions, back surface fie
(BSF) layers, window layers, tunnel junctic anti-reflective coating and metallic contadts; Graph of spectral irradian
G vs. Wavelength over the AM1.5 solar spectrum.
Sourcehttp://en.wikipedia.org/wiki/Multijunction_photowvialic_cel

However, the MJ solar cells have a very high cekich, in the short term, makes these s
cells unsuitable to integrate the low and medconcentration systems, such as the HSUN con
As so, the silicon solar cells were pointed outttes most co-effective solution to integrate tl
MCPV technology (as the HSUN system). The silicatars cells have many years of -field
demonstration péormance and a well standardized process for diime production which mak
this technology a very reliable technology benefitfrom economies of sca[20].

3.4.1. Monocrystalline solar cells for CPV application:

The conventional standard mccrystalline solar cells (Fig. 3.14re desiged to work under
1000 W/nf (1 sun). When this type of solar cells are integgtah the CPV systems and exyd to
higher amount of irradiation, the current that ffoim the solar cells increases, as well as thee.
resistance losses, thus leading to a decrease &Rtand th efficiency of the solar cel[21].

In order to guarantee an efficient operation o&aisoklls under concention, highly efficiency
solar cells must be fabricated specifically for camtration systems. In the following sections
describe several approaches that were taken tocoimpsilicon solar cells efficiency under ClI

applications.
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Figure 23 -Monocrystalline solar cells
Source: http://www.directindustry.com/prod/kpe-td4honocrystalline-photovoltaic-solar-cells-544458366.html

3.4.1.1. Modified screen-printed solar cells

The modified conventional silicon solar cells shaysas the best choice for the existence of a
compromise between high efficiency and low costcesismall changes on one-sun cell can lead to
high efficiency cells with higher cost than thenstard ones, but affordable when integrated in CPV
systems and the industrial lines of standard silisolar cells are easily adaptable to the new high
efficiency silicon cells, thus benefiting from ecwonies of scale [21].

The screen-printed method is an economical meddiiz technique used by most
manufactures of conventional solar cells[22]. Byntimg additional metal on the solar cell front
surface the resistive losses are reduced; howadeitional metal causes additional shading of the
top surface of the cell. Thus, the design of tlatfigrid contact must result from a tradeoff betve
the shading and the resistive power loss [23]. Vdithoptimized grid design, in accordance with
conductivity and shadowing factor, we can mainth&ir efficiency up to a concentration level of 15
suns [24]. Through the optimized grid design weaobta low-cost and low-level technological
process which allows the use of conventional stals, with costs of production similar to the hsu
conventional solar cells [24].

Shading losses can be improved through the useishpovers, which refract light away
from the metal fingers and hence cause the optichh of the fingers to be less than the geomdtrica
width [19]. Figure 3.15 presents the efficiencyiaion of a silicon cell before and after electtay
deposition to optimize the solar cells to 10 suns.
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As can be seen, after the optimization of the fpid of the solar cell, the efficiency remains
high until a concentration of 10 suns. Without th@imization of the front grid, the losses are

significantly greater beyond 4 suns [24].
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Figure 24- Normalized plot of Efficiency against the congatibn ratio of the optimized and unoptimized ggaar cell.
Source: see reference [24]

However, there are other approaches such as tlee Gasoved Buried Contact (LGBC) solar
cells, the Emitters Wrap Trough (EWT) solar celtsl she Metallization Wrap Trough (MWT) solar
cells, among others. The main problem in usingeteshnologies is that the production process of
these new solar cells, such as occurred in muttijan solar cells, is still very recent and aremet
completely solidified in the PV market. So, commhte Upgraded 1-sun solar cells, they are more

expensive [20].

3.4.1.2. Laser Grooved Buried Contact (LGBC) solar cells

The buried contact solar cell is a high efficiemoynmercial solar cell technology based on a
plated metal contact inside a laser-formed grodhe. buried contact technology overcomes many of
the disadvantages associated with screen-printethcts and this allows that this type of solarscell
presents a performance up to 25%. A schematic lafri@d contact solar cell is shown in the Fig.
3.16 [22].
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Figure 25 -Buried contact solar cells
Source: http://pvcdrom.pveducation.org/MANUFACT/BCTSTM

A key to the high efficiency feature of this typétechnology is that, unlike in the screen-
printed cells, the metal is buried in a laser-fadngeoove inside the solar cell. This type of contac
allows for a large metal height-to-width ratio., 9 using this type of technology a large volure o
metal is used in the contact finger, without havangvide strip of metal on the top surface (thus
minimizing the shadow effect on the front of théasaell) [20].

In addition to good reflection properties, the bdricontact technology also allows low
parasitic resistance losses due to its high matad,rits fine finger spacing and its plated méd¢al
the contacts (Fig 3.17). The metal grid resistas@so low since the finger resistance is reduned
the large volume of metal in the grooves and byuge of copper, which has a lower resistivity than

the metal paste used in screen printing.

Figure 26 -Buried contact in a silicon solar cell
Source: http://pvcdrom.pveducation.org/MANUFACT/BCSTM

Further, due to the inclusion of certain area-eglatosts as well as fixed costs in a PV system,
a higher efficiency solar cell technology resuftdawer cost electricity. An additional advantadge o
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buried contact technology is that it can be useddmcentrator systems [20] and, after the Upgraded
1-sun solar cells, it is the most viable technologye used in the MCPV systems. The solar cells
currently used in the HSUN system, manufacturedhgy NaREC company, are Laser Grooved
Buried Contact (LGBC) solar cells and their speaifions and electrical parameters are presented in
the Annex Il.

3.4.1.3. Back contact cells

3.4.1.3.1. Emitters wrap trough (EWT) solar cells

The "emitter-wrap-through" (EWT) solar cell is ackaontact cell that can use solar-grade
silicon. "Emitter" refers to the current-collectigumction that is commonly formed in silicon solar
cells by diffusing phosphorus (an n-type dopantd ia p-type silicon substrate. The key enabling
element for the EWT cell is the use of laser mdalirto make an array of holes in the silicon
substrate (Fig. 3.18) [20].

These holes are diffused with phosphorus duringethéter diffusion, thereby wrapping the
emitter from the front surface to the rear surfi@.

Silicon nitride
100 Q)/sq emitter

p-type base

- n"" hole diffusion

Ag contact to emitter

Al contact to base

Figure 27 -Emitters wrap trough (EWT) solar cells
Source: see reference [20]

The EWT cell is particularly useful with low-qualisolar-grade materials because there is an
emitter on both the front and much of the rearaefover much of the cell. This effectively doubles
the collection length of carriers in the bulk oétllevice. Early prototypes of the EWT cell at Sandi
National Laboratories demonstrated efficienciesitie |above 18% and 15%, using thin-film
metallization and the more commercially relevamesn-printed metallization, respectively.

Theoretical calculations show that the cell streeeia capable of efficiencies approaching 18%
for a large-area cell using solar-grade material$ law-cost fabrication technologies like screen-

printed metallization [25].
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3.4.1.3.2.  Metallization wrap trough (MWT) solar cells

The contact wrap-through or metallization wrap-tlgle (MWT) back-contact cell is the
concept that is most closely linked to the conwerl cell structure. In these cells, the emitter is
located near the front surface, but part of thatfroetallization grid is moved from the front teeth
rear surface (the busbar on the front surface @fstilar cells are transferred to the rear siddef t
cell). In the schematic representation in Fig. 3thés is depicted as the busbar moving from one
surface to the other, while the remaining fronfawe grid is connected to the interconnection pads

on the rear surface by extending it through a nurabepenings in the wafer [20].

d Textured surface F@HC

AAAAAAY
p mc-Si Through-hole .~

p Contact | n* Diffusion
n Busbar

Figure 28 -Metallization wrap trough (MWT) solar cells
Source: see reference [20]

The MWT cells requires only a relatively small nuenbof through-holes to direct
photogenerated electrons to the back surface, ghrthe metal electrodes and n-doped emitters, and
produce higher collection photocurrents due to atmsef a bus bar (main electrode) on the front
surface (as in conventional cells). A higinof 37.3mA/cm? and an efficiency of 18.3% were
reported for a recent MWT cell by Kyocera, and mhedule efficiency for MWT cell modules by
ECN, 16.4%, is the highest reported to date [25].

To understand the real potential single crystallgiecon solar cells integrated in MCPV
systems, different monocrystalline silicon solaltscerere studied and the description of these solar

cells are presented in the next chapters.
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Chapter 4

Theoretical characterization of Solartec and KVAZAR solar cells

This chapter covers the theoretical behavior of Sbéartec and KVAZAR solar cells under
concentration. In section 4.1, the physical charétics of the Solartec and KVAZAR solar cells are
presented; in section 4.2, a description of theheratatical model used for estimate the behavior of
the solar cells is describe and in section 4.3, th®s®rical results obtained and the consequents

conclusions are presented.

4.1.Physical characteristics of the KVAZAR and Solartecsolar cells

In this thesis two types of silicon solar cells eestudied: i) the conventional solar cells,
provided by the KVAZAR company and ii) Upgraded uirsscreen printed silicon solar cells,
provided by the Solartec company. In the next sacthe physical characteristics of these solds cel

are explained and the datasheets provided by fiyists are presented in the Annex 1.

41.1. KVAZAR solar cells

The KVAZAR conventional solar cells (Fig. 4.1), pided by the KVAZAR company, are

made of monocrystalline silicon and the metallimatinethod is the screen printing.
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Figure 29 - Front surface of the KVAZAR solar cell (main cell)

The KVAZAR solarcells(Fig. 4.1) have a total area of 156.25°@amd a thickness of 2Qdm,

approximately. The active area of these conventisolar cell: (i.e. total area less the area occuj

by the contacts of the cell) is, approximately, t&¢

The front of the solar cells is composed by a buaba finger (negative contact of the sol
cell) with 1.5 mm and 0.04 mm of width, respeely. The lack of the solar cells is composed

two soldering pads with 3mm of width and a bacKae fielc (Fig. 4.2).

104 mm

125+ 0,5 mm

——62 mm——

—125£ 0,5 mm ——

Figure 30 - Back surface of the KVAZAR solar cells ( main cell)
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Table 4.1 summarizes the main features (dimensindsnaterials) of the KVAZAR solar cells.

Table 4.1 -Dimensions and materials of KVAZAR solar cells

Dimensions

Cell Cell width (mm) 125
Cell length (mm) 125
Cell area (mm2) 15625
Thickness (mm) 0.20
Active area (mm2) 15000

Fingers Number of fingers 50
Finger width (mm) 0.04
Finger length (mm) 125
Distance between fingers (mm) 3
Area occupied by the fingers (mm2) 250

Busbar Number of busbars 2
Busbar width (mm) 1.50
Busbar length (mm) 125
Area occupied by the Busbar (mm2) 375

Materials

Waffer Single crystalline silicon (sc-silicon)
Front grid contacts Cu + Ag
Rear contact AlSi alloy + Cu + Ag

However, the cells used in the receivers that matiegthe HSUN are smaller than the solar
cells provided by KVAZAR. As such, we have cut KMAZAR solar cells as sketched in Fig. 4.3.
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Figure 4.31 - Drawing of the cut (and dimensions) performed mgblar cells

Each cell was identified with a reference numbestasved in Fig. 4.4. This reference number
takes into account the position of the new cethim “main cell” as showed in Fig. 4.5.

Position of

— 6|_1—) the solar cell

\ in the

Compzny t:at Number of
provides the the Main Cell
solar cell
Total
number of
Main Cell

Figure 32 -Reference of the KVAZAR solar cells.
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Figure 33 —Number given to each cell according to its positi the conventional wafer.

Table 4.2 presents the physical characteristicthefsolar cells obtained after the cutting

process.
Table 4.2 -Physical characteristics of solar cells

Dimensio
ns
Cell Cell width (mm) 14

Cell length (mm) 62.50

Cell area (mm2) 875

Thickness (mm) 0.20

Active area (mm2) 814.13
Fingers Number of fingers 25

Finger width (mm) 0.04

Finger length (mm) 14

Distance between fingers (mm) 3

Area occupied by the fingers (mm2) 14 Figure 34— KVAZAR solar cell
Busbar Busbar width (mm) 0.75

Busbar length (mm) 62.50

Area occupied by the Bushar (mm2) 46 gg
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4.1.2. Solartec solar cell

The Solartec solar cells (Fig. 4.7) are conventisnhar cells that can be optimized taking into
account the concentration level under which theyiatended to operate. In this case, the cells were
optimized for 15 suns which is the concentratiovelehat is expected in the HSUN technology.
These solar cells are made of monocrystallineasiliand the metallization method is the screen
printing.

Figure 35 - Front surface of the Solartec solar cells

The Solartec solar cells (Fig. 4.7) have a totahasf 8.78 crmand a thickness of 18m. The
active area of these solar cells (i.e. total aesg the area occupied by the contacts of the isell)
about 4.75 cf

As in the case of KVAZAR solar cells, the Solarsatar cells presents a front surface of the
solar cells is composed by a busbar and fingemgatie contact of the solar cell) with 1.5 mm and
0.02 mm of width, respectively. However, in theskascells, the back of the solar cells is composed

by an oval soldering pad with 3mm of diameter ataek surface field (Fig. 4.8).

Figure 36 - Back surface of the Solartec solar cells

All the cells provided by Solartec have the sanmetlisions and thickness; however they may
differ in the front grid design and class:
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- Front grid design: the cells can have one or two busbar in the fsorface(Fig. 4.9).

- Classes:there are five different classes 23, 24, 25, 26 2h This classification is provided
by Solartec according to the electrical performasiceach solar cell. However, in this thesis

only the classes 24 and 26 were analyzed.

Table 4.3 summarizes the main features (dimensodsthe materials) of the Solartec solar
cells and the Fig. 4.9 presents the front gridgiespf the Solartec solar cells.

Figure 37 —Solartec solar cells with different front gridsigns: a) one busbar; b) two busbars

Table 4.3— Dimensions and materials of Solartec solar cells

Dimensions Classes 2BB
Cell Cell width (mm) 14.50 16
Cell length (mm) 60 60
Cell area (mrf) 870 960
Thickness (mm) 0.18 0.18
Active area (mrf) 760.11 759.36
Fingers Number of fingers 66 66
Finger width (mm) 0.02 0.02
Finger length (mm) 14.50 14.50
Distance between fingers (mm) 0.50 0.50
Area occupied by the fingers (mm2) 19.14 19.14
Busbar Number of busbars 1 2
Busbar width (mm) 1.50 1.50
Busbar length (mm) 60.50 60.50
Area occupied by the Busbar (mm2) 90.75 181.50

Waffer Single crystalline silicon (sc-silicon)
Front grid contacts Cu + Ag
Rear contact AlSi alloy + Cu + Ag
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Although these solar cells find themselves orgahiaa a variety of electrical classes, the
present research focuses on the solar cells dtbsifith the class 24 and class 26. As in the

KVAZAR solar cells, the Solartec cells were alsentified with a reference number (Fig. 4.10).

sLTic24 L

/

Company that
provides the cell

Number of the
solar cel

Class of the
solar cel

Figure 38 —Reference of the Solartec solar cells
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4.2, Mathematical model to estimate the behavior of sal cells under concentration

The availability of effective modeling techniquesaccurately estimate the device behavior is
guite important to know the viability of solar celin the different situations to which they are

exposed [26].

In the case of solar cells, through the knowledgtheir electrical parameters measured and
estimated when the solar cells operate at 1 simpibssible to estimate the electrical paramdiars

different concentration levels [21].

Since the short-circuit density, Jsc, is propodiao the irradiance of the cell (eq. (13)), thus

the current density under concentration can beribestby:

Jsc (@ X suns) = XJgc (@ X suns) (13)

where X is the concentration level that falls oa solar cell.

The open circuit voltage, Voc, increases like thgalithm of intensity. So, the value of this

parameter under concentration is given by [21]:

mksT | o (14)

kaT X]SC
ln(

Voc(@ X suns) = 7
0

+ 1) ~ Voc(@ 1 suns) +
whereq is the electron chargé,is the cell temperature aig is the Boltzmann constant.

If the cell Fill Factor (FF) remained constant thiwe power delivered by the cell should

increase by a factor [21]:

mkgT
qVoc (@ 1 suns)

(15)

Factor = X (1 + )ln(X)
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And the efficiency §) by a factor [21]:

mkgT
qVoc (@ 1 suns)

(16)

Factor = (1+ )ln(X)

However, as discussed in the previous sectionslaa sell has a series resistanga)(where
the power is dissipated as he@t ;) [21]. Thus,

Pioss = I X Rs (17)

wherel is the current flowing from the cell. Since thisrent is proportional to the concentration,

based on eq. (13) and eq. (17), the power wasigiges by the following equation:

Pioss (@ X suns) = X% x Isc (@ 1 sun) 2 X Rs (18)

Generally FF increases as Voc increases, mostlgusecof reduced diode current. However,
FF is most dependent on parasitic factors, suckhast resistance and, most importantly at high
illumination levels, series resistance [26]. Thuben considering the series resistance, the FRwill

no longer a constant value, and can be estimatieebipllowing approximation:

Prmp @xsuns) = Vmpp(@x suns) X Impp@ x suns) ~ Izmpp(@ X suns) RS (19)
' Impp(@ x ) (20)
Pop@xsuns) = Vmpp@ xsuns) X Impp(@ x suns) X <1 _ %—ng Rs
' Isc@x ) (21)
Pmp (@ X suns) = Pmp (@ X suns) X <1 — ‘;C& Rs
oc(@ X suns)
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Rs ) (22)

P,mp (@ X suns) = Pmp (@ X suns) X <1 - R—
CH(@ X suns)

where Ry is the characteristic resistance of the cell. Thhothe definition of a normalized

series resistance (Rs), it comes:

= (23)
T = —
S(@ X suns) RCH(@ X suns)
Thus, by replacing the eq. (22) in the eq. (23haee:
P’mp (@ X suns) = Pmp (@ X suns) X (1 - rS) (24)

Assuming that the Voc and Isc are not affectedheyderies resistance allows the impact of

series resistance on FF to be determined by

VIOC(@ X suns) X IISC(@ X suns) X P’mp (@ X suns) (25)

IR

VOC(@Xsuns) X ISC(@Xsuns) X Pmp (@ X suns) X (1 — Ts(@ x suns) )

FF’(@XSunS) = FFy X (1 — Ts(@ x suns) ) (26)

where Fk is the fill factor without taking into account tiseries resistance and FF’ is the fill factor

including the losses due to the series resistanuss, the efficiency must be calculated by:

VOC(@ X suns) X ISC(@ X suns) X FF ’(@ X suns) (27)

8'(@ X suns) —

p in(@ X suns)

whereP @ x suns) IS the input power , which is defined as:
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Pin(@ X suns) — X Pin(@ 1 sun) (28)

whereP @1 sumy 1S 1000W/m.

At last, by replacing equations (13), (14), (26) 28) in equation (27), we obtain to the following
equation [26]:

ISC(@lsun) X FF,

kT
E(@ X suns) = VOC(@ 1 sun) + 7 ln(X) - RSXISC(@ 1 sun)] (29)

p in(@ 1 sun)

It can also be calculated the maximum efficiencythef solar cell that will be reached for a
certain concentration X ( i.eg; = 0). Thus, the optimum concentration level of a scoklt can be

estimated by equation (30).

kT 1

X = —
q Rs X ISC(@lsun)
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4.3.Theoretical behavior of the Solartec and KVAZAR saédir cells under concentration

As previously explained, the HSUN system operatesreentration of 15 suns. As such, it is

important to understand the behavior and the vtgbdf the tested solar cells under different

concentration levels. Considering the equationsa(t) (2), described in section 4.2, Fig.4.11 shows

the expected values for Isc and Voc as a functforoncentration for both Solartec and KVAZAR

solar cells.
0.80 ~ r 35 0.80 1 - 35
0.78 - 20 0.78 1 %
0.76 - 0.76
< 0.74 - 25 - 0.74 1 - 25
T %721 20 2 0.72 1 00 <
c —
r_g 0.70 - - % 0.70 =
' 10 0.66 - L 10
0.64 - —\/0C 5 064 4
0.62 A s I 0.62 =—\/oC | 5
0.60 . 0 2] —SC
0 50 100 0.60 ' 0
Concentration (suns) 0 50 100
Concentration (suns)
a) b)

Figure 39 - Calculated values for Voc and Isc as functionasfaentration level in the a) KVAZAR solar cells and
b)Solartec solar cells

As expected, the value of Isc increases linearth wicreasing concentration, while the value
of Voc increases with the logarithm of concentmatidt a concentration level of 15 suns, the values
of Isc and Voc in the Solartec and KVAZAR solalisgvere estimated to be 4.35 A and 0.66 V and
4.8 A and 0.63 V, respectively. As can be obsethedVoc values achieved by the Solartec solar
cells are higher than the values reached by thar smlls provided by KVAZAR. However, as
mentioned before, thefficiency of a solar celdepends on many factors. Although the relative
increase in efficiency of the ideal cell is propamal to the natural logarithm of the concentration
ratio, in the practical devices the efficiency canincrease indefinitely.

As already mentioned, a real solar cell has afiagries resistance (Rs) that leads to power
dissipated as heat. Resistance directly influerimath voltage and current, and an increasing
resistance will cause the voltage-current curveth®f solar cell to move away from the so-
called maximum power point. So, when the solarscalle exposed to a higher concentration of
sunlight, the current flowing from the solar cdB@raises, leading to a rapidly grows of the power
wasted. Due to this situation, it is important ttfeg solar cells used in CPV systems can maintain a
low value of Rs. Through the use of the value ofnisasured to 1 sun of Solartec and KVAZAR
solar cells (0.092 and 0.0&02, respectively), the power loss (due to the Jofflecy and efficiency

of the cells were also estimated (Fig. 4.12) aredrédsults showed an exponential increase of the
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power losses and decrease of the efficiency. Adeaseen in Fig. 4.12, the KVAZAR conventional

cells presented an higher increase of power Idssasa concentration of 5 suns, while the Solartec
cells presented an higher power losses only fraenlth suns, where at a concentration level of 15
suns, the power losses on the Solartec and KVAZ8Iar <ell were estimated to be 2.02 W and

2.074 W, respectively. The values obtained by t&AKAR solar cells already were expected, since
the conventional cells are designed to work undesud conditions. The efficiency of the solar

cells also suffers a great drop. In this caseSiblartec and KVAZAR solar cells, at 15 suns, redche

a value of efficiency of 10.3 % and 4.2%, resp&djiv
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Figure 40 - Estimated power loss (Ploss) and efficiengyas a function of the concentration level of ajaBec solar cells
and b) KVAZAR solar cells

The expected electrical parameters for the Solantet KVAZAR solar cells under different
concentration levels are summarized in Table 4.4.cAn be seen in Table 4.4, the values of
efficiency of the Solartec solar cell decreasel tidiy reach a concentration of 20 suns (8.7%)lewhi
the FF values remain high until a concentratiod®fkuns (54%). Contrary to what happened in the
case of Solartec cells, the values of efficienay BR estimated for the KVAZAR solar cells presents
a high decrease from the 5 suns. As so, the KVAZ&Rr cells seem not to be the most suitable

type of solar cell to integrate a CPV system, asHBUN technology.
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Table 4.4-Calculated electrical parameters of Solartec and KR solar cells under different concentration levels

5 1.45 0.63 0.64 71 13
10 2.9 0.65 1.32 62 11.7
15 4.35 0.66 2.02 54 10.3
20 5.8 0.67 2.70 45 8.7
30 8.7 0.68 4.15 29 5.6
5 1.60 0.60 0.64 52 9.8
10 3.20 0.62 1.32 37 7.1
15 4.80 0.63 2.02 22 4.2
20 6.40 0.64 2.70 7 1.3
30 8 0.643 -0.412 -8 0

However, in order to validate the data obtainedygically, a characterization of these solar
cells was performed and is described in the neapih of this thesis.
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Chapter 5

Experimental characterization of the Solartec and R/AZAR solar cells

This chapter covers the electrical characterizatibthe Solartec and KVAZAR solar cells
under concentration, where several experiments wertrmed as the electroluminescence of the
solar cells (section 5.1), the measurement of kbetrecal parameters (section 5.2), the measurement
of the series resistance (section 5.3), the spaeisponse (section 5.4) and the measurement of the

thermal coefficients of the solar cells (sectiod)5.

5.1. Electroluminescence of solar cells

In order to find out if the soldering and the augtiprocess damaged the solar cells, the
electroluminescence was performed in the KVAZAR &othrtec solar cells.

In this chapter it is performed a brief review ofiet main concept about the
electroluminescence process, followed by the detsoni of the experimental process and discussion

of the results.

5.1.1. Electroluminescence

The determination of electroluminescence (EL) itasscells is an important characterization
tool. It can provide spatially resolved informatiabhout defects which may limit the efficiency and
lifetime of the solar cell. Thus, the EL technigwes very important to manufacturers not only in
research and development, but also in solar cetlymtion [27, 28].

Electroluminescence imaging takes advantages ofintes-band recombination of excited

charge carriers in solar cells. For electrolumirese investigation, the solar cell is supplied, via
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their metal contacts, with a certain external et current which is provided by a power source.
Thus, the solar cell is operated as a light engittiiode and the emitted radiation, due to
recombination effects, is detected with a sensitemmera. [27, 29]. Since EL is a low light souze,
dark environment is required in order to decre&seltackground noise during the measure. The
images provided by this technique show the damageak of a solar cell as dark spots or less bright
than the good areas [30]. The EL technique prowideges with very high resolution that enable to
resolve details that should be hardly perceptibihé eye (Fig. 5.1), such as [30, 31]:

. Micro cracks;

. Bad finger contacts;

. Electrical shunts;

. Broken contacts;

. Fragments in broken cells;

. Electrically separated cell areas;

. Grain boundaries;

. Crystallization faults in cell material.

Figure 41 -Electroluminescence image of a) a monocrystallimeta) poly-crystalline silicon cell. The intensaythe light
given off is proportional to the voltage, so poarbntacted and inactive regions show up as dadsailéhe micro crack
and printing problem are not detectable with visngpection.
Source: http://www.cepsolar.com/electroluminescean@gying

In a typical EL system configuration (Fig. 5.2hetsolar cell is placed in the camera’s field of
view, and the contact to the anode and cathods lefatthe solar cell is performed. A constant curren
sources connected to the contacts of the solafZglIn order to keep out ambient light and protec
the operator to be exposed to the current on tHar szell, the whole system isinside a
box properly designed. The camera collects an imdgke the current is on, and then sends it to a
computer for analysis. The computer displays therghge and gives information on the solar cell

such as dark defects or black spots [32].
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I Camera
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. Dark Enclosure

Current Source

e Solar Cell
] Chuck

Figure 42— Electroluminescence System.
Source: True, Bruce, Photoluminescence an Electiolescence for Silicon Solar Cell Inspection, ARPATIONS SCIENTIST,
INTEVAC, INC., website "http://www.laser2000.de#fddmin/kataloge/INTEVAC_SolarCellWhitePaper_BrueesTpdf

5.1.2. Experimental procedure

In this thesis, the electroluminescence technigags used in order to understand if the cutting
method (in case of KVAZAR solar cells) and the soldg process damages the solar cells in
analysis.

In the case of KVAZAR solar cells, the EL techniquas performed in three different steps: i)
in the main cell before it was sliced,; ii) in thaar cells obtained after the cutting process @ndn
the solar cells after the soldering process. FerSblartec solar cells, only step iii) was carroed,
since the solar cells provided by Solartec complaag already suitable dimensions to integrate
HSUN.

The experiment was performed in the EL apparatesgmted in Figure 435.3. The current
injected into the solar cell was 1 A and the image& 60 seconds to be captured. The values used in

voltage source were:

* Voltage = 1,405V

» Limiting value of voltage (Voltage Compliance.) A2/
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Si-CCD Camera

Chamber where the

receiver is placed

Figure 43— Electroluminescence apparatus, located in thardabry of the Faculty of Science, University o§hon
(FCUL)

5.1.3. Results

5.1.3.1. KVAZAR solar cells

Table 5.1 presents the photographs that were takéme KVAZAR solar cells with the EL
method for the steps i) to iii) referred in sectd.2. The photos taken before the cutting prqcess
i.e. to main cell, presents a thin black line whicklue to the needle required for the negativeéamn
of the primary cell. It can still be seen in thisopo, small black spots (marked in red). This spots
highlights the existence of small defects in theémwolar cell surface, which may have occurred
during the deposition of the front contacts paste.

Regarding the photographs obtained after the cuftirocess of the main solar cell, no
difference was observed as to the photographs taddeme the cutting process and after the soldering
process. This situation proves that the solar aglse physically unaffected by the cutting and
soldering process.

However, in Table 5.1 it can also be observed thatkVZ.40-6.5 and KVZ.40 -6.6 show
dark spots and cracks. In these cases, the daraeg@®t inherent to the soldering process, but due
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to their handling during the experimental proc&$g solar cells n°® 6.5 and 6.7 have broken during
the electrical characterization of the solar cells.

It also must be noticed that the photos taken befloe soldering process shows a brightest
area near the point where the needle is injectuiegcurrent into the cell and some of the cells are
brighter than others. This effect occurs due théhoweused to inject the current into the cell amd t
the quality of the contacts. This situation can ph®ved through the observation of the
photos taken after the soldering process. In thiasecthe contacts are soldered (providing
them a better quality), causing in the solar calimore homogeneous brightness in the illuminated

area.
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Table 5.1 -Photographs taken with the Electroluminescence odethefore and after the cutting procesKVAZAR solar cells, and after the soldering proc

_
JLLLCEAE T

KVZ.40 - 6.2

A

KVZ.40-6
KVZ.40-6.4

KVZ.40-6.5

LACCL A
|
I

T

KVZ.40 - 6.6

KVZ.40 - 6.7

KVZ.40-6.8
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5.1.3.2. Solartec solar cells

Table 5.2 presents the electroluminescence imdggsmere taken to the Solartec solar cells
after the soldering process.

Table 5.1 Electroluminescent images taken to Solartec smlis after the soldering process.

CLASS 24.1

CLASS 24.2

CLASS 26.1

CLASS 26.2

[

AT

2BB.1

2BB.2

The image taken to the cell SLT.C26 -1 (Table 5skpws a small black spot (marked in
red).This spot highlights the existence of a srdafect in the solar cell surface, probably occurred
during the deposition of the front contacts metation. The absence of black spots/lines near the
busbar of the cells showed in Table 5.2, leadeeacbnclusion that the soldering process is hasnles
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to the cells. This means that the Solartec solbs,cas in the case of KVAZAR solar cells, were

physically unaffected by the soldering process.

5.1.4. Main Conclusions

The main conclusions are:

a) The process used to cut the solar cells was priovbd harmless to the solar cells.

b) In both cell types (KVAZAR and Solartec), the ELgphgraphs taken before and after
the soldering process proved that the solar ceisewinaffected by the soldering
process, i.e. the appearance of new black spots #fe soldering process was

undetectable.
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5.2. Measurement of electrical parameters of the & cells

The electrical behavior of the cells should be walbwn. As such, it was carried out a study
of the behavior of KVAZAR and Solartec solar celtsder uniform light, to be known the electrical
parameters of the solar cells. The electrical dtarstics of cells tested were previously estimate
for different levels of concentration.

Thus, in this chapter it is performed a brief rewief the main concept about the electrical
parameters of the solar cells and the measuredegspdollowed by the description of the

experimental process and discussion of the results.

5.2.1. Electrical parameters

According to S. Madougoet al, there are several techniques in the literatudetermine the
electrical and recombination parameters of sollks €&3]. In this thesis, the electrical parametefrs
the cells were obtained only by the method baseith®iV curve [34]. As mentioned in the Chapter
3, through the cell characteristic I-V curve we aatain the main electrical parameters for the
characterization of solar cells under study, sushthe Isc, the Voc, FF and Pmp. To correctly
measure an |-V curve, some parameters, such dsdident irradiance and its spectrum and the cell
temperature should be controlled [35]. Usually thé curve is measured under standard test
conditions (STC), which are: [3]:

. Incident Irradiance: 1000 W/m2
. Spectrum of incident irradiance: AM1.5 G

. Temperature of the solar cell: %25

As can be seen in Fig. 5.4, the value of Voc andtsresponds to the value where the current
and voltage are zero in the |-V curve, respectiy88). It can also be observed that the maximum
power point (Pmp) of the |-V curve correspondsh® point at which the maximum value of voltage
and current is reached (Fig. 5.4) [33, 37].
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Figure 44 -Power and characteristic curves of a solar cell
Source: http://zone.ni.com/devzone/cda/tut/p/id0r23

Another electrical parameter that can be calcul&i®ad the I-V curve is the Fill Factor (FF).
This parameter is calculated by comparing the mamnpower (Pmpp) reached by the solar cell
with the theoretical ideal poweP+) that would be calculated from the multiplicatiohthe value of
open circuit voltage and the value of short cirautrent [31]: The FF can also be interpreted

graphically as the ratio of the rectangular aresash@wn in Fig. 5.5 (ideal and real area) [6].
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Figure 45 —Measurement of the FF from the I-V curve of a soklr
Source; http://zone.ni.com/devzone/cda/tut/p/idr23

5.2.2. Experimental procedure

In order to estimate the electrical parameters asérscells under study (KVAZAR and
Solartec), the |-V curves were measured for eadh icea calibrated solar simulator with a light
intensity of one sun (1000WAN(Fig. 5.6). The temperature of the cell is mairgd constant by a
cooling system that consists on a water flux passimough the sample holder. It must be noticed
that the cell length is slightly higher than theng¢e holder, which could lead to a slight increate
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the cell temperature; however the temperatureet#il has remained constant as it will be seeh. Al

the cells were measured at the same position E4Q.

Device where the
light intensity is
regulated

I-V Tracer Sample holder where

the cell is placed

Figure 46— Solar Simulation located in the Laboratory of FCUL

The I-V curves of solar cells that are being stddieere measured before and after the
soldering process. Thus, it becomes possible trm@te what effect the soldering process causes in

the electrical behavior of the solar cells (Fig.)5.

Delimited area to Sample holder

placement of the where the cell is

solar cells placed

Figure 47 —Detail of the solar cell placed on the sample hoild¢he solar simulator.
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To validate the data obtained we have performedIt¥iecurve measurements using two
different acquisition methods: the |-V Tracer agpas and the direct acquisition method (Four-
point I-V measurement).

In this last method, the |-V curves are measurddraatically through a computer program,
where the cell is stepped through several voltagéihg levels, measuring the current values
corresponding to these points. In the end, thrdbghvoltage-current points found, the I-V curve of
the solar cell is traced. Unlike in the |-V Traggparatus, which uses only two points of the cell t
measure the I-V curve (crocodiles that are conkettigositive and negative contacts of the cetl), i
the direct acquisition method are used four pditwte points in the positive contact (table where th
cell is placed and the needle that comes in comtiictthe back of the cell) and two contact poiors

the negative (two needles which come into contaitt thie busbar) of the solar cell) [38].

5.2.3. Results

5.2.3.1. KVAZAR solar cells

As mentioned before, during the experiment, I-\Wegrat 1 sun were traced for each solar cell

by using two different methods: 1) the I-V Traapparatus and 2) the direct acquisition method.

1. |-V Tracer

The I-V curves measured with the |-V tracer apparahows that:

- In all the cells, the I-V curve measured after soddering process has a lower
series resistance (slope near the Voc) than the thia¢ were measured before the soldering
process.

- Fig. 5.9 and 5.12 shows a decrease of the Isc tiféesoldering process. This
decrease should be to the fact that the solarhasllbeen damaged during the soldering

process and the part that was broken is not etatiiriconnected to the rest of the cell.
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Figure 48— 1-V curve of cell n° 6.2 with the I-V tracer Figure 49— |-V curve of cell n° 6.3 with the I-V tracer
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Figure 50 — I-V curve of cell n® 6.4 with the I-V tracer Figure 51 — I-V curve of cell n® 6.5 with the I-V tracer
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Figure 52 — |-V curve of cell n° 6.6 with the I-V tracer Figure 53 — |-V curve of cell n® 6.7 with the |-V tracer
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~ =& — |-V Curves before the soldering process
- =& — |-V Curves after the soldering process

0.35 ~

0.30 $F===========

Current (A)
o o o o
O N
o [6;] o w

©

o

G
1

0.00 T T
0 0.2 0.4 0.6

Voltage (V)

Figure 54 — |-V curve of cell n° 6.8 with the I-V tracer

Table 5.3shows the electrical parameters (Voc; Isc; Vmpppd andPmy) that were taken
from the 1V curves of each solar cell before and after thdesong process

As expected, the value of Isc remains almost cansitmough all the experience. However
the case of the KVZ.46:3 and KVZ.4-6.6 solar cells, the value of Isc decreases after dldesng
process (decrease between 0.05 and 0.17 A). Tthistien s due to the fact that these solar ¢
were broken during theeasurements (Fig. 5.9 and £). In the case of the value of Voc before i
after the soldering process, the values decreaseée 0.004V and 0.03V. However, in the cas
KVZ.40-6.8 solarcell, the value of Voc increased after the soldgprocess (increase between 0.
and 0.008V) (Fig.5.15Based in “able 5.3t is also possible to observe that the eledtuadues of
the solar celldave presented only smivariations (variationbetween 0.01A and 0.04 A a.0.01
V and 0.02 V).
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Figure 55— Values of a) Voc and b) Isc measured from -V curves before and after the soldering procesbe
KVAZAR solar cells
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Table 5.2- Values of parameters of the solar cells testfdrb and after the soldering process.

Before the soldering process

After the soldering process

Cell N°

KVAZAR solar cell

Voc

V)

Isc

(A)

Vmpp

(V)

Impp
(A)

Pmp

(W)

Voc

(V)

Isc

Q)

Vmpp
V)

Impp
(A)

Pmp

(W)

+0.001
+0.003
+0.001
+0.002
+0.000
+0.003

+0.006

0.33

0.31

0.33

0.30

0.31

0.31

0.31

+0.000
+0.002
+0.001
+0.001
+0.001
+0.001

+0.001

0.38

0.33

0.34

0.40

0.38

0.39

0.39

+0.008
+0.003
+0.004
+0.004
+0.023
+0.002

+0.004

0.29

0.26

0.27

0.27

0.27

0.27

0.27

+0.007
+0.001
+0.002
+0.003
+0.003
+0.002

+0.002

0.11 +0.001

0.08 +0.001
0.09 +0.002
0.11 +0.000
0.10 +0.007
0.10 +0.001

0.10 +0.001

0.54

0.56

0.55

0.57

0.58

0.57

0.58

+0.016
+0.019
+0.015
+0.012
+0.009
+0.018

+0.007

0.17

0.16

0.33

0.33

0.30

0.31

0.30

+0.001
+0.004
+0.004
+0.003
+0.003
+0.003

+0.002

0.42

0.46

0.42

0.47

0.46

0.47

0.48

+0.004
+0.006
+0.003
+0.002
+0.001
+0.002

+0.003

0.14

0.13

0.30

0.31

0.26

0.29

0.28

+0.001
+0.001
+0.002
+0.003
+0.001
+0.002

+0.002

0.06

0.06

0.13

0.14

0.12

0.13

0.13

+0.000
+0.001
+0.002
+0.001
+0.001
+0.001

+0.001
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2. Direct acquisition method (Four-point I-V measuremaet)

As it can be seen in the Fig. 5.16, the |-V curebtined by the Four-point I-V measurement
(violet curves) presented a lower value of semssstance as to the |-V curves obtained with tie |-
Tracer (green curves). This situation is due tofétot that with the use of four point measurement
method, the resistance associated to the contadt®aables is inexistent.

However, when we compare the values of Voc andktained by the two methods, can be
conclude that are similar (variations between @G#d 0.05 A, and 0.01 V and 0.03 V).
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Figure 56— I-V curves traced with the four-point I-V measuent (green) and the I-V tracer (violet) of thedar cell n®
6.2, b) solar cell n® 6.4, c) solar cell n® 6.7 dipdolar cell n® 6.8
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Table 5.4 presents the electrical parameters medidar the KVAZAR solar cells at 1 sun
using the four point I-V curve measurement.

Table 5.3 —Electrical parameters estimated for KVAZAR soldtscat 1 sun.

Electrical parameters

Concentration @ 1 sun (1000W/m2)

Isc (A) 0.32F0.003

Voc (V) 0.56F0.001

Pmp (W) 0.12F0.002
Impp (A) 0.28F0.003
vVmpp (V) 0.43F0.001
Efficiency 0.15+0.003
Fillfactor 0.67+0.002

5.2.3.2. Solartec solar cells

As it was observed in the method of acquisitiontte# I-V curve through the I-V Tracer
apparatus, the resistances associated to the wadrleshigher. Thus in the case of Solartec solis ce
the |-V curves were only acquired through the diesjuisition method.

As can be seen in the Fig. 5.17 to 5.22, the I-kWeuneasured after the soldering process has

a lower value of Voc than the ones that were meaksbefore the soldering process. This situation
can result from a slight increase in temperatuthefsolar cells.

= =& — |-V Curve after the soldering process

— =& = |-V Curve before the soldering process
— =& = |-V Curve before the soldering process

— —e& - |-V Curve after the soldering process
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Figure 57— |-V curve of cell n° 24.1 before and after the

Figure 58— |-V curve of cell n° 24.2 before and after the
soldering process

soldering process
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Figure 59 — I-V curve of cell n°® 26.1 before and after the Figure 60 — I-V curve of cell n® 26.2 before and after the
soldering process
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Figure 61 — I-V curve of cell n° 2BB.1 before and after Figure 62— I-V curve of cell n°® 2BB.2 before and after the
the soldering process soldering process

Table 5.5 shows the electrical parameters that veden from the I-V curves of each solar cell
before and after the soldering process.

Analyzimg results presented in Table 5.5 it can be
observed that in the case of cell SLT.C24, theerafiPmp is higher after the soldering process,
while in other tested cells, after the solderinggaesss, the value of Pmp has decreased or remained

equal. As expected, the value of Isc remains alroosstant through all the experience (variation
between 0.02 and 0.06A).

In the case of the value of Voc before and after gbldering process, the values decrease

between 0.04V and 0.03V. However, in the case of.GP4 solar cell, the value of Voc remains
equal after the soldering process.
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Based in Table 5.5, it is also possible to obséhat the electrical values of the solar cells
present only slights variations (the Voc presenmt$ations between 0 V and 0.01V, the Isc presents
variations between 0.01 A and 0.04 A and the Prapgnts variations between 0.01 W and 0.03 W).

However, it is also possible to observe that th&.SP4 solar cells have lower electric values
(as the Isc and FF) when compared with SLT.C26 selis.

Another observation visible through the Table S.3hat the value of Isc is relatively lower
than the value of Isc achieved in the KVAZAR satalls. This situation can be justified due to the
fact that Solartec cells have an increased numiiangers (because they are conventional solascell
optimized for concentration), and consequently &ts/e area due to higher shadowing on the front

surface.
Table 5.4- Values of parameters of the solar cells testfdre and after the soldering process.
Electrical parameters at 1 sun (1000 W/ﬁ')
Before the soldering process After the soldering process
CELL Class 24 Class 26 2BB Class 24 Class 26 2BB
Isc (A) 0.25 0.28 0.29 0.29 0.29 0.29
Voc (V) 0.58 0.58 0.59 0.58 0.54 0.55
Pmp (W) 0.10 0.12 0.13 0.11 0.12 0.12
Impp (A) 0.21 0.25 0.25 0.24 0.26 0.24
Vmpp (V) 0.48 0.49 0.51 0.47 0.48 0.49
Fillfactor (%) 70 75 75 67 80 74

5.2.4. Main conclusions

In Table 5.6 are presented the values of electpeahmeters obtained for the Solartec and
KVAZAR solar cells.

Table 5.5- Values of electrical parameters of the Solaated KVAZAR solar cells.

Isc (A) 0.32 0.25 0.28 0.29
Voc (V) 0.56 0.58 0.58 0.59
Pmp (W) 0.12 0.10 0.12 0.13
Impp (A) 0.28 0.21 0.25 0.25

Vmpp (V) 0.43 0.48 0.49 0.51
Fillfactor 0.67 0.70 0.75 0.75
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Through the values presented, it can be concludet] twhen compared, the Solartec solar
cells show lower values of Isc at one sun, whievhlue of Voc is very similar in all solar celés)d
the value of FF and Pmpp is higher in the Solastdar cells.

On the contrary as occurred with the direct actjaisimethod, the |-V Tracer apparatus shows
associated values of resistance of cables, sinttesimethod the contacts are made through long and
thin wires and only two points make contact wita folar cell. So, it can be concluded that thectlire
acquisition method is more suitable to measurd-theurves of the solar cells.

After the soldering process, the I-V curves obtdihave lower series resistance (slope near
the Voc) than the ones that were measured beferesdldering process, since after the soldering

process the contacts presents a better quality.
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5.3. Measurement of the Series Resistance

For high current devices, such as solar cells, mizdtion of the ohmic series resistance losses
is crucial. The analysis of the series resistaRs) (equires an accurate determined value anddahoul
also give a conclusive proof of its correctnesy.[3Bere are many techniques to measure/estimate
the series resistance of solar cells. In this drapte present the Rs estimated for the KVAZAR and
Solartec solar cells by using two different methaysV curve measurement and ii) Suns-Voc. The
concept behind each of the previous methods asaselhe experimental procedure and results are

described in the following lines.

5.3.1. I-V curves

5.3.1.1. Theoretical Introduction

A current-voltage (I-V) curve is usually describesithe possible combinations of current and
voltage output of a photovoltaic (PV) device. Hoeewo represent a real behavior of the device, it
should be taken into account the presence of pigrasries resistance and shunt conductance as an
integral part of the system [35].

Through the I-V curves, the series resistance eaestimated by two methodyThe Slope method

at constant light intensity andii) Multiple light intensity method.

i) Slope method at constant light intensity

As mentioned in the previous chapters, the maxinaaltage value is achieved at open circuit
conditions thus being known as the open circuitag# (Voc). At this point, the series resistance is
infinitely high and there is no current [39].

Thus, in this method, series resistance is estiinayethe inverse of the slope of the I-V curve
near the Voc (equation (31)). The Rs parametenésaf the parameters that mainly influence the I-V
curve of a solar cell. As can be seen in Figur8,5aw much higher is the value of Rs, greatehnés t

slope of the IV curve near the point | = 0 [32]]40
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Rs = ! (31)
" Slope of the I — V curve near the Voc

This is the method to calculate the series resistanost commonly used, since it is only
necessary to know the I-V curve of the solar cetlar study (Fig. 5.23).

Inverse of slope gives R @ |

Inverse of slope gives R @ Vo

._i'..."

Figure 63 -Obtaining the series and shunt resistances frorith€urve.

i) Multiple light intensity method

In this method the series resistance is calculdwexigh the use of two I-V curves measured at
different light intensities. Such curves have atsm different values of Isc (Iscand Isg,
respectively). Then, a value of current below &ei$ pickeddl) and is subtracted from the value of

Isc on both curves (eq. (32) and eq. (33)), origiigatwo new points equally spaced from the point
where V = 0 (Fig. 5.24) [33][34].
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Figure 64 - Two |-V curves of the same solar cell underatit illumination intensities.
Source: See reference [33]

I, = Iscq — 81 (32)
12 = ISCZ - 81 (33)

The values of current obtained from the new poiotsresponds the voltage values; @hd

V,, respectively) to calculate the series resistd@8g So can be said that the series resistance is
calculated by:

v, -V, (34)
Rs =1 -1
1 2

Thus, replacing the equations (32) and (33) iretingation (34),

v, =V, (35)

R. =
y Iscl - Ich

where \{ and \ are the voltage that corresponds;tand b, respectively.

70



Experimental Characterization of Solartec and KVAZ#olar cells

5.3.1.2. Results

In order to estimate the series resistance by ubimgwo methods explained in section 5.3.1.1.
we have exposed to different light intensitiesAnd 10 suns) all the solar cells under anabysib
the I-V curve was measured. Figure 5.25 shows-teuirves registered for the KVAZAR, Solartec
and NaREC solar cells, normalized to the Isc and &faeach curve.

From these I-V curves it must be noticed that, l&s ¢oncentration level increases, the
KVAZAR solar cell shows higher resistive lossesvgn FF) than the Solartec and NaREC solar cell.

- -= - KVAZAR cell at 1 sun - -+ - Solartec cell at 1 sun
- -= - KVAZAR cell at 2 suns Solartec cell at 2 suns
- - - KVAZAR cell at 10 suns - -& - Solartec cell at 10 suns
1 4 cmm e e = 1 dhda————— aaaaan —
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Figure 65 - I-V curve registered for the a) KVAZAR, b) Solartaed c) NaREC solar cells under 1, 2 and 10 suns. |-V
curves are normalized to Isc and Voc.

It is also important to refer that the oscillatiohthe I-V curves under 10 suns is due to the
oscillation of the lamp in the concentration sinoitgFig. 5.26).
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7

Figure 66 -Concentration Simulator placed in the FCUL laborator

Through the |-V curves obtained for each solar e&lhave calculated the series resistance

values by: i) the slope method at constant ligterisity and ii) the multiple light intensity method

Table 5.7 presents the results obtained by thesimgthod at constant light intensity.

Table 5.6— Series Resistance estimated by the slope method

KVAZAR 0.16+ 0.03Q 0.14+ 0.01Q 0.20+ 0.14Q

Class 24 0.065+ 0.02Q2 0.19+ 0.11Q 0.20+ 0.007Q

Solartec Class 26 0.045+ 0.007Q2 0.165+ 0.02Q 0.12+ 0.007Q
2BB 0.045+ 0.007Q2 0.125+ 0.02Q 0.13+ 0.01Q

NaREC 0.15+ 0.032 0.16+ 0.03Q 0.1+ 0.03Q

From this table it must be noticed that the semssstance (Rs) estimated for the KVAZAR
solar cells are higher than the one estimatedhi®MNaREC solar cells at 1 sun. However, at 2 suns,
the Rs estimated are higher in the NaREC solas.célh the other hand, the series resistance (RS)
estimated for the Solartec solar cells are highan the one estimated for the NaREC solar celts at
and 10 suns. However, at 1 sun, the Rs estimagekiginer in the NaREC solar cells.

Although the Rs obtained for the Solartec solaiscat 10 suns, is higher than the value of the
value obtain to the NaREC solar cells, it can beced that the difference is relatively small. The
same situation do not occur in the Rs values obthfor the KVAZAR solar cells at 10 suns, since
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this values are more higher when comparing with otier cells. This situation can be explained by
the technology of the solar cells. In the case @ii$ec and NaREC solar cells, their production
technology were designed to operate under condimtrawhile the KVAZAR solar cells are
conventional silicon solar cells (which means thbey are not preparedto be exposed to
high levels of radiation).

It can also be observe that in the same grouplaf sells (i.e. the Solartec solar cells) were
obtained different values of Rs. When the threesda of Solartec cells are compared, it is observed
that the higher values of Rs obtained was in tHar&e solar cells with the class 24 and the lowest
values in the class of two busbars.

The values obtained in class 24 can be justifiesl tduelectrical classes in which these solar
cells are classified. As mentioned in section h¥éital Characteristics of the KVAZAR and
Solartec solar cells) of this thesis, the Solarsetar cells, despite having the same physical
characteristics, are grouped into different eleatrclasses (Class 24 and Class 26).

In the case of solar cells with two busbars, thevédses are lower than the obtained in other
solar cells, due to their design. As mentioned tefthe series resistance depends of the movement
of current through the emitter and base of thersoddl, the contact resistance between the metal
contact and the silicon, and finally the resistaot¢he top and rear metal contacts. As these solar
cells have two busbars, the current generatedeircel will not be subject to go "one way" so long,
since the current generated will be distributed dbgemeously by the two busbars. Through this
simple division of output current between the twsliars, the resistance associated to the confacts o
the solar cell is relatively reduced.

In the case of multiple light intensity methodwetre used the I-V curve obtained under 1 and
10 suns to estimate the series resistance. Thiéisrebtained are presented in the following table.

Table 5.7— Series Resistance estimated by the multiple irdbnhsities method

KVAZAR 0.046+ 0.03

Class 24 0.06+ 0.02

Solartec Class 26 0.035+ 0.02
2BB 0.059+ 0.02

NaREC 0.075+ 0.02

As it can be seen in the Table 5.8, and as inltpEesnethod, the values of Rs estimated for
the KVAZAR solar cells are relatively higher wheonepared to the values of Rs estimated for the
NaREC solar cells, while the values of Rs obtaifmdthe Solartec solar cells are lower when

compared with two other cells.
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5.3.2. Suns-Voc method

5.3.2.1. Theoretical Introduction

The Suns-Voc method directly measures the Voc patemas a function of the light intensity
[40]. Since it is a direct electrical measuremeiithvan electrical contact, and assuming that the
spectrum of the lamp is similar and the cell terapge is constant, the Voc measured at one sun
should match with the value from a | -V curve obéal in the solar simulator [41]. This method can
provide a large range of information that can bedus a large number of ways; the most important
for this dissertation is the calculation of seresistance of the solar cells [40].

The Suns-Voc setup (Fig. 5.27) includes a lighteewvhose intensity decreases linearly with
time, at a rate that allows for quasi-stationarasuement but fast enough to avoid an increase in
the temperature of the solar cell. The intensitytt@d light source is constantly monitored by a
calibrated sensor and the Voc is measured diréctig the contacts of the solar cell. The Surg-V
measurement provides the I-V curve of the dioddauit the effects of series resistance and the
concentration level at the samples is exposing44Q,

By fitting to the Suns-Voc curve this setup prowdstimation for the Rs.

Negative
Contact

Lamp

Table to place the sample and
positive contact

Figure 67— Suns-Voc apparatus placed in the FCUL laboratory.
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5.3.2.2. Results

Table 5.9 presents the results of Rs obtained bySin-Voc method for the KVAZAR,

Solartec and NaREC solar cells.

Table 5.8- Series Resistance estimated by the Suns Voc setup

KVAZAR 0.096+0.002 0.095F 0.002

Class 24 0.120F 0.001 0.112F 0.002

Solartec Class 26 0.102+ 0.0002 0.098- 0.0004
2BB 0.105F 0.003 0.096F 0.002

NaREC 0.098+ 0.0006 0.098 0.0006

As the values obtained by the slope method, thdtsepresented in Table 5.9 shows that the
series resistance (Rs) estimated for the KVAZAR 8notartec solar cell is very close the Rs values
of the NaREC solar cell. It can also be observe ttha values of Rs obtained in the Solartec solar
cells before the soldering process was higherthigavalues obtained after the soldering process. Th
situation occurs due the fact that after the sotdeprocess, the quality of the contacts of soiisc

improved leading to lower resistivity losses.

5.3.3. Conclusions

Table 5.10 shows the values obtained for the seewistance of the KVAZAR, Solartec and

NaREC solar cells using the four methods present#ds thesis.
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Table 5.9— Series Resistance of the KVAZAR, Solartec anBBI@ solar cells estimated by the different methods.

Cell KVAZAR Solartec NaREC
Class 24 Class 26 2BB
Slope near Voc
C=1sun 0.16 Q +0.03 0.065Q + 0.02 0.045 0+0.007 0.045 0+0.007 0.15Q+ 0.04
C=2suns 0.140+0.01 0.190+0.11 0.165 Q + 0.02 0.125Q + 0.02 0.16 Q + 0.03
C=10suns 0200+ 0.14 0.195 Q ¥ 0.007 0.12 Q ¥ 0.007 0.13070.01 0.11070.03

Multiple light intensity

0.046 +0.03 Q 0.06 +0.02 Q 0.035+0.02Q 0.059+ 0.02 Q 0.075Q+ 0.01

0.095 Q +0.002 0.112 Q +0.002 0.098 Q +0.0004 0.096 Q +0.002 0.098 Q + 0.0006
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The main conclusions are:

a. When expose to 1 or 2 suns, the standard commaesitizdn solar cell from
KVAZAR features a series resistance similar to NaREC solar cell, while the Solartec
solar cells features a series resistance lowdretdNaREC solar cell;

b. This difference becomes higher when the solar caeftis exposed under
concentrated radiation; while the Rs values of K\WZsolar cells raise under 10 suns, the
Rs values of NaREC solar cells remain low. Howewethe case of the Solartec solar cell,
although the Rs values raises under 10 suns, whmpared with the values obtained by
the NaREC solar cells, the values are very similar;

c. When compared the several groups of Solartec ¢hés;ells classified with the
class 24 are the cells that show higher valuessoail the solar cells with two busbars

shows the lowers Rs values.
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5.4. Spectral Response and Quantum Efficiency

For a full characterization of the solar cells,pacral response (SR) experiment was carried
out in order to determine the quantum efficiencyhef KVAZAR and Solartec solar cells.

This chapter starts with a brief description of 8pectral Response concept, which is followed
by the experimental procedure and results obtained.

5.4.1. Theoretical Introduction

The concept of spectral response (SR) shows wWegif similar to the concept of quantum
efficiency (QE).The spectral response (Fig. 5.28)hee ratio between the current generated by the
solar cell and the power incident on the solar, egliile the quantum efficiency (QE) can be describe

as the ratio between the number of output electamialsthe number of photons incident on the solar
cell [42].

1
gﬂ_ . \deal cell
< measured cell
@
[72]
806
go.
o
o
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Q
Q@
@
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0 02 0.4 06 0.8 1 f 12
wavelength (pm) 3 = NS
E
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Figure 68 -The spectral response of a silicon solar cell ugtiss. As can be observed, at short wavelengtiew the
400 nm) the glass absorbs most of the light, leatbra very low response of the solar cell. Inithiermediate
wavelengths, the solar cell approaches the idiea tharket in red). However, in the long wavelesgiimder 1100 nm) the
solar cell response falls back to zero.

Source: See Reference [37]
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The spectral response (SR) of the tested cell fusbert-circuit) is obtained using the

relationship shown in equation (36) [42],

A 36
SRexe() = SRIL(2) — E&) )

wherea (1) is the amplitude of the signal in the cell that iwtend to testa,.(4) is the

amplitude measured in the reference cellmfgf{(/l) is the spectral response of the reference solar
cell.

In the case of an ideal solar cell, the SR and @e curves are limited in the higher
wavelengths, due the inability of the semicondu¢asrin the case of a solar cell) to absorb photons
with energies below the band gap. However, whembaerve the SR curve it is possible to see that,
unlike the square shape that QE curves presermig #he entire spectrum, the SR curve decreases in
the small photon wavelengths. This situation ocdurs the fact that in these kinds of wavelengths,
the photon has a higher energy which consequestlgsl to a reduced ratio of photons and power.
[42].

The SR is an important parameter since it is thetf&R is measured from a solar cell, and
from this the quantum efficiency is calculated. TQE can be determined through the SR by
replacing the power of the light at a particularvelangth with the photon flux for the same
wavelength [43]. So, the QE can be calculated By, [4

hc (37)

Wherec andh are respectively the speed of light and Planak'stant) the wavelength and

g represents the electron charge.

Figure 5.29 presents the quantum efficiency ofdmali and a real silicon solar cell [37]. As
can be seen in Fig. 5.29, the QE for photons wittrgy below the band gap is zero. It can also be
seen that while QE of an ideally solar cell, as tiomed before, has a square shape, the QE for
most of the real solar cells is reduced due tomixoation effects, reflections and low diffusion

length.
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The red response is
reduced due to rear
surface passivation,

Blue response is reduced :
4 due to front surface recombination. E:;ﬁ:vziam?::;
/ low diffusion lengths.
1.0 A Ideal quantum
Z efficiency
o
é A reduction of the overall QE is
[y caused by reflection and a low
E diffusion length, No light is absorbed
“g below the band gap
= so the QE is zero at
Em long wavelengths
E

o ::_'3 Wavelength
g

Figure 69 - Quantum Efficiency of a silicon solar cell. The @Ean ideal solar cell is market in brown, white tQE of a
real solar cell is market in black
Source: See reference [39]

5.4.2. Experimental procedure

The spectral response measurements of SolarteK\dAZAR solar cells were obtained by
an experimental setup, shown in Fig. 5.30, comgisby a Xenon lamp, a monochromator, a
frequency controller, a power source, an oscillpecand an optical fiber with two branches that is
used to converge the light beam of the monochramatmavoid the contamination of the signal it
was used a modulation system of the light bearmguai synchronized chopper with a lock-in,
making in this way measurements in the frequencgutation and filtering the possible existing
noise added to the signal. It was also used a va@ystem to ensure as the light hits the solar cell

always in the same point, fixing it and preventouogsible displacements.

Multimeter / Power
Source

Monochromator

Solar cell

Oscilloscope

Optical Fiber

a) b)

Figure 70 - System for measuring the spectral response antquaefficiency: a) Apparatus used for measuremglatsed
in the FCUL Laboratory, b) Schematic diagram ofitieallation used for the measurements
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Assuming that the solar cells from the same clizsgibn group presents equal behave, the
SR was carried out only in some selected cells lwhie representative of each group of solar cells
tested in the present thesis. In the case of KVAZ&Rs we have picked up two solar cells: n® 6.7
and 6.8. While, in the case of Solartec cells, weehchosen one solar cell of each group: a cell of
class 26, one of class 24 and a cell with two issba

It is important to notice that in the case of théAZAR solar cells, the measurement of SR
was carried out in two cells because these solr derive from different parts of a main solarl cel
which may differ in bulk quality.

The measurements were performed in for a spectamger of [400 nm - 1200 nm]. At the
800 nm it was used a filter to ensure only infrarediation reaches the cells. During the
measurements, the values used in voltage souree(Wegy. 5.31):

*Voltage =21V
e Current=9.4 A

a) b)

Figure 71 -Measurement of the SR in the solar cells: a) eafee solar cell, b) KVAZAR or Solartec solar cell

5.4.3. Results

Figures 5.32 and 5.33 show the external quantuitieity (QE) estimated in the KVAZAR
solar cells 6.8 and 6.7, respectively. The curegsaduce the efficiency of solar cells in absorbing
photons in each wavelength. As it can be seenarFtg. 5.32 and 5.33, the SR was performed in
three different positions. As can be seen, thedsgfuantum efficiency is achieved between the 500
nm and 900 nm, which corresponds to the visible l&zbnes of the spectrum. Below 500 nm (i.e.
blue light and UV zone) the QE is reduced due &oftbnt surface recombination, while above the
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1000 nm (i.e. L.V. zone), the QE is reduced dueul and rear surface recombination. It also can be

seen that the QE obtained in the three differeattipns on the solar cells, is very similar.
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Figure 72 -External quantum efficiency of a conventionabsaell (KVZ.40 — 6.8) measured in different pasis on the

cell.
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Figure 73 - External quantum efficiency of a conventionabsaell (KVZ.40 — 6.7) measured in different pasiti
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In the case of the Solartec solar cells, Fig. 5183ws the external quantum efficiency (QE) for
the cells SLT.C24-1, SLT.C26-1 and SLT.2BB-1, resipely. As in the KVAZAR solar cells, the
highest quantum efficiency is achieved betweerbenm and 900 nm.

However, in the case of the Solartec solar cdilste are small differences in the QE curves
obtained for the different classes of solar céNile in class 24 and 2BB solar cells, between the
500 nm and 1000 nm, the quantum efficiency keepsenhighest values (values between 0.8 and
0.9), in the class 26 solar cell, although the twrarefficiency reaches its maximum values near the
ideal (values between 0.9 and 0.97), the wavelerggibe is more reduced (only between 600 nm
and 900 nm).
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Figure 74 - External quantum efficiency of the Solartec scklf a) class 24; b) class 26; ¢) with two busbar

When comparing the quantum efficiency of the KVAZARd Solartec solar cells, it is
possible to observe some differences. Figure $518%s the QE curves of the KVAZAR (cell 6.8, in
the center) solar cell (marked in blue) and Sotaftéass 26) solar cell (marked in red).
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Figure 75 -QE curves obtained for the KVAZAR (red markers) éimel Solartec (blue markers) solar cells.

As can be seen in the Fig. 5.35, both cells showiai behavior between 420 nm and 1200
nm. However, although the Solartec solar cellsgme®E values slightly lower than those reached
by the KVAZAR solar cell until the 700 nm. From 8&@n onward, the QE curve of the Solartec
solar cell always remains above to the QE curvb®KVAZAR solar cell.

This situation shows that the Solartec solar celéspite showing a similar behavior to the
KVAZAR solar cells along the spectrum, have a higbhewer of conversion the incident energy in

the cell.
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5.5. Thermal coefficients of solar cells

As mentioned in the previous chapters, the soldirtemperature is one of the important
factors that affect how much electricity that tioéas cells will produce. So, given this situatidine
influence of this characteristic, should not be rtnaked. In order to understand the influence of
increase of the temperature in the KVAZAR and Seftarsolar cells, through an experimental
campaign, their thermal coefficients were calcwate this chapter a brief description of the thakrm
coefficients concept is performed, passing throtigh description of the experimental procedure
performed to measure these parameters in the KVABAR Solartec solar cells, ending with a

description of the results obtained and the resmecbnclusions.

5.5.1. Thermal coefficients concept

The temperature of a solar cell is a parametertigaty influences its electrical behavior, beingls
variation usually described by thermal coefficie(#/°C). In the case of Voc and lIsc, as the
temperature increases, the first will decreaseenthié latter will rise. Still, it must be noticetat the
Voc variation is much higher (Fig. 5.36) [45].
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Temperature (C)
Figure 76 - Measured temperature coefficients for voltagestdar cell with uniform and nonuniform temperatuaiuring

testing.
Source: see reference [45]

According to Kinget al[45], the procedures for measuring the thermaffivient(s) for solar
cells don't exist yet standardized, and systenmafioences are common in the experimental methods
performed to measure them. However, it can be dctttat the most common method used to

calculate the thermal coefficient is the Equival@#il Temperature method (ECT) [46 Germany
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(2001) 156. #139]. According to I. Antdn, the thaintoefficientp has a high variation with
concentration level for a silicon solar cell, buhem the temperature is lower than 100 °C, the
thermal coefficients has very little variation, igiconsidered constant at the usual one-sun opgrati
conditions [45]. Usually, to estimate the thermakfficients, the solar cell is placed in a solar
simulator being illuminated with a uniform lighté&mnemains at constant temperature. The I-V curve
is measured for a range of different temperatunelstiaen the rate of change of the desired parameter
with temperature (i.e. the thermal coefficientsjasculated according with equation (38)[45]:

T = AX X sunm) — X1 sun298.15 k) (38)
AT T —298.15

whereX; s 1) IS the value of the electrical parameter registenader a certain temperature
and at 1 sunX( sun29s.15 k) IS the value of the electrical parameter at 1auh 25° C and T is the

temperature of the solar cell and CT is the thewuoefficient in study.

5.5.2.Experimental procedure

In order to calculate the thermal coefficientstad KVAZAR and Solartec solar cells, the solar
cells were exposed to a uniform light (equivalent tsun), through the use of a solar simulator.(Fig
5.37). In order to exists a coherence of data, tandheck if the radiation incident on cells was
constant, was also carried out a control of thettethiradiation by the lamps of the solar simulator

through the use of a radiation meter apparatus §8Y).

Radiation

meter

Table where

the solar cell

is placec

Figure 77 —Solar Simulator located in the Laboratory of the B&rgia S.A.
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The 1I-V curves of the solar cell (one of each tgpsolar cell) were acquired through the |-V
tracer apparatus, each 60 seconds, and solaecgletature was measured by a thermocouple placed

on the back of the solar cell.

5.5.3.Results

Through the |-V curves measured during the experimié was possible to visualize the
behavior of the KVAZAR and Solartec solar cellfasction of temperature.

Figure 5.38 presents the values registered foktteand Isc as a function of the temperature
of the solar cells. As can be seen, when the testyrer of the solar cell rises, the values of Voc
decreases while the values of Isc increases. Riegatide values of Voc, Fig. 5.38 shows that in
SLT.C24, SLT.2BB and KVAZAR solar cells the valugfsVoc decrease almost linearly, with the
increase in temperature. However, the SLT.C26 smlirshows a slightly different behavior when
compared to the other studied solar cells. In thse, the decrease of Voc presents a behavior less
linear, as can be seen by the value of thévRlue relatively less that 1). As in the casehef Voc
values, the Isc increase almost linearly with tie¥@ase of temperature. This occurs to the fattteof
increase of temperature of solar cells, which dedming a slight increase is enough to increase th

value of Isc of solar cells.
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Figure 78 - Variation of the Voc and Isc as a function of tamperature of the: a) KVAZAR, b) SLT.C24, ¢) SLT.G28l d)
SLT.2BB solar cells.

By using equation (39) and the values obtained fribia |-V curves and registered
temperature, the thermal coefficients of the sokdls were calculated and are presented in Table
5.11.

Table 5.10 -Thermal coefficients estimated for the Solartec IKNAZAR solar cells

Solartec solar cells

KVAZAR solar cells

SLT.C24 SLT.C26 SLT.2BB

Vo (%/°C) -0.18 -0.23 -0.23 -0.23

Isc (%/degC increase) 0.05 0.03 0.03 0.04
Impp (%/degC increase) 0.03 0.02 0.02 0

Vimpp (%/degC increase) -0.13 -0.23 -0.21 -0.25

FF (%/degC increase) -0.11 -0.03 -0.07 -0.04

Pmpp (%/degC increase) -0.05 -0.04 -0.06 -0.09

As can be seen in the Table 5.11, the values @atapresents negative values in the cases of
Voc, Vmpp, FF and Pmpp, and positive values indhges of Isc and Impp, meaning that these
electrical parameters decrease or increase, résdgctwith temperature increase. It can also be
observed that the Voc is the parameter of the sallls that presents a higher decrease as a fanctio
of the increase of temperature.

When compared the Solartec solar cells with the EXR solar cells, it can be observed that

the firsts presents a lower value of decrease ametion of temperature in the FF and Pmpp.
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However, in the remaining electrical parameters, KWAZAR solar cells presents lower values of
degradation as a function of the increase of teaipes in the solar cell. Regarding the Solartearsol

cells, the SLT.C24 presents the lowest valuesarhtial coefficients of Voc and Vmpp.

5.5.4.Main conclusions

Despite all the electrical parameters of solar loeihg affected by the increase in temperature,
is the Voc that presents a further decrease whritrease of temperature in the solar cell.

Regarding the results obtained for the Solartearsotlls, the SLT.C24 solar cells present
themselves with the lowest values of thermal coigffits, when compared with the remaining
Solartec solar cells.

Another conclusion that can be observed is thatoimparison, the KVAZAR and Solartec
solar cells show quite different thermal coeffiteenWhile the Solartec solar cells present lower
thermal coefficients in the case of FF and Pmpp, KWAZAR solar cells present lower thermal
coefficients in the remaining electrical paramet&s, it can be affirm that the KVAZAR solar cells
seem to be the solar cells with lower decrease leftrical parameters with the increase of

temperature.

The datasheets with the values measured in theimgrdgal campaign are presented in the
Annex IV.
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Chapter 6

Integration of the solar cells in the HSUN sub-redeers

In this chapter is presented the behavior of tHar&e solar cells integrated in the HSUN sub-
receivers. In section 6.1 the entire HSUN systenteiscribed, while in the section 6.2 the mounting
process of the sub-receivers is explained. In gatian 6.3 the behavior of the solar cells integgtat

in the sub-receivers was analyzed.

6.1. Integration of solar cells in the HSUN technolgy

The HSUN technology (Fig. 6.1) is a medium congaitn photovoltaic (MCPV) system that
is being developed by WS Energia S.A. It has d toea of 1.68 m2 and 6.3 kgfof weight. This
technology is based on a 20X integrated parabaiegh (primary optics) that focus the light on a
receiver with coupled reflective secondary optieach module has 7 successive primary optics (high
reflective aluminum mirrors), being each receivia@hed to the backside of the parabolic mirror
that succeed [47]. This configuration is used g@ssive cooling integrated system through which
the heat dissipation of the receiver is performed.

Each HSUN receiver is composed by three sub-rexeiviich have five solar cells each (i.e.

each HSUN receiver integrates a total of 15 sads)c
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Primary Optics

PV Receiver

Traking System

Figure 79— HSUN module mounted on a 2-axes tracking system

This thesis focuses on the HSUN receiver developimgaddressing:
- Mounting process of the receiver and preliminasggéor validation
- Optimization of the mounting process
- Evaluation of the receiver electrical performance

- Evaluation of the temperature effects on the rexeiv

6.2. Mounting process of the receiver and preliming tests

The HSUN sub-receiver consists on an integratadgaticircuit board (Fig. 6.2 and 6.3) that is
produced and supplied by the company Globaltrofie back surface of the five solar cells that
integrate each sub-receiver is soldered to thersgshowed in Fig. 6.2, and interconnected in serie
by soldering several Busing Ribbons to the busbaaoh solar cell (Fig. 6.2 and 6.3).The mounting
process will be described in detail in section B.2nd the several improvements that were tested

along the time until this process final was struetliand tested are presented in the Annex V.
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Busing Ribbon Bypass Diodes

Figure 80— Components and characteristics of the PCB_\

Solar cell Copper

\ 4

Figure 81— Sub-receiver. When three of these sub-recearersonnected, a receiver is obtained.

6.2.1. Process

As mentioned before, each HSUN receiver results fitoe attachment of three sub-receivers.
The components that integrate each sub-receiver are
i) Printed Circuit Board (PCB)

i) Solar cells
iii) Diodes
iv) Busing ribbons

Figure 6.4 presents the specific position of earhgonent on the PCB.
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Position of the
Position of the bus diode bypass

ribbon

Area of the solar cell

Figure 82—-Specific position of the each component on the PCB

i) PCB

The sub-receivers PCBs are supplied as a set dfosixds all integrated in a single frame as
showed in Fig. 6.5. It must be noticed that the hmounting process of each sub-receiver, i.e.
placement of the components on the PCB as wetkawidering, is performed without detaching the
boards from the frame.

Figure 83— Set of six PCBs that are the base for the HSUNac&ivers.
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i) Solar cells

The back surface of the solar cell is only solderethe central area. Otherwise, if the whole
back surface of the solar cell is soldered to t688 Pthe solar cell is unable to support the thermal
expansions and eventually breaks.

In order to promote a better heat dissipation ftbm solar cell to the PCB, the unsoldered
back surface of the solar cell is filled with thedinape. Notice that the thermal tape must be place
on the PCB before the solar cell. The thermal &pild be placed inside the delimited area for the

positioning of the solar cell, as can be visualizeHig. 6.6.

Area where the

Filled area with

solder is placed
thermal tape

Figure 84— Position where the thermal tape and the sotdplaiced on the PCB

iii) Diodes

In the printed circuit board it is also integratetlypass diode for each solar cell. This is begause
as the cells are connected in series, if one ofthar cell is damaged, the entire sub-receiverlidvou
crash, leading to high losses of efficiency in éméire system. However, through the application of
these diodes, this situation may be circumvented. & correct functioning, the bypass diode is
connected in parallel, but with an opposite pojass to the solar cell. If any of the solar cefs i
damaged, the diode of this cell begins to conductat, allowing the current generated by the solar
cells that stills operate flows by an external wiir¢3].

iv) Bussing Ribbon

To connect the five solar cells in series, a BugRilgbon is soldered on the busbar of
each solar cell and on the superior strip of th8 P4 can be observed in Fig. 6.5.
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The whole mounting process of the sub-receiverketched in Fig. 6.7. To finalize the

mounting process, the frame with six sub-receiigepaced in the furnace, where it remained around

10 minutes at a controlled temperature cycle, tuately promote the soldering process.
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Figure 85— Mounting process of the sub-receivers

In order to test the mounting process presented, hfarty-eight sub-receivers were
manufactured. These tests highlighted some failass®eciated to the soldering process which are

described in the following lines.

6.2.2. Tests

Forty-eight sub-receivers were manufactured by guisie procedure described before. The
sub-receivers only differ on the amount of soldgniaste that was used. It must be noticed that all
the components on a sub-receiver were mountedfsoldgy using the same amount of soldering
paste. These sub-receivers were analyzed in tweeghd@ a preliminary visual inspection of the
receivers which was performed immediately after piecess (i.e. soldering) carried out in the
furnace, followed by ii) the evaluation of the rimees performance regarding maximum power

output.

i) Visual inspection

From the 48 receivers that were mounted, 25% shoxigethl defects after the furnace step.

Four main defects may be pointed out:
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a. Arising of some spots on the front surface of thlarscells (Fig. 6.8):

Table 6.1 to 6.8 present the configurations of exditd) paste and a qualitative
assessment of the presence of spots on the s@ifarlcenust be noticed that the sub-receivers
that present spots in the solar cells are alsoethdsere it was placed a larger amount of
soldering paste. For example, in case of sub-rec&i¥ 2 the copper area, where the center of
the cell is placed, was wholly filled with soldeg paste and the superior strip of the sub-
receiver, where the busing ribbon will be solderead more than three lines of soldering
paste. Such soldering amount lead sub-receivegsta®present the highest number of spots
(Fig. 6.8).

Figure 86— Presence of spots in the solar cell of the sabiver n° 2.

b. Displacement of the ribbon as to its specific posit

The ribbon must be fixed on its specific positi@fdre the soldering process; otherwise
some displacements from its specific position maguo during the soldering process (Fig.
6.9). For example, the solar cells are glued whigrral tape before the furnace step. This
thermal tape promotes the thermal dissipation enctdls but it also warrants that they will

remain on its specific position.

Figure 87— Displacement of the ribbon from its specific piosi.
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C. Unsoldered ribbons.

Some ribbons were not soldered to the solar cedbéu (Fig. 6.10) during the
furnace step. To promote its adhesion, some flugtrba applied on the busbar before
the furnace step.

Figure 88— Unsoldered ribbon

d. Displacement of the bypass diode as to its spquifsition.

Some diodes were displaced from its position orP88 (Fig. 6.11) during the furnace

soldering process.

Figure 89— Diode displaced from its position on the RCB

99












Integration of the solar cells in the HSUN sub-reees

Table 6.11- Description of the soldering paste configuratised on each sub-receiver of board n° 1

2 - X '

3 - X X
1

4 - X X

5 X X
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Table 6.12- Description of the soldering paste configuratised on each sub-receiver of board n° 2.
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Table 6.13- Description of the soldering paste configuratised on each sub-receiver of board n° 3.

3 ~
16 X X
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Table 6.14- Description of the soldering paste configuratised on each sub-receiver of board n° 4
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Table 6.15 -Description of the soldering paste configuratisedion each sub-receiver of board n° 5.
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Table 6.16- Description of the soldering paste configuratimed on each sub-receiver of board n° 6
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Table 6.17- Description of the soldering paste configuratised on each sub-receiver of board n° 7.

42
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Table 6.18- Description of the soldering paste configuratimed on each sub-receiver of board n° 8.

48
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i) Electrical performance of the sul-receiver

After visual inspection, tI 48 subreceivers were electrically characterized by
measurement of an I-V curv&able 6.1 to 6.8 summarizes the Pmegasured for each s-receiver.

The sub-receiversn whicl a very little amount ofoldering paste was us, such as sub-
receiver n° 11 and 42resented lower power val. Since the amount cfoldering paste usein
these sub-receivemgas minimg, the solar cell was most probably unsoldei@the PCB. Another
source of thelower power valuespresented by the sub-receivers may dssociated with an
inadequate solderg of the busing ribbons to the solar cell bustraeven to the PC leading to a
poor or inexistent electrical interconnect between the cells. Figure 6.8Bows that only 35%
the sub-receivers reachdlde expecte power range (60@00 mW). As suc the damaged sub-
receivers were fixed, i.@ manual r-soldering process was carried outusing a soldering irowith
a prior application of flux othesolar cells busbar.

The resoldering process s improved most of the sub-receivérsreasing from 35% to 46'
the number of sub-receivensthin theexpected power range. The aver®gep after the soldering
process was about 632mWhile before it was abo455 mW Moreover, 82% of the s-receivers

have registered a Pnigigher than 500 m\ while before the rsoldering process this value was 6

2%

0% /'
2%

m<=100 m <=100
35% = 100<P<=2( 8% = 100<P<=20!
m 200<P<=3( 46% m 200<P<=30!
15% m 300<P<=4( m 300<P<=40
400<P<=5( 36% 400<P<=50!
27% 500<P<=6( 500<P<=60!
600<P<=7( 600<P<=70!

a) b)

Figure 90— Percentage of suleceivers that are within a certain rangPmp a) before and Bftel the re-soldering process.

It can also be seen that, initially, 19% of -receivers had values of Prigaver than 100mW,
being this percentage diminished to 6%, after ¢-soldering process.

The increase in power of some -receivers(n® 11,12,14,27,28,32,35,36,37 and 42) was
due to the re-soldering procdsathas electrically interconnected soswar cellsallowing the sub-

receiver to properly work.
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Figure 6.13presents the values Pmp before and after the seldering process of s-

receivers that, initially, had values Pmp lower than 100mW.

700 -
600 -
= 500 -
400 -
300 -

Power (mW

200 -

100 -
0 _ | | . — - N | —
27 28 32 35 36 37

Sub-receiver

Figure 91 - Values ofPmp before (dark blue) and after (light blue) té-soldering process of the <«receivers that,
initially, had values of Pmp lower than 100n

As can be seen, the seldering prcess led to an increase of the Plngmn a few 100mW u
to 630mW (sub-receiver 28Figure6.14 highlights that after the smldering proce: the Voc of the
subfeceiver may raise from less than 0.5 V up to INe increase of the V means that some ce
weren'telectrically connected to the s«receiver before the resldering process. Since the cells
connected in series the voltage of the-receiver is strongly affected by the number ofsctiat are

correctly soldered to it.

27 28 32 35 36 37

Sub-receiver

Figure 92— Openeircuit voltage before (dargreen) and after (light green) thesaldering process of s-receivers that,
initially, had values of Pmp lower than 100n
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Contrary to what occurred in the valuof Voc, the values of Isc didn't der the same

increase (Fig. 6.15).

350 ~
300 -
250 -

200 -
150 -
100
50
0 - . . T . . !
27 28 32 35 36 37

Sub-receiver

Current (mA)

Figure 93— Shorteircuit current before (dark orange) and aftemfligrange) the -soldering process of s-receivers that,
initially, had values of Pmp lower than 100r

As can be seen in Fig. 6, the value of Isc has been increasely tetween 32 mA and 1(
mA. This occurred since, when solar cells are cotatein series, the current has small variati
and the current generated by a-receiver is close to the current generated by #letltat has th:
higher value of Isc due the bypass diode

However, even after the-soldering process, some stdeeivers didn’t show aimprovement
of the Pmpand, in some of the cases, the valuePmp had declinesvhich means that the s-
receiver was even more damaged with tl-soldering processn the case of si-receivers n° 11, 12,
14, 38 and 42 the value$ Isc ancdPmp decreased after theseldering process (Fig. 6.16 and ¢),
while the values of Vo increased slightly (Fig. 6.). However, it is noted that despite the fact
the values of Pmgecreases, the difference between vaobtained before and after the-soldering

process didn't exceed the 8%.
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500 - 310 -
— 400 - 300 -
= < 290 -
E 300 - = 280 -
P l [ l l g 3
s 3 260 -
100 4 250 -
o L HE . | , , 0 - HE WE WY WY EE
11 12 14 38 42 1 12 14 38 42
Sub-receiver Sub-receiver

Figure 94— Maximum power beforédark blue and after (light Figure 95— Short-circuitbefore (dark orange) and after

blue) the re-soldering process of s@geivers that had n (light orange) the reoldering process of s-receivers that
presented immvement. had not presentechprovements.
2.5 -

Voc (V)
= =
o (6,

2.0

0.5 - I I

0.0 1 T T T T 1
11 12 14 38 42

Sub-receiver

Figure 96 — Oper-circuit voltage before (dark green) and afterhigreen)
the resoldering process of s-receivers that that had not presented
improvements

As such, it can be concluded that the mairesoldering process works, | in some it very
difficult to fix them.

Another reason for the s-receivers presents lower values of Reen after the -soldering
process, is the fact that the thermal , that fulfills the solar cell back surface not soktk have a
certain thicknesswvhich can prevent the cell to ( into contact withthe soldering paste al

consequently not be soldered to the I. However, ach situation is almost impossible to rec
without damaged prematurely the solar

6.2.3.0Optimization of the mounting proces:
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As described in the previous chapter, several fieslwere detected on the sub-receiver after
the soldering process. In this section, some swiatiare suggested to avoid such failures and

optimize the mounting process.

a) Elimination of the spots

Regarding the spots that appeared on the solas, cafld after studying the various
configurations of soldering paste, it was conclutted: i) the spots on the solar cell only appeaned
the sub-receivers on which a higher quantity ofleohg paste was used (see Tables 6.1-6.8, sub-
receivers n® 1,2, 3,4,5,12,14,19,22,24,26,25,42546) however, ii) in the sub-receivers on which i
was used only a meager amount of soldering paste {Bable 6.1-6.8, sub-receivers n°
11,12,14,16,27,28,32 and 37), the solar cells vimmoperly soldered to the PCB. As such, the
soldering process should be optimized by usingnearmediate amount of soldering paste, which lies
between 4 to 5 risks of soldering paste on the eoppuare that is soldered to the solar cell back
surface and 3 lines of soldering paste on the supsirip of copper that is soldered to the busing
ribbon. Moreover, a thinner thermal tape (with g8@me thickness of the copper square) should

promote the contact between the solar cell badasgiand the copper square.

b) Avoid displacement of the busing ribbon

To avoid the displacement of the busing ribbonpkeethe furnace soldering step, a plate (as
showed in Fig. 6.19) should be used to exert dlgmassure on the ribbons, so they remain fixed

and connected to the solar cell during the passhgented circuit board in the furnace.

Figure 97— Pressure Board

¢) Avoid unsoldered ribbons
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Regarding the unsoldered busing ribbons challesge procedures should be added to the
mounting process of the receiver:

- apen flux (Fig. 6.20) must be used to clean thebhuof the solar cell thus providing a
higher adherence between them during the soldgsiogess. The busbar must be
cleaned before placement of the busing ribbon.

- the ribbon must be cut in a flat form, in orderdachieve a completely flat area that
entirely fit on the solar cell busbar to increabe ttontact area and promote the
soldering.

Figure 98— Pen flux

Thus, in order to understand if the solutions presak before were adequate to improve the
mounting process, 6 new sub-receivers were prodbgeidllowing the solutions presented in the
Table 6.9.

Table 6.9— Method used in each of the sub-receiver

Pen flux + Solder in the Busbar
Pen flux
Irregular Ribbons + Pen flux + Pressure
Pen flux

Pen flux + Pressure

o OB~ WN P

Pen flux + Pressure

6.2.3.1. Tests
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As in the previous chapter, to have a better aimlykthe results, these are divided in two
phases: i) a preliminary visual inspection of thé-seceivers and ii) evaluation of electrical

performance of the sub-receivers.

i) Visual inspection

After the process carried out in the furnace (itee soldering process), only 1 of the 6
receivers showed visual defects. The resin spottherfront surface of the solar cells have only
arisen at the sub-receivers in which a small amo@isbldering paste was placed on the solar cell
busbar (sub-receiver n°® 1). Also in this sub-reeelittle balls of soldering paste have risen oa th
solar cell busbar (Fig. 6.21). This results shdved the placement of soldering paste on the selar c
busbar will promote the soldering between the buabd the busing ribbon but also harm the solar
cells, thus invalidating the method.

The amount of soldering paste (4-5 risks of weldh@ copper square and about 3 lines on
superior strip) used in the soldering process vissally validated due to the inexistence of spats o
the front surface of the solar cells. However, tammount of soldering will only be completely

validated after the electrical performance test.

Figure 99— Presence of spot sand balls of soldering pastbeosolar cell busbar.
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Regardinghe displacement of ttbusing ribbon fronits specific position during the solderi
process, the use of the pressure plate was unsfigl suggesting that other solution must be fc.
The implementation of e busbar cleaning step (by using a pen flux) hasvet to

significantly reduce the amount of unsoldered bysibbons

iv)  Electrical performance of the sul-receiver

As in the previous chapterfter the visual inspection, the 6 stdxeivers were electrical
characterized by the I-xheasurement.

It must be noticed that the <receiver, in whichthe busing ribbons were wa' registered
lower Pmp (e.g. subeceiver n° ). The wavy shape of the businighbon led to an inefficier
soldering of the ribbon to the PCB was due tweak contacbetween both surfact Figure 6.22
show that only 50% of the subeeiverspresent a Pmp between 308000 mW. As suckand as in
the previous chaptea, manual r-soldering was performed.

The resoldering process hdmproved most of the receivers. The humber of recsivéthin
the maximum power range has risen from 50% to 8B8eéing the averagPmy about 500mWw.

Moreover, all of the subeceivers have registere®Pmp higher than 300 mw.

0%__0%Q%
20 - 100 O 0y, 07100
= 10020 = 100-200
= 20030 200-300
030040 300-400
40050 400-500
50060 83% 0500-600

* ®)

Figure 10C — Percentage of suteceivers that ie within a certain range of Pmplagfore ancb) after the re-soldering

process.
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It can also be seen that, initial33% of sub-receivers had valugsPmpy lower than 200mW,
being this percentage diminished to 0%, after &€-soldering process. The subceivers n° 3, 5 and
6 hadseveral disconnected solar cells that whe-soldered began to work prope The values of

Pmp registered for each stixzeiver before and after the soldering procesprasented ilFig. 6.23.

= Before = After

0.60

0.50
~0.40
2
= 0.30
£
2 0.20
0.10 I
0.00
1 2 3 4 5 6

Sub-receiver

Figure 101—Maximum power point before and after th-soldering process of s-receivers.

As can be seen, the seldering procesled to an increase of the f P (increase between
10mW and 210 mW)This increase in thPmpis mainly due to a significant increase in the ag
of the subreceiver, which in turn rises due to th-soldering ofsome interconnections that were
well performed before. Figure ¢ highlights this situation since after seldering process the Vi

of the sub-receiver s between 5 mV and 600 m
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m Before After
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Number of the sub-receiver

Figure 102— Open circuit voltage bere and after the re-soldering process of sdeivers that initially, had values
Pmpp lower than 100mwW

These resulta significant improvemerof the failures found in thenounting process of tt
sub-receivers. nl order to solve thepersistent challenges of ribbordisplacement, a ne
configuration of busingilbbons is suggestedFor example, a slight lift in the center of tliebor

would probably improve thadherencibetween the ribbon and the PCB.
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6.3. Electrical performance

The electrical characterization of solar cells (®ec4) has shown that the solar cells provided
by the KVAZAR company are only suitable up to a@amtration of 8 suns, while the Solartec solar
cells showed to be suitable up to a concentrati@®auns. In this section we present and dishess t
tests that were carried out on sub-receivers thagrate Solartec solar cells since the HSUN system
was designed to operate at a concentration of A%. su

Within the Solartec cell designs studied in thissih, the SLT.2BB solar cells has presented
the best electrical performance (section 4.3); haneits front grid design (two busbars instead of
just one) is incompatible with the HSUN sub-recesvdesign that are currently being used in the
HSUN system. Thus, only the cells SLT.C26 and SEZR.@ere used in the receiver tested here (the
tests conducted in the NaREC solar cells (cellsl @astually in the HSUN system) are presented in
the Annex VI).

6.3.1 Experimental procedure

Four sub-receivers (two sub-receivers integratib@.S26 solar cells and the remaining two
integrating SLT.C24 solar cells) were mounted folltg the procedure presented in section 6.2. To
measure the |-V curve of each cell, individuallytmut ribbons were soldered between each

consecutive solar cell and at the ends of the sabiver (Fig. 6.25).

Figure 103— Sub-receiver with the output ribbons soldered.

The |-V measurements were carried out at outdooditions (sunlight), i.e. the sub-receiver
was placed towards the sun at optimized positidhoui being integrated in the HSUN module (Fig.
6.26). During all the experiment, the sub-receitemperature, the ambient temperature and the

incident radiation were recorded at the same tifiteeol-V curve measurements:
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- to measure the temperature of each sub-receitle@renocouple was glued at the center of
the back surface of the sub-receiver (Fig. 6.27 a);

- the incident radiation was measured with theatiwlh meter apparatus, which was placed
side-by-side with the sub-receiver (Fig. 6.27 Ingd ¢he ambient temperature was measured by using
a thermocouple.

Figure 104— Experimental set to measure the |-V curves undatoor conditions.

a) b)

Figure 10t - Placement of the a) thermocouple at the rear seidathe sub-receiver and b) the radiation meipaeatus
side-by-side with the sub-receiver.

6.3.2. Results

All the 1-V curves measured for each solar cell &rdcorresponding sub-receiver during the
experiments, previously described, may be foundrinex VII. Figure 6.28 shows the I-V curve of
the sub-receivers with the corresponding irradieiad temperature of the PCB back surface at the
time of the measurements. The average ambient tainpe registered during all the experiment was
30.5 (x0.5) °C.
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- -+ - SLT.C26-1; Thoard=31.3tC; R= 680 W/m2 SLT.C24-1; Thoard=31.3%C; R= 685 W/m2
- -+ - SLT.C24-2; Thoard=33.78C; R= 675 W/m2 - -+ - SLT.C26-2; Thoard=31.5%C; R= 678 W/m2
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Figure 106— I-V curves measured to SLT.26 sub-receiver 82T,.24 sub-receiver n°1, SLT.24 sub-receiver n¥ an
SLT.26 sub-receiver n°2 under outdoor conditioriee @verage ambient temperature at the time of Hodev
experiment was 30.5+0.5°C.

Figure 6.29 highlights a problem on the SLT.C244hh-geceiver since its Voc is considerably
lower than the expected one (2.90 V). The Voc teggsl for this sub-receiver (1.72 V) suggests that
only 3 cells were properly working since the typi¢ac of the solar cells under study is about 0.58V
under STC conditions (see section 4.1). Also inG&$, it must be noticed that the diodes are
working properly, it is important to note that tfeect that solar cells aren't in the same operating
mode (which will be discussed in detail in the n&¢ttions), causes adverse effects on the |-V curve
of the sub-receiver (Fig. 6.29) and, consequeimlythe maximum output power produced by the
system. Figure 6.30 presents the Pmp of the sudivexc the average of the Pmp produced by each
solar cell, individually. This figure highlights ah higher deviations of the individual Pmp of each
solar cell to the average Pmp of the solar célist integrate the sub-receiver, lead to lower Pinp o
the whole sub-receivers, i.e. solar cells operaitindifferent conditions lead to higher losseshia t
system.

In the following sections the behavior of each undlial solar cell is analyzed in detail taking

into account the incident radiation (section 6 3)2and cell temperature (6.3.2.2.).
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= Pmp of the Su-receiver Average of the Pmp of the solar ¢
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Figure 107 —Measured values of Pmp of the -receiver and the average of the Pmp of the solbs.

Figure 6.30presents the values of FF of the -receivers estimated through tt-V curves.
When these values are compared, it is possiblaydleat the averages of FF of the solar cells
very similar between themselves (difference betw@&ft and 2%). Howey, as in the case of tl
values of Pmp, higher deviations of the individBEl of each solar cell to the average FF of ther:
cells, that integrate the suibeeiver, lead to lower FF of the entire -receivers.

® Subreceiver = Average of the FF of the solar ci
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Figure 108— Estimatedralues oiFF of the sub-receiver and the average of thefRRe solar cel.
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6.3.2.1. Analysis of the results taking into accouhe incident radiation

Figure 6.31presents the values of and Vocthat were measured - each solar cell,
individually, and for the subeceiverunder the conditions previously mention: This figure also
presents the expecte@lues for th Isc and Voc ofSolartec cells under the irradiation registe
during the measurements and considering a celléeatire of 25°C.It must be noticed that almc
all the solar cells presentvalue of Ischigher than the expected or&ich mismatch may be relat
with two factors:

)] a slight deviation of the radiation meter as todp&mum position of the recei\
may lead the radiation meter to register lower irradiatioalues than th
irradiation that is indeed falling on the recei

i) higher cell temperatures lead to a slight incredidbe Isc see section 6.3.2).

Since the Isc only varies by 0.03%/°C and is exely sensitive to the irradiation that falls

the cell, the mismatch in Fi§.31 is most probably due to a deviation in the radiatigeter positiol

s Sub-receiver m Cell 1 s Sub-receiver m— Cell 1
m Cell 2 m Cell 3 mmm Cell 2 s Cell 3
s Cell 4 cell 5 mmm Cell 4 Cell 5

Isc (A)

SLT.C24-1 SLT.C26-1 SLT.C24-2 SLT.C26-2

Sub-receivers Sub-receivers

a) b)

Figure 10¢ —Values of a) Isc and b) Voc of each solar cellfédént red hue bars) and -receiver (blue barsnormalized

at outdoor conditions: 680 Wfrand 30.5 (+0.5) °C of ambient tempera normalized for the Isc and Voc expec. The
dashed black lines indicate the psted Isc and Voc (see Chapt) for a solar cell with the same characteristicthet
ones in analysis. This value was estimated fos#tme atmospheric conditions and considering a tetyre of 25°C

registered for the cell.

By performing the ratio between the average ofl$bemeasured for each cell (notice that
inoperable cell®f the SLT.C2-1 subreceiver were disregarded for this average valad)the Isc

estimated for 1 sun, the expected incident radidtwel that falls on the cells would be 10% hig
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than the value measured by the radiation meter808W/n? insteadof the 680W/r> measured.
Taking into account the radiation level that resfiom the previous fit, we have estimated agaér
“Expected”Isc and Voc and the relts are presented in the Fig. 6.32.

This figure shows that with 800W?, the Isc measured igry similar to the value expect
while the Voc variation is barely visible. So, assog that the position of radiation meter was
optimized can be concluded that the real incidadiation level at the moment of the measuremnr
in the solar cellsvas about 800 W/,

Looking tothe behavior of each solar cell individui (Fig. 6.32 a))jn the same si-receiver,
it is noticeable that the cells present a diffetegtiavio when exposed tthe same conditiol. Such
difference may be related with acculated dust on the cells.

Regarding the Voc, the values registered for eatlhace lower than the values expected
the 800W/r of irradiation.However,we must bear in mind that the theoretical Voc watsratec
for a temperature of 25°C. Since hir temperatures reduce the Voc and the temperatuhe ¢>CB
back surface was 39 (£ 0.9 it is expected a better match of the measuredwahwes as to th

expected Voc after a temperature correction, wiiichiscussed in the next secti

mmmmm Sub-receiver s Cell 1 s Sub-receiver m Cell 1
m Cell 2 s Cell 3 s Cell 2 s Cell 3

1.0 + fs———a 2 ——————

0.5 A

Isc (A)
—l
]

— |
I
I

SLT.C24-1 SLT.C26-1 SLT.C24-2 SLT.C26-2 Sub-receivers
Sub-receivers
a) b)

Figure 11C—Values of a) Isc and b) Voc of each solar cellfédént red hue bars) and -receiver (blue barsnormalized
at outdoor conditions: 800 Wfrand 30.5 (+0.5) °C of ambient tempera normalized for the Isc and ‘c expected. The
dashed black lines indicate the estimated Isc asal(8ee Chapted) for a solar cell with the same characteristicthet

ones in analysisThis value was estimated for the same atmosphendittions and considering a temperature of .

registered for the cell.
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6.3.2.2. Analysis of the results taking into accouithe radiation and cell temperature

6.3.2.2.1. Experimental procedure

In order to observe the effects of the temperaturthe SLT.C26 and SLT.C24 solar cells
integrated in the sub-receivers we have registeaeth 60 seconds the |-V curves of solar cell n°3 of
each sub-receiver during 15 minutes of sunlightoeype at optimal position. As in the previous
experiment, the irradiation, ambient temperaturd semperature of the PCB back surface were
recorded.

The I-V curves were acquired through the I-V Traapparatus and the solar cell temperature
was measured by a thermocouple placed on the haface of sub-receiver, right next to the rear
area of the cell that is being measured cell ifi@ ©.33), while the incident radiation was measur
with the radiation meter apparatus, which was plate the same position that the solar cell

measured.

Thermocouple

Figure 111- Placement of the Thermocouple in the back redase of the solar cell n° 3 of the sub-receiVerthe
acquisition of temperature by the thermocouple made always in the same location, the thermocouatefixed with
thermal tape

6.3.2.2.2. Results

As mentioned in the chapter “Thermal Coefficient§”this thesis, from the value of Voc
acquired at a concentration of 1 sun and the tHecoefficient estimated for the solar cells, it is
possible to calculate the temperature of the aglien the |-V curves were measured. Thus, the
temperature of the solar cells can be estimatexigr the following equation [48],
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V,.(C,T) = V,.(1sun, 298.15) — ’%k X 298.15 x In (C)

T (K) = - + 298.15
B(C=1)+ T=xIn(C) (40)

Table 1 to 3, presented in the Annex VIII, presahts electrical parameters (Pmp, Impp,
Vmpp, Voc and Isc) measured for each solar cellsaan@receiver. Also in these tables we present:
the concentration level (in suns) estimated byr#ti® between the Isc measured and the Isc at 1 sun
(which is 0.29 A for the Solartec solar cells) ahd temperature of the cell estimated by using the
equation (40).

Figure 6.34 shows the I-V curves measured for melB of each sub-receiver during the 15
minutes of the experience in the sunlight. The fir® curves highlight the effect of the temperatur
on the cells Voc and Isc. It may notice that thec\é@nificantly decreases during the experiment
period, which is mainly related with the increadelh® cells and sub-receivers temperature. It can
also be notice a slight increase of the Isc, widdso caused by the temperature increase.

By these figures it also can be observe that thledsit Isc achieved during this experiment was
0.26 A in the SLT.C26 solar cell and 0.28 A in BET.C24 solar cell. By performing the ratio
between the measured Isc and the Isc at 1008\ittich is 0.29 A) it can be concluded that the
maximum irradiation registered during the experitveas about 960 W/m

0.3 4

0.25 &
0.2 - 0.2 -

0.15

Current (A)
Current (A)
o
-

w

0.1 0.1 -

0.05

0 0.2 0.4 0.6 0 0.2 0.4 0.6
Voltage (V) Voltage (V)

a) b)
Figure 112 - I-V curves measured during 15 minutes in the gimléxposure from the a) SLT.C26-2 and b) SLT.C24-2

sub-receivers.

Figure 6.35 presents the temperature measured erretlr surface of the PCB and the
estimated temperature of the solar cell n® 3 (fahtsLT.C24 and SLT.C26 sub-receivers) by using
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the measured Voc. As can be observed in the figatksolar cells tested shows an increase in the
temperature measured and estimated during the imgudr This figure also highlights that the
temperature measured in the rear surface of thar salls is about 10(x0.9)°C lower than the
temperature estimated to the solar cell; moreosech difference between the two temperatures
presents a constant behavior of 11(x0.5)° C an@.8J3C for the case of SLT.C26 and SLTC24,
respectively. The difference between the tempegatof the cell and PCB back surface occurs due
the thermal resistances that exist on the PCB $g4y&.

- - - - Temperature of the rear surface of the solar cell measured - - 4-- Temperature of the solar cell estimated in the Sunlight
in the Sunlight
. . . - - - - Temperature of the rear surface of the cell estimated in
- - 4- - Temperature of the solar cell estimated in the Sunlight .
the Sunlight
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Figure 113 — Temperature of the rear surface of the celltardemperature estimated of the a) SLT.C24 solhawd b)
SLT.C26 solar cell in the sunlight.

6.3.2.3. Adjust of the results obtained by the tengrature estimated of the solar cells

In the previous section the temperature of thersodél was calculated through the Voc
produced by the solar cells when the measuremegrtriermed. However, such temperature may be
also estimated by the thermal resistances of thB &@&l the irradiation falling on the cells [49]
through the following equation:

T, - T, (41)

where Q is the radiation that falls on the soldisc&ehen the measurement is performed,
T; — T; is the difference of temperature between the tatenals in analysis arR;; is the thermal

resistance between the materials (in this stuaythibrmal resistance between the back surfacesof th
PCB and the solar cells was considered to be @608 °C.W/rf according to [49]).
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Figure 6.36present the values «cell temperature estimatdyy the two metho(, which are
very similar. The temperature of the -receivers estimated by the thermal resistances ditde
lower than the estimated from the Voc of t-V curves measured on the sunlight, but this diffee

is very reduced (always lower than 4°nd are covered by the error bars.

m Temperature of the solar cells obtained from its Voc

Temperatures of solar cells estimated from the thermal resistences
50 -

40 - I I I

30 -

20

10 -

0 : : .

SLT.C24-1 SLT.C26-1 SLT.C24-2 SLT.C26-2
Sub-receivers

Temperature (2C)

Figure 114 —Temperatures of the s-receivers estimated by two different methods:dpfrthe Voc of the-V curves
measured (dark green bars) and ii) through therthleresistances of theCB and irradiation (light green bai

Through the temperature estimated from these mesthitdis possibleto perform the
adjustment of the value of Isc and Voc of the soklls at the moment of measuren (Fig.6.37).
As can be observed, the Voc measured in the surdigh equal to the value estimated for

conditions (temperature and radiation) at the tifighe measurement

mmmmss Sub-receiver  mmmmmm Cell 1 s Cell 2 s Sub-receiver mmmmmm Cell 1 mm Cell 2
mmmmm Cell 3 e Cell 4 Cell 5 s Cell 3 e Cell 4 Cell 5
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10 + - — = — — — —_—_————— 3.0 4
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a) b)

Figure 115 -Values of a) Isc and b) Voc of ei solar cell (different red hue bars) and sabeiver (blue bars) measurec
outdoor conditions: 800 W/wf irradiation and 30.5 (+0.5) °C of ambient tempema, normalized to the Isc and V
estimated by the temperature of the solar celisidd black lines
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6.3.3. Main conclusions

The values of Isc and Voc estimated for the coowlitat the moment of the measurement
(radiation level and temperature of the solar ¢gli®ve to be similar to the values obtained by the
measurement. So, it can be concluded that the rpeafce of the solar cells is unaffected by their

integration in the HSUN sub-receivers.
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Chapter 7

Cost-efficiency analysis of screen-printed solar te to integrate CPV

systems

Most CPV systems integrate high efficiency soldlsoshich are designed to operate under
high levels of radiation. Such cells are more espenthan the standard screen-printed solar cell
technology which is being produced at high volumealwell-standardized industry thus benefitting
from economies of scale. Thus, in this thesis weehzeen evaluating the potential of such cells to
integrate CPV systems.

The previous sections have focused on the elektclsaracterization and technological
integration of conventional 1-sun solar cells (sastKVAZAR) and upgraded 1-sun solar cells (such
as Solartec) to operate under different concentratevels. However, to really understand the
potential of a specific solar cell technology, whietegrated in a CPV system, we have to analyze the
relation between its cost and power output, i.epedorm a cost-efficiency analysis. As such, the

cost-efficiency of a solar cell can be estimatecgyation (42)[50].

Price of the solar cell (€) (42)

S Watt = 5 oF the cell (C)(W)

where thePmp of the cell (C) is the maximum power of the cell for a concentraiC.
In the following lines we perform a comparison loé tost-capacity between:
i) Conventional 1-sun screen-printed solar cells

i) Upgraded screen-printed solar cells (optimizedLibsuns)
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iii) Laser Grooved Buried contact soar cells (optimizped.5 suns).

To estimate the cost-efficiency of these solarsc@aREC, Solartec and KVAZAR solar
cells) where only taking into account the unit praf the cells and not the design and the mask used
in the NaREC and Solartec solar cells, since taesenly paid once.

Table 7.1 presents the prices of the previouslytimead solar cell technologies being LGBC
technology the most expensive ones (€ 32.44 / wafedt KVAZAR solar cells the cheapest (5.12 €/
wafer). These values were expected since the LGB& sells are, nowadays, mainly produced for
CPV applications at a considerably lower scale ttien conventional screen-printed solar cells,
which present lower prices due to economies okscal

However, when looking to the cell unitary price, sfeuld notice that the solar cells provided
by Solartec presents the lowest price/cell. THisasion is due to the fact that a Solartec wafer Ia
solar cells while the KVAZAR wafer only providess8lar cells. So, when the price of each solar cell

is calculated, the Solartec solar cells showedtigapest unitary price.

Table 7.1- Technology and prices of the Solartec, NaREC aWdZAR solar cells.

LGBC optimized for 15 suns
Upgraded screen-printed solar

o 14 0.58 8.12
cells (optimized for 15 suns)

Conventional silicon solar cells 8 5.12 0.64

The cost-efficiency of the solar cells was estimateough eq. 1 for a concentration level that
lies between 1 and 30 suns (since the HSUN systaminitially designed for a concentration of 15
suns). The Pmp values used in these calculations previded by section 4.3. Figure 7.1 shows the

expected cost-effectiveness vs. the concentratieel.|
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Figure 116— Estimated costffectiveness and Pnof the NaREC, Solartec and KVAZAR solar ¢ in function of the

concentration level

Figure 7.1 highlightshatthe KVAZAR solar cells are not suitable to bged at least with tf
design/dimensions that wetenc. The silicon wastage is so high that gl&vatt of KVAZAR solar

cells is higher than the Solartec solar cells eatehsun conditions

Regarding the Solartec solar cells, F7.1 shows that these are the solar cells that preke

lowest values of €/Watintil a conentration level of 24 suns; however, after thiscegriration leve

the lowes€/Watt is achieved by the NaREC solar ¢

Thus, it can be concluded that from the solar alislied, the ones that proved to be the t

cost e to integrate the HSUSYsten (operating at 15 suns) are the solar cells pealidy the

Solartec.
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Chapter 8

CONCLUSIONS AND FUTURE WORK

8.1. Conclusions

The use of alternative and environmentally frieneihergy is a crucial issue in the fight against
waste and proper use of natural resources. Thusindte and spreading the processing technology
of photovoltaic energy, as the CPV market, is thmary task for the technological areas.

The HSUN is a concentration photovoltaic (CPV) egsiconcept under development by WS
Energia S.A. It uses crystalline silicon solar €elptimized for a concentration factor of about 15
suns. However, the price of the HSUN PV receivestisngly conditioned by the expensive high
efficiency solar cells that integrate. Thus, thenmaurpose of this thesis regards the study of new
approaches of silicon solar cells to use in the NRY receiver.

In a first approach, a theoretical mathematicalysigmwas made in order to understand what
the behavior of solar cells studied in several lewé concentration. This study, later supported by
the full electrical characterization of the solaglle performed, allowed to conclude that the
conventional cells provided by the KVAZAR compariow to be viable only up to a concentration
of 8 suns, while the modified silicon cells for centration, provided by the Solartec company,
prove to be viable up to a concentration of 20 siimus, since the HSUN system operates at a
concentration of 15 suns, the viability of KVAZARIar cells proves to be insufficient to integrate
this system.

Thus, for the experimental campaign performed tdeustand the behavior of the solar cells
integrated in the HSUN sub-receivers were onlyetésub-receivers.

Throughout this experimental campaign was posstblecompare the results obtained
experimentally with the values estimated by thetiwal model. The values appear to be similar and
show that the Solartec solar cells present a geofibppnance (according to the expectative), that is

unaffected, when integrated in the sub-receivetb@®@HSUN system.

139



Conclusions and Future Works

The best performance of solar cells when integratathe sub-receivers, in the context of
experimental campaign, was also carried out andugnent of the mounting process of the HSUN
receivers. Through the preliminary tests condutbtedalidate this process was possible to discover
some issues such unsoldered Ribbons, appearanspotd on solar cells and displacement of
Ribbons. After studying the results obtained insth@reliminary tests, solutions were found and
implemented to optimize the process (applicatiarx fand straight cut of the ribbons). After the
optimization, this process was again tested anddhelts showed that the solutions were feasible,
eliminating the problems previously encounteredcMmore experimental tests were performed and
were not included in this thesis.

As the main aim of the study of these new appraacheo reduce the cost of the system, it is
important not only to have a good perspective efdblar cell performance when integrated in a CPV
system, but also take into account the economigilitiaof the solar cells. Thus, to a correct cheic
of the most viable solar cell to integrate the HSgjidtem was taken into account not only the values
of output power produced by the solar cells, bgaheir cost-efficiency. Through this cost-
efficiency, where the KVAZAR conventional solar Isethe NaREC LGBC solar cells and Solartec
optimized solar cells were compared, it was coreduthat the solar cells more viable up to a
concentration level of 24 suns are the Solartear smllls, being that from this concentration letel

NaREC solar cells present themselves as the malstevsolar cells.

Therefore, and taking into account all the workedeped along this thesis, it can be concluded
that the most cost-efficient solar cells to intégrthhe HSUN system are the mono-crystalline sikcon

solar cells with optimized screen-printing, suchiresSolartec solar cells.

8.2. Future Work

As mentioned throughout the thesis, this work wasgrated in the development of a new
photovoltaic concentrator. Therefore, much work séeds to be done. One of the conclusions of the
comparison of the behavior of the solar cells esgd by the mathematical model and the
measurements on field is the confirmation of thkues estimated. However, in this thesis, it was
only possible perform measurements at 1, 2, 4 &suhs. So, for a complete understanding of the
real behavior and validation of theoretical valoéshe solar cells under each concentration level,
measurements under other concentration levels dfweufurther performed.

Other development to be made is the upgrade aleébign of the PCB plate, so that solar cells
with new settings (as in the case of Solartec soddls with two busbars) can be integrated and

studied in the HSUN sub-receivers.
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Another important issue, as evidenced in the erprts conducted in this thesis, is the effect
of the inhomogeneous sunlight on the solar cellis phenomenon shows to be harmful for the
performance of the system. Thus, a study of thecefff inhomogeneous irradiation on solar cells
performance seems to be a good approach to unaersta real effect of this phenomenon and the
solutions needed to minimize these effects on tipud efficiency of the system.

As regards the soldering of the solar cells, is thesis was conducted an improvement of the
mounting the sub-receivers components and the rsoidmethod of solar cells. However, in order to
make the whole process ready for the industriatimadf the HSUN system, it seems necessary to
automate the entire soldering process (includiregy rtiounting of the several components on the

PCB). Thus, a study in the automation of this pathe process seems to be necessary.
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