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0.0 INTRODUCTION

The present documentO & AA OE AEZ4GE 13EQA U 0 Bl O1 O1T 1 OAE]
DPOAPAOAA ET AT T1TAAOET 1T xE Ofim téeEndlogpidi EA A C
$AT 1 AOEG6 h OHNiFTéch tardeddutAvih Danish Technology

Institute as project manager and by means of support from the ForskEl

programme.

The purpose of ThiFiTech is to uncover technical and architectonical aspects
regarding thin-film photovoltaic (TFPV) with specid emphasis on utilisation
under Danish and Northern European conditions.

This study has been prepared as a general introduction to the subject with the
purpose of collection and transmitting international experiences and
development tendencies with respecto the prevailing technologies among
TFPV. Thus, the document serves as a source for information and inspiration
to the project partners of ThiFiTech as well as external actors sharing an
interest in this subject.

It has been presumed, that the readersf the document hold a basic

knowledge regarding photovoltaic and energy technique, however some of the
information included have an introducing nature which may appear trivial to
persons whom hold expert knowledge.

The feasibility study has been preparethy Kenn Frederiksen, EnergiMidt, and
Carl Stephansen, En2tech.
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1.0 SUMMARY AND CONCLLCBY

In this part, the overall conclusions and results of the feasibility studis
presented The chapter is divided in two parts, one being general technical
aspectsand one being possible fields of application and usefulness under
Danish conditions

1.1 TECHNICAL ASPECTS

At the global market, 3 types of TFPV technologies are commercially available:

1. Thin film based on amorphous silicon, named-8&i, and a newly
variation of this named micromorphous or aSi/uc-Si.

2. Thin film based on a mixture of all or some of the elements copper,
indium, gallium and selenium.

3. Thin film based on cadmium and telluridgCdTe).

In the table below the basic characteristic of each of these tgp is show and
compared to traditional crystalline based PV modules followed by a brief
description.

Table1.1: Module and cell efficiencies for thin film and crystalline base PV modules

Technology Thin film photovoltaic Crystalline based
Amorphous a-Si/pc-Si CIS- Cadmium  Mono Multi
silicon CIGS telluride crystalline crystalline
a-Si CdTe

Cell efficiency, % 5-7 8 7-11 8-11 16-19 14715

Module efficiency, % 13-15 12714

Area needed pr. kW, m? 15 12 10 11 App. 7 App. 8

111 AMORPHOUS AND MICR@R®RPHOUS THIN FILMA{S

ANDA-S /u G-Sl)

Amorphous silicon (&Si)was until 2007 the most used kind of TFPVThe type
accounted for 52% (223 MW;) and 5.1 % (403 MW) of new PV installations
in 2007 and 2008 respectively

One of the benefits of this PV technology is the fact that the material
consumption in the production process is low and only account for
approximately 1% of the silicon needed for typicatrystalline silicon cells.

a-Si can be considered as the veteran among TFPV technologies and the fact
that the efficiency is rather low compared to crystalline PV modules is
counterbalanced by the lower production price that effect theost level at the
end costumer.

With the purpose of owercome the lack of efficiency present by the traditional
a-Si modules, new variationsvith one or morelayer of micro crystalline
silicon (pc-Si) addedhave been developed
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This technology have beemjiving several names, for instance micromorphous
-, hybrid -, multi junction - or a-Si/pc-Si modules, and theonstruction cause
the efficiency of the module to increase tapproximately 8 % compared to the
typical values of 5z 7 % of aSi single junctionmodules.

The advantage of&-Si/uc-Simodules relies on the improvement of the spectral
response of the PV module because the twor more) layer of cells absorb
different wavelength ranges of solar spectrum, i.e., the top cell absorbs shorter
wavelength radiations and the bottom cell absorbs longer ones.

A further benefit for a-Si as well as fol-Si/pic-Siis the fact, that several
production equipment manufactures offerwell-developedturnkey
productions lines, which makes it easier for a company to statip a
production facility than the case is for CdTe and CIS/CIGS.

1.1.2 COPPERNDIUM, GALLIUMAND SELENIUM (CIS/GS)

This thin film type gain distinction by having the best efficiency among the
types described, typically in the interval between 7 and 1L %. Two different
main categories of the types are marketed, with and without gallium, denoted
CIGS respectively CIS.

Some manufactures seeks to developed flexible modules capable of being
bended and shaped, providing the possibility to be applied on cued surfaces.
In these cases the CIS/CIGS technology has usually been the preferred
technology.

A rather high number of companies are engaged in the field of CIS/CIGS,
however, it must be noted, that a significant part of these firms are still
operating onthe prototype stage and thus do not market modules on
commercial terms.

CIS/CIGS modules benefits from the fact that the efficiency is high compared
to aSi and aSi/pc-Si modulesand no environmental concerns is present as
the case i substantial or na z with CdTe modules due to there contents of
Cadmium.

Prospective manufacturesof CIS/CIGS modules furthermore benefits from the
presence of a number of equipment suppliers, making it possible to buy turn
key production lines.

However, accoding to a suwvey published in the acknowledges magazine
Photon International (PI) issuel, 2009, commencement of a CIS/CIGS
production line is usually alengthily procedure, in which the production must
be expanded gradually.

As a consequents, the CIS/CIGS parts of TFPV account for the smallest marked
share corresponding to 1 % in 2008which actually is a doublingcompared

with the previous year. In absolute numbers, these percentages match up a

cell production of approx. 79 MVp in 2008 and 21 MWp in 2007.

1.1.3 CADMIUM TELLURIDECDTE)

At the moment Cadmium Tellurideis the PVtype that set the standard with
respect to cost leadership, giving that productions cost is approaching the
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psychologicalbarrier of 1 $/Wp. Besides a attractive price, CdTe distinguish
itself by having efficiency rates almost in level with CIS/CIGS and significantly
higher than aSi and aSi/uc-Si.

Although only few companies are engages in production of CdTe modules
compared to aSi and CIS/CIGShis thin film type hasmanages to obtain the
highest market share among TFPV according to a study published inigdue3,
2009 page 170

According to this, 6.4 % of the total of 7.9 Gy@f PV cells manufactured in
2008 was based on CdTevhereas the correponding figures with respect to
2008 was 4.7 % and 201 MWp.

The reason for the success in market penetration for CdTe can to a large
degree be assigned to the technology leading company First Solar, which has
manage to obtain a highly industrialised proces and thereby reduce cost
through high volume.

Among experts it is expected, that CdTe for a period of time will continue to
gain marked shares on expense of other TFPV as well as traditional crystalline
PV technologies.

One point of concern with respect@ CdTemodules is the fact, that they
contain an amount of theheavy metalCadmium, which potentially could have
damaging environmental effects.

In an attempt to counter the seriousness of these element of risks, a
collaboration of CdTe module manufacture has launched a noitompulsory
recycling scheme, which guarantee that an environmentally correct disposal of
superannuated modules take place, while at the same time parts, that can be
reused, will actually be recycled.

Furthermore, the manufactures argus that the contents of cadmium in a
module is extremely small and that test has shown, that in case where a
module is exposed to fire, an encapsulation of the cadmium will take place
which prevent contamination of the environment.

1.2 AVAILABILITY AND UTLISATION IN DENMARK

In 2008, almost 1 GWp of TFPV were produced, accounting for 12.5 % of the
total PV cell production. This is a doubling compared to the previous year,
were the production were approx. 440 MWp and the share of the total PV cell
production were 10.4 %.

This tendency is only to a lesser extentecognizablein Denmark, as the
national utilization of TFPV until 2007 has been limited to a small number of
plants using aSi modules. More recently, however, a small humber of
CIS/CIGS installationdiave been- or are planned being- implemented,
whereas no PV installations utilizing CdTe modules have yet been settop
the knowledge of the authors of this study.

The reason for the lack of CdTe installations is due to the fact that the
manufactures of these until now have been selling there products directly to
project developer of large PV parks in batch sizes of several MWp.
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Based on the hitherto development and@vailable products on the marked, the
following points can be concluded with respect to possible utilisation of TFPV
in a Danish context:

e TFPV can be considered as very suitable in the following situations:

o When large, shading free roof areas are availahlfor instance
on stables industrial buildings, sportcentres, roofs without
dormer or chimney on residential houses etc.

o For free standing PV plangrected on marginal areas.

0 As element in the facades of commercial or residential
buildings, where it ispossible to exploit the special
architectural features that TFPV afford. In this case, it can be
utilized, that the different TFPV types have various designs and

at the same time have a more homogeneous and discreet visual

appearance than the case is famrystalline modules.

o For the latter purpose, however, it has to be taking into
consideration that virtually all TFPV manufactures follows a
strategy of cost reduction through large scale, industrial
production. Giving this, a high degree of standardizatiotakes
place and thus it is usually not possible to have modules that
differ from the standard sizes.

e TFPV is less suitable if the available area for a PV systentiristed and
at the same time a high yield is required.

¢ Recent studies indicate that TFPVwuld be highly interesting under
the irradiation conditions prevailing in Denmark giving there ability to
operate with high efficiency under low irradiation. A measuring
programme carried out by Danish Technological Institute can
contribute to verify whether this aspect actually have a significance
importance or not.

As an overall conclusion it can be summarized that TFPV when the above
mentioned conditions are met can be considered as beneficially duezd)
lower specific price compared to traditional eystalline PV modules and; 2)
the possibilities caused by the uniform visual appearance of TFPV modules,
which can be utilized as a means taccentuatea certain architectural
expression

For the latter, however,attention must be addressed towards the fet, that
module size to a large extent is fixed by the manufacture as part of there
prevailing strategy to minimize costs by means of standardization and large
product volume.

Thus it is important to implement utilization of PV early in the planning and
architectural process in order to optimize the relationship between costs and
production yield by using the right types of PV modules and by securing, that
these modules carbe integrated in the buildingas easy and economically as
possible.

Furthermore it can be mentioned that as a result of international research
and development activities- it is likely that the value and magnitude of the
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mentioned benefits will increase in the years to come, due to the fact that
costs are steadily decreasing wherease number of varieties with respect to
visual appearance of module almost certainly will increase as more and more
companies enter the market.
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2.0 GENERAL INTRODUCTIONO THIN FILM
PHOTOVOLTAIC

In this chapter, a general introduction to thin film photovolaic (TFPV) is
presented including the overall characteristics and distinctive differences
between TFPV and other types of photovoltai(PV) techniques, in particularly
crystalline base PV, the most commonly used and until now developed type.

A more throughout description of the prevailing kinds of TFPV is giving in
chapter 3.

2.1 THEPHOTOVOLTAI®ROCESS

The smallest unit in a PWystem is the cell or solar cell, in which electricity is
generated through the photovoltaic process (thus the name photovoltai&V).

The fundamental principle of the photovoltaic process was discovereid 1839
by the French physicist Edmund Becquerel.

The main part of the hitherto commonly used solar cell is based on silicon in
crystalline form which is cut into thin slices of aproximately 0.2-0.3
millimetres. This kind of solar cell consists of two kinds of silicon:

¢ N-type silicon with added phosphorus to create a surplus of free
electrons surrounding the silicon atom

e P-type silicon with added boron to create a deficit of electns, the se
AAT T AA OET 1 AOds

When sunlight strikes the solar cell the free electrons from the {/pe silicon
will attempt to move into the holes in the Ptype silicon layer. However, the
electrons will be caught by the metallic contact grid located on thednt of the
solar cell, giving this cause for lesser electrical resistance compared to the
silicon layer.

The metallic contact grid is connected with the back of the solar cell so the
migration of the electrons can continue and create a voltage without &n
mechanical influence.

The process does not rely on
direct irradiation and a part of
the power produced attribute
to diffuse irradiation, which
are the reason that a PV system N-type  Metalic

also generates energy on o SEtpR .
cloudy days.Figure 2.1 gives a
simplified description of the

process taking gace inasolar Ppe oo
cell. silicon Hole

L

Figure 2.1: Simplified illustration of the photovoltaic process
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In order to generate a usable amount of power, a number of solar cells are
connected electrically and packaged in a PV module or PV panel.

A grid connected PV installation typically includes an array of PV modules, an
inverter to convert the direct current (DC) from the PV system to alternating
current (AC) and interconnection wiring.

2.2 CHARACTERISTIC FOR{IN FILM PHOTOVOLTAI

The basicprinciples of thin film photovoltaic is very much alike the case
described above, however, the structure of the cell differ significantly for a
thin film cell compared to a traditional crystalline based cell.

Also the production procedures differ significatly. Thin film modules are
constructed by depositing extremely thin layers of photosensitive materials
onto a low-cost backing such as glass, stainless steel or plastic.

This result in lower production costs compared to the more materiaintensive
crystalline technology, a price advantage which is currently counterbalanced
by substantially lower efficiency rates.

During the production process, the module is divided into squares forming
cells by means of a laser forming almost invisible lines in the activayers.

A module consists of different layers, each serving a specific function. The
figure below shows the basic structure including the layers typically present.

Transparent
-———— Conductive
Oxide

Window Layer

CIGS Absorber
Layer

Metallic Back
Contact

Substrate

Figure 2.2: Basic structure of a thin film module, illustrated by a CIGS module

Starting from the bottom and up, the basic function of each layer is explained
afterwards.

Substrate. The substrate provides the module with the fundamental
structural strength and durability. A wide variety of substrate materials can be
used, making it possible tonanufacture very lightweight, flexible solar cells

on metals, glass and plastics.
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Metallic back contact . The back contact make up for one of the poles of the
module.

Absorber layer (s).Inside in the structure is one or several active layers in
which the photovoltaic process takes place. The basic materials differ from
technology to technology and from manufacture to manufacture.

Each manufacture attempt to optimize the composition of materials in order
to increase the efficiency of the products offeredral thereby to gain a
competitive edge.

As aconsequence each manufacture address mush attention towards
protection of the distinctive technologicfeature developed at his/her
production plant.

Window layer .Inside the module one or several layers is inséed with the
pOODPI OA T £ OOOAPPETI ¢C6 OEA 1 ECEO ATA
The chemical composition of these layers differs from manufacture to
manufacture and, as the case is for the absorber layeswrapped in much
secrecyfrom the manufacturing side since this is one of the elements that play
a crucial role in raising the efficiency of the cell.

Transparent conductive oxide layer. This layer, usually shortened to TCO,
has the same function as the metal grid present on the front side of a
traditional crystalline PV module, i.e. as front contact material.

Besides the layers shown on the figure, a transparent layer of glass or foil
forms the front of the module.

Threetypes of thin film modules are commercially available at the moment.
Theseare manufactured from amorphous silicon (aSi), copper indium
(gallium) diselenide (CIS, CIGS) and cadmium telluride (CdTe).

All of these have active layers in the thickness range of less than a few microns
(one micron equals 1 x 18 meter). This allowshigher automation once a

certain production volume is reached, whilst a more integrated approach is
possible in module construction. The process is lesabour intensive

compared to the assembly of crystalline modules, where individual cells have
to be interconnected.

Among the three commercially available thin film technologies,-8i is the
most important in terms of production and installation, with 5.2% of tte total
market in 2007.

Avariation of amorphous silicon is the microcrystalline technologiesin
particular the combination of amorphous silicon and microcrystalline silicon
(a-Si/m-Si), also named ricromorphous, have shown very promising and
encouragingresults in recently.

The temporary shortage of silicon that occurred in 2005 has also offered the
opportunity for increasing the market share of thin film technologiesThe
economicstagnationthat has occurred in the last half of 2008, however, has
causeda general reduction in the PV sector, which has also affected the thin
film manufactures.
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As a special aspect it can be mentioned, that\weral new companies are
working on the development of thin film production based on a ro#to-roll
approach.

This means that a flexible substrate, for example stainless steel, is coated with
layers in a continuous process. The successful implementation of such a
production method will offer opportunities for significantly higher throughput

in the factory and lowe costs.

The slide shown on figure Bx AO D OAOAT OAA AO A x1 OEOEI
ET OEA DPET OI 011 OAEA ET AOOOOUG kfa A AO C
Italy in November 2007.

In the figure, the expectations of JRC regarding the future produeh capacity

for crystalline as well as thin film based PV, is shown. According to this, TFPV
will obtain a market share of approximately 20 % in 2010.

- EHE?TE.A_T,COMNDN
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Figure 2.3: Expected development in PV capacity

Among the conclusion from this workshop, in which sewal experts and
manufactures attended, were the following interesting aspects:

e The growth rate of TFPV is higher than the already high growth rate in
PV in general.

e If production volume is ramped up according to plans, TFPV module
cost has the potential t-OAAAE OEA p Or7BH AT OO0 OAO
decade

Not all conclusions, however, were as positive as the above mentioned, since:

e There is high uncertainty about the time schedule of about 50 % of the
announced capacity increases

¢ The market will still be depending on public support for the next
decade
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22.1 MODULE SIZE

On aspect, that has caused discussion among manufactures, system
integrators etc is the importance of the module size.

In the case of silicon based tandem TFPV cells also mentioned roitiorph
cells- (a-Si/uc-Si), two suppliers dominate the market for production
equipment; Swiss based Oerlikon and the American company Applied
Materials.

These equipment providers use different production techniques which
provide different characteristic with respect to the final modules, for instance
the possible physical size possible.

While the modules produced from Oerlikon equipment has an area of 1,43 m2
and are named generation 5 or shortly 5G, products from Applied Material
equipment can have a sig up to 4 time this size that was previously prevailing
on the market . These new, large size modules are named generation 8.5 or 8.5
G and have an area of approx. 5.7 m2.

In figure 2.4 the proportions and characteristic values between these different
modules sizes is presented on the basic of the viewpoint of Applied Material.

The large scale modules are expected to be especially usable in building
integrated solutions, where modules with large areas are appreciated in for
instance fagcade systems.

In general, a conflict exist between lowering cost in the production line versus
higher transportation and handling cost whenmoving from small to large
modules.

Module Sizes available from the SunFab @
L iﬂa 1.1 mebkers 2.2 meters

Best for Roof Top Best for Solar Farm Best for BIPV + Solar Liilities
= Standard size for easy » Large module size o » Single piece of see-through

handling save BOS costs window gives maximum use
= Tandem junction best » Single junction already of area & saves lamination

o s3ve area gives high power costs
* Weight is ~28kg » Weight is ~50kg See-through results in less

» Convenient near drop cony efficiency
n solution for BOS Weight is ~100kg

Modules can be % size, Yz size or full size to address various market segments

Photovoltzic Indusiry Now. 2007 APFLIED MATERIALS

Figure 2.4: Utilization of different module size from the viewpoint of US equipment
provider Applied Material
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2.3 DISTINCTIVE DIFFEREBES BETWEEN TFPV AND
CRYSTALLINE PV MODEBS

When considering the differences between TFPV and traditional crystalline PV
technologiesz as well as the differences among modules belonging to the
same main category it is useful to compare some key factors for the
technologies in question.

In table 2.1, typical values for cell and module efficiency for the most
prevailing types of TFPVand crystalline based modules is shown. Besides the
efficiency, also the module area needed in order to establish a PV plant of 1
kW, is presented.

The area needed is, of cause, directly associated to the efficiency, but has been
included anyway since it visualizes the significance of the efficiency in a
practical manner.

Table 2.1: Module and cell efficiencies for thin film and crystalline base Pvodules

Technology

Cell efficiency, %
Module efficiency, %

Thin film photovoltaic Crystalline based
Amorphous Cadmium CIS- a-Si/uc-Si Mono Multi
silicon telluride  CIGS crystalline crystalline
a-Si CdTe

5-7 8-11 7-11 8 16-19 14715

13-15 12714

Area needed pr. kW, m? 15 11 10 12 App. 7 App. 8

One fundamental difference between TFPV and crystalline PV modules is the
fact that the latter consists of a number of individual cells, which is connected
in series to form a module.

By contrast, TFPV moduleg figuratively speakingz are produced as one large
area which afterwards are divided in cells by means of laser scrabblinghis is
the reason that cell and module efficiency are coincident in the table with
respect to the thin flm part.

In the case of crystalline PV, the module efficiency is considerably lower
compared to the cell efficiency, which is due to the fact that losses occur in the
electrical system connecting the individual cell to form a module.

Although someadditional losses appears in crystalline based modules, the
module efficiency of these types of PV modules are still significantly higher
than the case is for any TFPV modules, which are clearly reflected in the figure
for area needed to establish a 1 kW\plant.

As can be calculated from the figures presented, it require an area 1,4 to 2,1
time larger to substitute mono crystalline PV modules with TFPV modules.

231 TFPV FROM A MANUFAORE POINT BVIEW

From a manufactures point of view, a very importanelement differentiates
TFPV from crystalline PV. This concerns the production value chain, which
contains notably fewer steps in the case of TFPV.
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From a prospective investor or manufactures points of view, the consequence
of this differ in value chain isthat establishment of BIPV production is much
more extensive with respect to investment needed.

A business entry to the crystalline PV industry can be done in a limited and
separate segment of the industry, for instance module production, where the
solar cells can be purchased from an existing cell manufacture.

In contrast, this limited entry to a specific segment is not possible in the case
of BIPV, where a division in wafer, cell, module etc. does not exist since the
production of a module takes place imn integrated process.

Consequently, as investor or manufacture in the BIPV business, you either go
for all or nothing.

2.4 EXPECTATIONS REGARDG SCOPES OF
APPLICATION FOR TFPV

Giving the specific benefit of TFPV, it is expected in international studiesc.,
that the future application possibilities will be realized in two cost segments:

1. Low cost and low quality/efficiency modules. These can be utilized for
instance in large scale plant on unexploited land

2. Medium cost and high quality/efficiency modules An example of
applicability in this segment is small scale plant focusing on
architectural aspects

Re. 1.BIPV benefits from the fact, that the specific cost is lower compared to
crystalline modules. Giving situations with low price on suitable areas for
establishment of a PV plant, TFPV is suitable for utilization in large scale
plants.

Since the specific price of PV modulgsthin film as well as crystalline- is
expected to decrease further in the futureit is expected that this tendency will
continue.

The situation, however, can change radically according to the development in
the market. For instance adjustment in incentive schemes in Spain can bring
about excess production capacity to occur, causing the prices on crystalline
modules to decrease.

Re. 2. Utilization of customized TFPV can facilitate specialized architectural
aspects including building integrated PV (BIPV) which can not be covered
using traditional PV modules. This field of application can turn out to be very
important, since BIPV is gpected to play a major role in the future utilization
of PV.
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Figure 2.5: Roof element with thin film integrated

The picture above show an example of PV cells as an integrated part of the

www.flexcell.comwhere further information and contact details can be found

At the moment, the main part of solutions in this field exists only as prototype
models or at a premature industrial scale. Therefore the full market potential
is still not fully exploited since the costs are still réatively high.

When the prices decrease due to production development, rising production
capacity etc., further employment of these products can be expected. However,
in a situation when a special requirement is fulfilled, for instance utilization of
PV inorder to meet the demands in building regulations, it will probably be
possible to charge a premium price.

2.5 DEGRADATION

In the context of PV, degradation is the term used to characterize the fact that
the production capacity of a certain PV cetlecrease over time. This
phenomenon is well known and analyzed for crystalline PV, and the reason
why every serious module manufactures provide the costumer with a yield
guaranty.

Usually the terms in this state, that the production yield will be at leafd0 %
and 80 % after 10 and 20 years respectively.

Sinceutilization of TFPV isrelatively new, the long term characteristics with
respect to degradation is not as weldocumented as the case is for crystalline
PV. However, also TFPV manufactures now prowd their customers with the
same warranty terms as mentioned above.

In the case of TFPV, 3 differemhechanisms add up the degradation
1. Initial degradation
2. Seasonal variation
3. Longterm degradation

As the name indicates, initial degradation occurs when thmodule is first
exposed to light and the module output decreas®1 E OO OOOAAEI EUAA
initial degradation is seen mainly in the first yearand most of the decline is

actually seen in the first montts.
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This initial degradation is known as theO3 OAA DI AGEE AEEAAOSG R

after the two scientists whom first detect the presence of this effect.

Initial degradation occur in all silicon based TFPV modules, however the size
varies between the different technologies, and unfortunately it is ngbossible
to give precise lines of directions with respect to the prevalence and size.

The aspect is further complicated by the fact thed procedure with respect to
testing and denoting the effect of this initial degradatiorhas not yet been
implemented, and it is therefore important as a buyer to be very attentive
towards this fact.

Usually module manufactures provides information concerning initiak as
well as stabilised power values. As an example showing the significance of
initial degradation, the producer Kaneka states in the data sheet for there
HB105 a-Si/uc-Simodule, that the initial value for the nominal peak power is
136,5 W, whereas the stabilised value is 105 W.

Some module producers deliver products that during the manufacturing
procedure are exposed to this light induced degradation and therefore have a
steady output right from the start, while the efficiency of the main part of the
products will decrease significantly when commencement of operation takes
place.

Besides the initial degradéion, aseasonalcyclic variation of about 5% to 8%

is experienced with the Pmax oscillation around the stabilized Pmax value.
This is mainly explained by the fact that changed ambient weather conditions
cause alteration in the electrical properties of thd?V cells.

Finally a gradual longterm degradation occurs. For aSi, studies have proven
the value to be 1 to 2 % annually, however, in sonstudies this longterm
degradation has been found to be as high as 1 to 5% annually

When setting up a TFPV plarttention has to be addressed to degradation for
economical reasons (the yield and thereby the incomes gradually decrease) as
well as for technical reasons. For the latter, please refer to part 2.6.

2.6 TFPV AND INVERTERS

Special consideration has to be tang into account when inverters for a PV
plant equipped with TFPV modules has to be selected as well as installed.

In general, modern inverters operate with high efficiency within a wide range
of DC input, which are an important factor with respect to mamize the
annual yield from any giving PV system despite the module types.

y

1S J.RansomeetddE7ETE7D AADPAT AAT AU 11 06 OAAETTITC

Orleans, 2002and Kyung-Soo Kim, GiHwan KangandGwonJong YuO0 A O &1 01 AT AA
AACOAAAOQGETT 1T /&£ OEET Z£EI T DEI O1 011 OAEA 11 AQI

Valencia 2008.
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However, when a PV system contagthin film modules somefurther aspects
must be considered One is, that the voltage output from a thin film PV area is
usually higher than the case is for a crystalline PV area, which is very
important to take into account when choosing inverterz or inverters z to the
system.

Besides thisa risk of corrosion in the modules TCO layer has been observed in
the case of earth leakage in situations wherthe solar system and the load
circuit is not galvanically isolated via a transformer in the inverter.

As a consequence, several TFPV module manufactures recommerid some
case requirez that the negative pole of the solar module system is earthed.
Other module manufactures, for instance German company ersol Thin Film
GmbH, state in the data sheets for their-8i NovaT series thin film modules,
that utilization of transformerless inverters are not permitted.

As an example of the opposite situation, Swgdnverter manufacture Sputnik
Engineering AG recently announced in a press release, that US bas&i a
manufacture Unisolar officially have approved utilization of transformerless
inverters in the SolarMax series market by Sputnik Engineering.

The reasonwhy the question of whether transformerless inverters are

suitable for utilization in TFPV systems is relevant is due to the fact that these
types of inverters usually are lighter and operates with higher efficiency
compared to inverters that includes trarsformers.

The final aspect of importanceelates to the fact that TFPV modules as
mentioned in part 25 tend to degrade over the first few months, whereby
output and voltage in the initial phase is higher than the stable nominal values.
The system must balesigned in such a way as to ensure that the increased
initial voltage does not damage the inverter.

In some cases, however, the module manufacture has exposed there product
to a process that simulates the first months of operation and thereby the
modules have reached their stable output value at the time of deliverance to
the costumers.

As mentioned in the previous chapter,tiis important both for technical as well
as economical reasong know, whether the initial degradation has occurred
or not, givingthe fact that the inverter has to adapted to the situation that
provides the highest possible voltage that might occur.
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3.0 DESCRIPTION OF DIFRENT TFPV
TECHNOLOGIES

This chapter concentrates on the prevailing kinds of TFPV technologies. The
assessment Wl include the following technologies/materials:

e Amorphous silicon (aSi), single/multi junction.

e Micromorphous (a-Si/pc-Si).

e Copper indium gallium selenide (CIGS).

e Cadmium telluride (CdTe).

e A brief introduction to 3rd generation technologies.

For eachof these technologies, the following aspects will be addressed:

o Distinctive characteristics and actual stage regarding technical
development, price, prevalence etc. compared to other TFPV
technologies.

¢ Fields of application, in which technology specific @racteristic can be
utilized.

In appendix 1the most significant manufacturers for each of the technologies
discussedas well asequipment suppliers for manufactures is listed.

3.1 AMORPHOUS SILICOMNA-SI

Amorphous silicon (a-Si) has until
now been the nost used kind of
TFPV and accounted for
approximately 5 % of new PV
installations in 2007.

One of the main advantages of
amorphoussilicon compared to
crystalline silicon relies in its
production technique, asthin films
can be deposited over large areas by
OEA O AAITTAA 001,
#EAI EAAl 6ADPT O $A
denoted PECVI), asopposite to
crystalline silicon (c-Si) wafers,
which are slicedfrom mono-
crystalline ingots.

a-Sican bedopedin a fashion
similar to c-Si, to form p or n-type
layers and ultimately to form

electronic deviceslt uses

. Figure 3.1: Mitsubishi a -Si module
approximately 1% of

the silicon needed for typicalcrystalline silicon cells.
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Furthermore, it canbe deposited at very low temperatures, as low as 7&
which allows for deposition on not only glass, buplastic as well, making it a
candidate for aroll -to-roll processingtechnique.

The relatively lower electronic performance of low-temperature aSi devices
could be compensated by the cheaper production, for future, ultrepw-cost,
high-volume applications.

a-Si as material for PV application benefits from the fact, that this material due
to the production way usedhas become the material of choice for thactive
layer in thin-film transistors (TFTs), which are most widely used iflarge-area
electronics applications, mainly forliquid -crystal displaysas known in flat
screen TV sets

As consequents, the PV sector can benefit from the research and developing
carried out in this respect in order to apply the production technologie$o
produce large-areaPV cells.

In the life cycles of aSi the use for large area PXells isrelatively new,
however, small PVcellsbased on aSi has beerused in pocket calculatorsetc.
for many years.

Typically, amorphous silicon thinfilm cells use ap-i-n structure, and thepanel
structure includes front side glass;TCQ thin film silicon, back contact,
polyvinyl butyral (PVB) and back side glass.

3.2 MICROMORPHOUSA-SI/uC-SI

The products in this category can be seen as
a development of aSi modules, giving that a
further layer of micro crystalline silicon
(uc-Si) is added.

This sandwiched construction cause the
efficiency of the module to increase to 8 %
compared to the typical values of ¥ 7 % of
a-Sisingle junction modules.

The advantages of th &SV pc-Simodulesz
or hybrid module - relies on the
improvement of the spectral response of
the PV module because thavo layer of
cells absorb different wavelength ranges of
solar spectrum, i.e., the top cell absorbs
shorter wavelength radiations and the
bottom cell absorbs longer ones

Figure 3.2: Sharp aSl/uc-Si module

3.3 COPPER INDIUM GALLIUBELENIDE CIGS

This thin film type gain distinction by having the best efficiency among the
types described, typically in the interval between 7 and 11 %d.wo different
variation of the types are marketed, with and without gallium, daoted CIGS
respectively CIS.
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Some manufactures seeks to developed flexible modules capable of being
bended and shaped, providing the possibilityo be applied oncurved surfaces.
In these cases the CIS/CIGS technology has usually been the preferred
technology.

Thefigure below demonstratesan example of a flexible CIGS solar module.

Figure 3.4: Hexible CIGS moduk

As can be seen in appendika humber of compaties are engaged in the field
of CIS/CIGS, however, it must be noted, that a significant part of the firms
mentioned are still operating on the prototype stage and thus do not market
modules on commercial terms.

CIS/CIGS modules benefits from the fact théte efficiency is high compared
to aSi and aSi/pc-Si modulesand no environmental concerns is present as
the case i substantial or notz with CdTe modules due to there contents of
Cadmium.
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Prospective manufacturesof CIS/CIGS modules furthermore benés from the
presence of a number of equipment suppliers, making it possible to buy tun
key production lines.

However, according to a survey published in Photon International 2 2009,
commencement of a CIS/CIGS production line is usuallyemgthily procedure,
in which the production must be expanded gradually.

3.4 CADMIUM TELLURIDECDTE

Despite the fact that mly a limited numbers of
companies are active in the filel of Cadmium
Telluride modules, these modules today
represent the cost leading technlngy with
specific pricesapproachingl $ per Wp.

Through this cost leadership, theCdTe
technologyhave been successful in gaining a
significant share of the marked, mainly due to
low prices as a result of economies of scale
obtained by CdTe marked leadeFirst Solar.

An example of this is presented later in this
study, describing a 40 MWp PV plant under
construction in Germany, see part 4.4.1.

The reason CdTe has been able to obtain a
benefit due to economy of scaleelate to a high
degree of standardization and industrialization.
Consequenty, the possibility to have customize
made modules differ from the standard size of
60 x 120 cmis almost nonexisting.

Figure 3.5: First Solar CdTe-module

Giving this,it must be expected, that the main scope of appation for CdTe
modules will be in large scale PV plant, in which the price aspect is important
and no special objectives with respect to visual appearance or module size
exist.

Of cause, this do not exclude utilization of CdTe modules in facades, on
rooftops etc, however, in these situation the project has to be adapted to the
standard module size.

In contrast to actors in the other technology fields included in this studyCdTe
module manufactures do not have the possibility to buy turrkey production
lines from equipment manufactures. Therefore, all manufactures in this
segment take an active part in developing there own production equipment.

In a CdTe cell, the device structure is similar to the-&i cell, except the order of
layers is flipped upside awn. Specifically, in a typical CdTe cell, the top layer
is n-type cadmium sulfide (CdS), the middle layer is intrinsic CdTe, and the
bottom layer is p-type zinc telluride (ZnTe).

As the case is with CIGS, also CdTe aims at reducing the limitations-Bi@ith
respect to relative low efficiencies and thereby need for larger module are in
order to produce a certain amount of energy.
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Frequently the risk of endangering the environment is drawn forward in
relation to CdTe modules, due to there contains of tHeeavy metal Cadmium.

In an attempt to counter the seriousness of these element of risks, a
collaboration of CdTe module manufactures has launched a n@ompulsory
recycling scheme, which guarantee that an environmentally correct disposal of
superannuatedmodules take place, while at the same time parts, that can be
reused, will actually be recycled.

Furthermore, the manufactures argues that the contents of cadmium a
module is extremely small andhat test has shown, that in case where a
module is exposedo fire, anencapsulationof the cadmium will take place
which prevent contamination of the environment.

Another issuesometime mentioned as a limited factor for the future
exploitation of CdTe modules, is the supply situation for Tellurium, the basic
material for Telluride.

Tellurium is an element not currently used for many applications. Only a small
amount, estimated to be about 800 tons per year, is available. Most of it comes
as a byproduct of copper, with smaller byproduct amounts from lead and

gold.

At current efficiencies and thicknessed GWof CdTemodulesrequire
approximately 90 tons, whichcause someanalysts to consider telluriuma
limiting factor.

The counter argument is that due to the fact thaellurium has hadvery few
uses, it hasot been the focus of geologic exploratioand that new supplies of
tellurium -rich ores have been located, e.g., in Chinahich will be more than
sufficient to cover the demand even for a major rise in utilisation.

3.5 A BRIEF INTRODUCTIONO P GENERATON
TECHNOLOGIES

Third generation technologies aim to enhancéhe electrical performance of
second generation (thirfilm technologies) while maintaining very low
production costs.

Current research is targeting conversion efficiencies of 360% while
retaining low cost materials and manufacturing techniques.

¢ Among the technologiesassign tothird generation PV technologies
are:

e Nanocrystal solar cell

e Polymer sola cell (absorbs infrared light)

e Dyesensitized solar cell (DSSC)

e Photo-electro-chemical cells(PEC)
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3.6 CURRENT AND EXPECTEHDTURE PRODUCTION
CAPACITY

Researchers from JRC have carried out an analysis to establish the expected
capacity increase in the TFPV industry. The results were presented at the
previously mentioned work shop in November 2007.

These figures from JRC are based on information obtained in 2006 and 2007,
and therefore the actual conditions today might be slightly or even
significantly z different.

When possible figures havebeen update with newer information from a
survey carried out by Photon International reported in its issue of March
2009. In the framework in which this document has been prepared, it was not
possible to carry out throughout studies and interviews to establish figures
regarding the exact situation as of today.

In figure 3.6 an overview of the thin film industry at the time of the study of
JRC is presented.

- EURGPEAN COMMISSION
AT AT CORERA
Joint Research Cenire

Thin Film Industry

* more than 130 companies world wide
(range : research to production)

* 21 companies have produced thin film PV in 2006

* 82 companies have announced plans to increase
their production capacities

* 32 in Europe, 14 China, 19 USA, 9 Japan, 8 ROW

* 50 silicon based

* 19 Cu(In,Ga)2(5e,S)2

*8 CdTe

* 5 Dyve & others

.
O Fanwwsths Coarghsn ’1’2’5

FTFWE B

Figure 3.6: Key figures regarding the thin film industry according to JRC

According tothe above mentioned Pkurvey, the number of companies who
have produced thin film moduleshaverising significantly compared to the
time of the JRC studysince about200 companies have either made thin film
products in 2008 or have announced there intention to enter this markt.

On the same time, howeveRhoton International points to the fact, that due to
the stagnationin the international financial situation and the special
requirement related to setting up a thin film production facility (see part
2.3.1), nearly 75 % ofthese companies are at risk of not advancing or not
surviving through the end of 2009(Photon International issue 1, 2009 p. 98).

Photon International estimates, that a total ohearly 1 GWpz more precisely
987 MWpz of thin film PV capacity were producd in 2008, which account for
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adoubling compared to a 2007 production figure o440 MWp, which nearly
showed atripling compared to the 2006 figure of approximately 150 MW
according to the same source

The division among the top 10 manufactures is showim figure 3.7.

Top 10 thin-film module manufacturers 2008

rank Technology © 100 200 300 400 500 800 MW

2008 2007
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Figure 3.7: Photon International survey 200 8

The figures clearly show that a significant development between 200and
2008 has taken place and that one compargFirst Solarz evidently has
established a market leading positiongivingthat the production from First
Solar alone surpasses the combined production afl other TFPV producers.

In figure 3.8 below the market share of different PV cell technologies is shown.
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Figure 3.8: Photon International survey 2008

Based on the figuretican be concluded, that a steady increase in TFPV
utilisation on the expense of crystalline technologies has occurred in the past
5 years.

According to the study, the shares of TFPV rise from 10.4 % in 2007 to 12.5 %

in 2008. It has to be mentioned, thaO E A O-8ipd-3 DA OOAOAA ET  OF
cover micromorph (a-Si/pic-Si) technologies as well as traditional 5i

modules.

In 2008 the CdTe for the first time took over the leading place with respect to
produced capacity from aSi and aSi/uc-Si, which previously have held the
highest marked share among TFPV.

CIS/CIGS still account for the lowest marked share, although this has doubled
from 0.5 % to 1.0 % from 2007 until 2008.

3.6.1 FUTURE PERSPECTIVES

The expected future production capacity in the TFPWdustry was included in
the survey carried out by both JRC and by Photon International.
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In figure 39 and 310 JRC has summarized the announced increase in
production capacity divided by technology respectively geographical aspects.
It has to be noted, thayear 2008 is not included in the charts.

Figure 3.9: Announced production capacity by technology according to JRC

Summarizing the columns of figure &, a total of approximately 6 GW
production capacities are expected in 2010.

Figure 3.10: Announced production capacity by geographical region according to JRC
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