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Abstract

The following Master Thesis is an economic analg$ithe Photovoltaic production
industry. In the past years this industry sectodengoes various changes and has
anticipated a phenomenal growth before it was drdggevitable into the financial
crises with its huge impacts on the national buglgetthe aftermath. Hence, a
difficult market to survive for many companies. Tdralysis of the industry is based
on several indicators like size, utilization-ratee Minimum Efficient Scale, and the
Herfindahl-Hirschman Index (HHI) and shall illudgeahe market status and how it

might develop in the long run.
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1 Introduction

1.1 Situation

In the past years the solar industry undergoe®warcthanges and has anticipated a
phenomenal growth before it was dragged inevitatite the financial crises with its
huge impacts on the national budgets in the aftérnfResearch and development
stocked immediately, layoffs followed, companies ntvebankruptcy, and the
innovation process of the whole industry sector €amstagnation (Timilsina et al.,
2012). At the same time tragic events like thespill in the Gulf of Mexico or the
nuclear catastrophe in Fukushima brought a freskesef urgency into the debate
about renewable energy. With the background oftipali promotion and the
increasing efficiency of renewable energy, it loas if manhood progressively
supports this new path. Nuclear and fossil enenggd its attractiveness, not simply
because the resources are running out and thequastion about storage of nuclear
waste, but simply because of its failure in contpeness and public support (Bank-
Sarasin, 2011). Despite the terms “climate charagel “Energiewende” circulating
in all kinds of media, it is clear that this wilbhbe a sudden revolution, but we are in

the middle of a crucial evolutionary process.

1.2 Relevance and Motivation

Searching the web for information about Photovo#taand Solar energy in general
huge amounts of papers and technical analysis eafound. Many international
organizations, governments and private companiegablishing papers about the
costs, technologies, country analysis and otherveew®s about this renewable
energy source. To give a short overview Table 1a$ iwsert below this paragraph in
order to show the most relevant ones beforehand. dt matter of fact that such a
“new” topic gains a huge amount of popularity andny students and researchers
come up with reports and papers with similar stmet and which seldom contain
lots of new information. | do declare that the “Bgmund information” section
follows also a similar construction and contains mew information, but this is
inevitable, as the reader should be introducedht® tbpic and understand the

following main part. The focus of this thesis isnever an economic analysis of the



PV production industry itself. In the main chaptée individual value-chain steps of
Crystalline Silicone Cells and additionally the i4#ilm Cell production is analyzed,
because each step shows a different picture inwbed market. A size and

utilization-rate analysis as well as the calculataf the Minimum Efficient Scale

and the Herfindahl-Hirschman Index (HHI) show tlheerent market situation from a
very special point of view. The motivation behirtust paper is to illustrate that
market consolidation is inevitable and that onlytaie@ companies might survive.
Hereby it is important to state that there is nokimag given, which indicates the
chances of individual companies to survive or tdgokruptcy. Contrary to that, it is
a scientific approach to see in which status theketas and how it might develop in

the long run.

Table 1.1 List of PV related Reports

Institution Report Name Issue Date
EPIA (European Photovoltaic Industry Association| Global Market Outlook 2016 May 2012
EPIA Solar Generation 6 2011
IRENA (international Renewable Energy Agency)| Cost Analysis (Solar PV) June 2012
European Commission PV STATUS REPORT 2013 Aug. 2013

Die deutsche Photovoltaik-
PWC _ Oct. 2010
Branche am Scheideweg

IEA (International Energy Agency) Solar Energy pexgives Nov. 2011
IEA World Energy Outlook 2012 Nov. 2012
REN21 Global Future Report Jan. 2013

1.3 Structure

This thesis is divided into five main parts. Aftars introduction the second chapter
“Methodology and Data” shows the tools which wesediin order to analyze the
economic situation. The third one “Background Infation” gives an overview

about solar energy and photovoltaic technologieduding the production process



steps, which are essential for the further chaptéms part four, the global
photovoltaic market is described and in the fifgntghe economic analysis for all the
different value-chain-steps for the photovoltaioguction is done. The conclusion

that follows shows the results and indicates thikeafrihe research.

2 Methodology and Data

The huge variety of using sun energy and theiredgffit forms of constructions and
types (e.g. as additional construction on the od@ house connected to the grid or a
solar-power-plant) makes it very difficult to get averview about all technologies.
Additionally, analysis can be done in many différerays that is why the focus is
drawn on following three indicators: size and m#tion capacity, the Herfindahl-
Hirschman Index (HHI), and the Minimum Efficientéde.

In terms of the data used for the analysis it ipdrant to state that company
relevant figures, as for example capacities or pctdn quantities, are nearly not
available without paying for them. That is why mdigures used in this paper from
different reports and sources were proofed and ldechecked or adapted with
published figures on company-homepages or in tenmual reports. Nevertheless,
there are figures which could not be proofed aradtéio main reasons for that are
following. First, some Asian companies, despite/thee amongst the biggest players
in the photovoltaic industry, still not have Engharitten websites, which made it
impossible to gain any information from their horagp. Second, not all companies
are listed at a stock market, which means theyatdave to publish their business
figures in a public annual report. In order to @eene divergences amongst different
sources the source with the higher reliability ve®sen and if it was necessary,
especially in terms of the numbers of existing cames in an area, specific

information were made in the analysis in orderttovg a transparent view.

2.1 Sizeand utilization capacity

The size of a company in terms of output-capacgy year is the first figure, which
was taken into consideration for the economic aslyrhe figures were necessary
to establish a ranking or in other words a TOP-PERS list. Specifically, it is

necessary to mention, that the ranking in this pdpes not always contain exactly



ten companies, as it is the case in many publislae#ings in newspapers or
magazines. The reason for example to use a “TOP/Ilig6"for all crystalline-
photovoltaic-cell production plants from all oveetworld is the difficulty to find the
correct cut at a specific production amount. Natluding companies with very
similar production capacities would have drawn wiateng picture from the reality
than as it is now the case with more companiesntaki® the focus. Next to the
capacity, the actual production amounts and thaagputilization rates are used to
illustrate the current economic situation. The c#pautilization the relation between
the production amount to the capacity of the irdlial company was calculated as

percentage.

2.2 Herfindahl-Hirschman I ndex

The Herfindahl-Hirschman Index (HHI) measures tize ®f a company in relation
to the whole industry. Additionally it indicatesetlcompetition amongst them. In
order to calculate the HHI following formula is dse

The values of the formula have following meaningstands for the market share of
firm i in the marketN is the number of companies in the industry/markebther
words, the HHI is the sum of the squared marketeshaf the individual companies.
Based on the results indications on the markeattn can be drawn, which could
be highly competitive, unconcentrated, moderate hazh concentrated. (U.S.
Departmetn of Justice and the Federal Trade Coomis2010)

2.3  Minimum Efficient Scale

In the world-market, innovation is essential inartb survive among competitors in
the long run. The scientific approaches in the afeimnovation show not only the
origination and the feasibility of innovations, balso enable to focus on certain
strategies and market positioning. One conceptdhables the measurement of the
market is the Minimum Efficient Scale (MES). Itdsefined as the smallest output of

a plant or company, which is necessary to be catiygetiable in the long run. In



other words, the determined value indicates the@@gpfor a production under the
condition of the current prize competition, whereoBomies of Scale (EoS) can be
generated (Stepan, 2009). The plant size at whielhage cost is minimized is an
important barrier to enter a market, because tlcosgpanies that achieve return to
scale at high levels of output can successfullypkepponents outside the market
(Chaaban, 2004). The determination of the capasityased either on engineering
estimations or through the “Survivor Test”. Engirieg estimations are done from
experts based on analytical considerations of piisigis and reliability of certain

facilities. The Survivor Test on the other hanamsanalytical tool, which focusses
on the changes of capacity in time or the currapacities amongst the competing
companies, especially on the size of the markalelesaalso named “Survivors”

(Stepan, 2009). The second method was taken imeideration for this paper in

terms of using the TOP Players amongst the indus#gtor and setting the MES
based on the analyzed figures. However, beforeggaiio the economical details the

next chapter gives an insight into the technicakigeound.



3 Background Information

In 2011 solar PV energy counts only for 0.15% of thorld energy electricity
generation as shown ingure 3... Even among the renewable energy sources like
Hydro-, Bio-, Wind-, and Geothermal-Energy, thigasher a small fraction, but the
solar PV capacity has grown steadily in the regeats and rapid future growth rates
are expected. But what is solar PV exactly? Whad kif technologies are behind it?
Which materials are necessary to produce solar RY reow efficient are those
devices? This section will focus on the answehtsé questions and will elaborate

thoroughly all relevant background information.

Electricity generation (TWh) 2011

Bioenergy
1.55%

Wind
1.60%

Geothermal
0.32%
Solar PV
0.15%

Concentrating solar power
0.01%

Figure 3.1 Electricity generation (TWh) 2011
Source: (IEA, 2011)

3.1 Solar Energy Technologies

Using the sunlight as energy source has alreadyn@ history. Contrary to fossil
fuels solar energy is a renewable and clean safre@ergy, which can be directly
acquired through the heat or the light of the sswlar energy technologies vary in
their form and in their application as illustratedfollowing table together with the
enclosed description (IRENA, 2012).



Table 3.1 Solar Energy Technologies

Data-Source: (Timilsina et al., 2012)

Solar energy
Source of energy, directly attributed to the heat and the light from the sun
Active
Utilizing of energy to storeit or convert it for other applications
Passive
Capacit . Thermal Collecting
P y Phomvo',ta'c (PV) Usesthe heat for either electricity energy without
Con\/_ertsr_ad|_ant eNergy | production or heat asform of energy conversion
contained in light quanta
into electrical ener . .
i Electric Non-Electric
) ] Concentrating o
Centralized Concentrating PV (CPV) District water
. Solar Power )
(> 200 kw) Utility-scale PV heating
(CsP)
Large-scale ] o Commercial hot
o Commercial building PV
distributed (>20kW) water systems
Residential water :
Small-scale Small commercial & heatin/cooli Heating &
o ) ) o eating/cooling :
distributed (<20 kW)| Residential building PV Cooling
systems
Off-arid Stand-alone systems for
-gri . . I
9 remote applications, solar Agricultural drying Day-lighting
applications
home systems

Table 3.1 shows that solar energy can be usedreaitively, for the generation of
heat or electricity, or passively. Thermal energneration can be divided into solar
thermal non-electric technologies, like solar wdteaters, solar air heaters, solar
cooling systems, and solar cookers or through algui@l drying, and into solar
thermal electric technologies. Secondary is alsmath Concentrated Solar Power
(CSP)(also known as Concentrating Solar Power), whereby currently followindour
different applications are available on the markstwer Tower , Parabolic Trough,
Fresnel Mirror and Solar Dish Collector (Timilsiagal., 2012) (Arvizu et al., 2011).
PV is either used centralized, on large scale®asxXample on the roof of industry
factories or whole towers. Furthermore it coulddnend on the roof of family houses
or in the form of an off grid application, as it g@mmonly used in rural areas in

Africa. As the title implicates, the focus of thiMdaster-Thesis is drawn on the



production of PV Modules, which could be used agdascale, small-scale or stand-
alone systems. Before the three generations of éMeachnologies are elucidated,

the following paragraph illustrates how a PV cetiriss.

3.2 ThePhotovoltaic Effect

“Photovoltaic” is combining the words “photon”, vehi is usually known as light
and “volt”, which is a unit of electric potentidknowing this it is not difficult to
understand how a photovoltaic cell works. As digpthin Figure 3.2 every cell
consists of two layers of semi-conducting matdnatype silicon and p-type silicon).
Light falling on a solar cell generates an elecfrtdd across those layers, which
creates flowing electricity. Therefore, the amoohgenerated electrical power from
a cell depends on the intensity of the light (Massbal., 2012).

JUNCTION

[=]

.

b ELECTRON FLOW
\

o, . N-TYPE SILICON
1

TN ' P-TYPE SILICON

,1' ‘HOLE’ FLOW

Figure 3.2 lllustration of Energy Transformation
Source: (Masson et al., 2012)

Scientists have developed already many types ¢d celorder to reduce costs and
increase efficiency, but only few are used comnadlsctioday and play a role in the
market. Based on the level of commercial maturitgl ¢he basic material used, the

PV technologies are classified into three genematas shown in the following table.



3.3 Photovoltaic Technologies

In the PV industry silicon is the prevailing sermdactor, whereby monocrystalline

(mono-Si) and multicrystalline (mc-Si) are predoanitly used. These crystalline

silicon cells achieve the highest efficiency and eategorized as First Generation
cells. However, the production of high-purity sdic requires large amounts of
energy, which also affects the price negativelye Becond Generation, Thin-Film

technologies, requires significantly less matemaih the aim to overcome this

drawback. Third Generation encompasses new teotieslovhich have not reached
a commercial stage at the moment. That is why dlead of this paper is drawn on
the production of First and Second Generation ofTRe¢hnologies, as those are the
ones playing a major role in the market.

Table 3.2 PV-Technology Generations
Data-Source: (IRENA, 2012) (Solarpraxis AG, 2012)

First Generation Second Generation Third Generation
(Crystalline Silicone Cells) (Thin-Film Cells) (pre-commercial stage)
Mono c-Si
(Monocrystalline) a-Si CPV
also calledsc-Si (Amorphous silicon) (Concentrating PV)

(single crystalline)

Poly c-SlI
Polycrystalline a-Si/pc-Si DSSC
also callednc-Si (Multi-junction thin-film silicon) (Dye-sensitized solar cells)

(multi crystalline)

Cd-Te

EFG ribbon silicon (Cadmium Telluride)

Organic solar cells

CIs
(Copper-Indium-Selenide) Novel and emerging solar cel
CIGS concepts

(Copper-Indium-Gallium-Diselenide

3.3.1 First Generation: Crystallinesilicon cells (c-Si)

As the title of this paragraph already states ttoalyction of the First Generation
cells is based on silicon, which is one of the mabundant elements in the
lithosphere. As semiconductor material it is sudgator PV applications, with an
energy band gap of 1.1 eV., which measures theggmezeded to produce electron
excitation in order to activate the PV process. Med produced with crystalline

silicon are currently dominating the world market the technology is already



mature and mass production has started all ovemtirdd. The production rates
increased in the last years tremendously and samganies already producing
more than one Gigawatt (GW) a year. The manufagjuprocess also known as
wafer-based silicon PV module supply chain compriser steps:

Table 3.3 PV module supply chain process

Data-Source: (Masson et al., 2012) (de la Tour et.aR011)
Picture Source: (SolarWorld AG, 2013)

Step Process-Description
Raw o ) )
] Silicia (SiO2) found in quartz sand.
Material
Step 1: Through heavy and highly energy-consuming chemical
Silicon processes silicia is purified to silicon, wherelyuaity
production of >99,999% is required for the PV industry.
Step 2 In this step the silicium is melted with a temperatof 1410
tep 2:
| f q degree Celsius and formed to ingots (blocks/cylinder
ngot an
\?V ‘ Specific amounts of dopant impurity atoms (e.gobaor
afer
) phosphorus) are added to form n-type or p-typeasili After
production ) ) )
cooling the blocks are cut down to filmy slices mahwafers
Two differently doped wafers are combined togetherder
Step 3: to form a p-n junction which leads to the PV efféas
Cell described in Figure 3.2) Additionally the top aedmmetal

production | contacts are applied, which finally makes the cafiable to

produce co-current flow through sunlight.

In the final production step the cells are assechtbebigger

Step 4.
M (;) | entities named modules. Therefore, the cells atapsulated
odule
in glass sheets and laminated. The modules areftfam
assembly

weatherproof, and ready for the installation onhtbase.
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Based on the way the Silicium wafers are produttegisilicon cells are additionally
divided into three main types as it was also showFable 3.2:

* Monocrystalline (Mono c-Si) also called single dajtne (sc-Si)

» Polycrystalline (Poly c-Si) also called multi-crgBine (mc-Si)

e EFG ribbon silicon and silicon sheet-defined filmogth (EFG ribbon-sheet
c-Si)

The difference between Mono c-Si and Poly c-Silieaaly determined in the Ingot
production. The conversion to monosilicon needsenasrergy and is therefore more
expensive than the polysilicon process, but leadsart increase of efficiency.
Regarding the efficiency of crystalline silicon nubeks research results range in the
area of 20% to 28% as demonstrated in Figure 3l&reas the efficiency of
produced modules ranges from 14% to 19% as it eédsobe seen in Table 3.5.
Therefore, cost reductions and improvements allepsissible in the future due to
reductions of materials and manufacturing costditahally, economics of scales
gains more and more important as this industryigscély competitive (IRENA,
2012).

3.3.2 Second Generation: Thin-Film Technologies

Thin-Film modules are constructed by depositing tpbensitive material with a
thickness of 1 to 4 um on a low-cost backing sightainless steel, glass or polymer.
After the deposition of the thin layer on the backiit is cut with a laser into
multiple thin cells. Normally the Thin-Film moduleme frameless and enclosed
between two layers of glass, whereby Table 3.4sgivstep-by-step introduction into

the production process.
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Table 3.4 Thin-Film PV Production Process
Data-Source: (EPIA, 2011)

Steps Description

Production of a sheet of substrate typically maateod glass. Other
Step 1:Front Cover ) ) ) .
materials could be plastic, aluminum, flexible ktee

Step 2: TCO The substrate is coated with a transparent cormdutayer (TCO).

Several different techniques - commonly chemical plnysical vapor - are
Step 3:Absorber used to deposit the semiconductor material (abspdogo the substrate o

superstrate.

In order to connect the modules metallic contagbes on the back are
Step 4:Back Contact ) o N o )
fixed through laser scribing or traditional scrg@imting techniques.

Step 5:Back Cover Finally, the entire module is enclosed in a glaslsaper casing

The deposition of the photosensitive material @sit film makes the usage of solar
power generation much more flexible and allows ititegration into the fabric of
buildings (building-integrated PV - “BIPV”) or emtbnsumer applications. The
reduction of materials leads to lower productiorstsoand therefore to lower
electricity costs for one Thin-Film cell than for @Si wafer based solar cell.
However, the efficiency levels of First Generata®lls are not reached and the c-Si
module costs are also decreasing steadily (EPIALRAURENA, 2012). Four types

of Thin-Film modules that have been commerciallyedeped:

Amorphous silicon (a-Si)solar cells have a layer with a thickness of ceibput

1 um, that's why companies used and developedr ifléaible, light a-Si modules
which perfectly suit for flat and curved surfaceas,for example roofs and facades.
The amorphous silicon can be deposited on veryelargl cheap substrates (up to
5.7 nf glass) so that manufacturing costs can be redéaitionally, to the current
efficiency, which is in the range between 4% to &be performance of a-Si cells
decreases over time per 15% to 35% (EPIA, 2011).

12



Multi-junction thin silicon film (a-Si/uc-Si) cells are based on amorphous silicon,
but with an additional microcrystalline siliconec{fsi) - a-Si layer. The advantage of
this additional layer is that the pc-Si layer absomore light from the red and near
infrared part of the light spectrum. This makes ooty the cells thicker and stable
but also increases the efficiency by up to 10%. Theent deposition techniques
enable the substration of multi-junction films op to 1.4 mlargeareas (EPIA,
2011).

Cadmium Telluride (CdTe) thin-film PV solar cells are currently the most
economical ones. The manufacturing costs are I@amer the cell efficiencies are
higher compared to other thin-film technologies. th®& name states the main
materials are cadmium, which is a by-product ot zimining and tellurium, which is

a product of copper processing. Both materialsileptablems that need to be
tackled. First, tellurium is produced in lower gtiaes than cadmium. Second, the
availability of tellurium in the long run is depest on extraction optimizations,
refining and recycling yields in the copper indystFhird, cadmium is toxic, which

might limit its use as well (EPIA, 2011).

Copper-Indium-Selenide (CIS) and copper-Indium-Galium-Diselenide (CIGS)
PV cells are leading the list of thin-film PV tedtogies in terms of efficiency. The
current module efficiencies range in the area betw&% and 16%, but in the
laboratory, the efficiencies of up to 20.3% comesel to that of c-Si cells. As this
efficiency should be achieved with commercial medul the less complex
manufacturing process has to be improved in oeetrease the costs. Contrary to
the mentioned shortages of tellurium, there aressoes for selenium and gallium.
Indium is found in tungsten and tin ores and islafe in limited quantities without
shortages, but the individual extraction would leFyvcostly and would lead to
higher prices. Furthermore, other industry secawdor example the liquid crystal
display (LCD) production also compete for the reseuwhich also has an impact on
the price (EPIA, 2011).
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3.3.3 Third Generation of PV Technologies

New concepts for PV technologies are still undeseaech and slowly start to be
commercialized. Their success to take away markeres from existing
technologies will be seen in the future, which wilghly depend on their cost-
efficiency ratio. Four types of third-generation B&¢hnologies are introduced in the
following as they are part of “The Changes in thetBvoltaic Industry” but will not
be analyzed in terms of economic aspects, as treeytdl in the pre-commercial
stage (EPIA, 2011).

Concentrating PV (CPV) uses optical devices, such as mirrors or lensefcus
sunlight onto very small, highly efficient solarllse The systems are differentiated
based on the sunlight concentration factor, wheizlby 100 suns are classified as
low- to medium-concentration and up to 1000 sunkigl concentration. As CPV
systems use only direct irradiation, their higheffitiency can be generated only in
very sunny areas. Additionally a single- or doudskés tracking system for low and
respectively high concentration is necessary as agehn active or passive cooling
system, which is also needed for some CPV desER&Y, 2011).

Low- to medium-concentration systems with up to $08s can be combined with
c-Si cells, but higher temperatures will reduceirtiefficiency. High concentration
systems with more than 500 suns are usually foguisia light onto multi-junction
solar cells made by semiconductor materials froougs Il and V of the periodic
table as for example gallium arsenide, which aléowery high PV conversion effect.
Multi-junction cells are either ‘tandem’ or ‘triglgunctions, which describes the
structure of several layered p-n junctions, eactenay different semiconductor sets
with different spectral absorption and band gapoider to achieve the highest
absorption rate of the solar spectrum as possiliieoretical efficiency rates are up
to 59% for triple-junction cells, but because ogithcosts and complexity, they are
only applied for small-area cells in regions witlear skies and high direct solar
irradiation or in space applications in order tngmte maximum performance
(Nature Photonics, 2010).
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Nevertheless, efficiency rates of commercial CPVduale cells are rather high
compared to co conventional single-junction c-Sasaells. Silicon-based CPV
module cells have a rate of 20% to 25%, multi-jiorctdevices manufactured by
Sharp, Azur, Spectrolab and Emcore have efficien@eound 35% and further
research and development forecasts CPV efficienggedo 45% and even 50%
(Cotal et al., 2009).

Dye-sensitized solar cells (DSSQre using low-cost materials and are simple in
their production. Unfortunately, the performancen cdecline over time with
exposure to UV light and the usage of a liquid tetdgte can be problematic in the
situation of freezing temperatures. The used plnatioical solar cells for this
technology are based on semiconductor structuresefb between a photosensitized
anode and an electrolyte. Typically, the semicotmucanocrystals serve as
antennae that harvest the sunlight (photons) aadd{fe molecule acts as charge
separator (photocurrent). Despite laboratory efficies of 12% were achieved, the
commercial efficiency rate is between 4% and 5% problem behind this are that
there are only very few dyes that can absorb acbspactral range. Current research
is focusing on nanocrystalline semiconductors #iltw DSSCs a broad spectral

coverage (Gratzel and O'Regan, 1991).

Organic solar cells(OSC) are as well as the before described DSSC inexp&nsi
but not very efficient. Composed of organic or poéy materials, such as organic
polymers or small organic molecules, their efficgmanges now from 4% to 5% for
commercial systems and from 6% to 8% in the lalooyatAdditionally to the low

efficiency rate, their instability is a major chalge. The production costs
Nevertheless, organic cell producers plan to irsgeproduction capacities and
commercialization should increase as manufactucmgts are expected to decline
furthermore. For the production high-speed and Imperature roll-to-roll

processes are used as well as standard printihgdkegies. A major advantage of
organic cells is their flexibility, which makes theideal for mobile applications and

applicable for a variety of uneven surfaces. Thiteptial includes the use as battery
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charger for laptops, mobile phones, flashlightgs tand almost any hand-held device
that uses an accumulator. Another advantage is ttieyt can be fixed almost

anywhere, storage is easy as they could be foldealled up when not in use. Those
possibilities make organic cells very attractive building-integrated applications

additionally to the fact, that this technology usem-toxic, abundant materials,

which could be processed highly flexible.

The development of new solar cell technologies giggnantum wells, quantum
wires/dots, or super lattice technologies is gadnguntil their commercial usage is
approved (Nozik et al.,, 2010). Research also facuse the usage of these
technologies for concentrating PV technologiesroteo to achieve higher efficiency
by overcoming the thermodynamic limitations of ce8lls. These ideas are still in
the fledgling stages of fundamental material redeas well as nanotechnology,

which aim for a higher usage of the solar spectfuaung et al., 2011).

In the end, the technologies of th& 2nd 3 Generation have to prove that the
production is commercially feasible and that eagpethas a unique selling
proposition (SUP), be it efficiency, applicabilitygr prize compared to those
technologies, which are already on the market. &t paragraph illustrates the
current facts of theSland 2 Generation in a table and furthermore a graphithef

efficiency developments of research cells.

3.4 Efficiencies Comparison

The varieties among the different generations mmseof efficiency, price and
commercialization state are enormous. To give ar@éture about the status Table
3.5 shows the differences between tfileGeneration of Photovoltaic technologies
and the ¥ Generation, whereby major findings are describeldvb. The efficiencies
are measured under the condition of AM 1.5, whiefings the Standard Testing
Conditions: Temperature 25°C, light intensity 1006W and an air mass of 1.5
(IRENA, 2012).
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Table 3.5 Comparison between First- and Second Gemadion

Data-Source: (IRENA, 2012)

1st Generation PV 2nd Generation PV
. ) . . a-Si/
Technology Units sc-Si pc-Si a-Si s CdTe CIS/CIGS
pe-Si
Best research solar
cell efficiency at % 24,7 10.4 13,2 16,5 20,3
AM1.5
Confirmed solar cell % 20-24 14-18 6-8 8-10 10-12
efficiency at AM1.5
Commercial PV
Module efficiency at % 15-19 13-15 >-8 8-11 7-11
AM1.5
Confirmed maximum
PV Module % 23 16 7.1 10.0 11.2 12.1
efficiency
Current PV module USD/W <14 <14 - 08 ~0.9 ~0.9
cost
Maximum PV W 320 300 120 120
module output power
PV module size i 2.0 1.3-25 1.4 0.72 0.6-1.0
Area needed per KW m 7 8 15 11 10
Early Early
. Mature Early
State of I\IAature W|t|h with large- deployment deplhoyment ﬁleployme;r_lt
alization production |  Scéle | phase, medium- smallscale| | scale
commercializ . ' .
production | scale production production production

First, the efficiency rates of commercialist PV mtas for sc-Si Cells reach 15% to

19% and for pc-Si Cells also more than 14%, whe@ESYCIGS cells reach a

maximum of 12% as the best one from th&@eneration. Second, it can be seen that

the fully developed technologies need a much smatksa - less than 8rito produce

one KW, whereas the new ones need more tharf. Imird, contrary to those points

which speak for sc-SI and pc-Si Cells, there ase glositive aspects for the new

generation as for example their price. While thst @ one Watt of a®1Generation
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module is just below 1.40 USD, the price of Cd/TE £IS/CIGS Modules per Watt
amounts around 0.90 USD. The fourth fact, also aitipe one for the newer

technologies, is the module size, because thislemnamormous potential in the
usability of those cells (EPIA, 2011) (NREL, 20130 sum up, both generations
have advantages and disadvantages. Price anceetficwill play a major role for

the usage of a technology in the future, but whatlme expected?

The following graphic shows it. The work, publishéy NREL, the National
Renewable Energy Laboratory, which operates fokitg Department of Energy by
the Alliance for Sustainable Energy, LLC. comparesord levels of reached

efficiencies of different technologies.
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Figure 3.3 Best Research-Cell Efficiencies
Source: (NREL, 2013)

The differentiation is divided among four main asloThe blue lines show sc-Si
(Single Crystalline Cell) technologies as well as-& (Multi Crystalline Cells also
known as Poly Crystalline Cell) technologies. Batie £' Generation technologies
and their efficiency rates are between 20.1% an@%depending on the specific
technology. The green lines illustraté® 2Generation Technologies and reach
according to NREL efficiencies from 13.4% to 22.8%he 39 Generation is

summarized under “Emerging PV” and is visualizedthwired chart-lines.
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It can be clearly seen that the efficiency rateghoge technologies are still very low.
For example, Organic or Dye-sensitized Cells readevel of around 11%. The
technologies that reach the highest rates are iplgp@and were described in the
section “Concentrating PV” in this paper. Resedfigares for this technologies
reach to amounts of 44.4%. Comparing the valugbage Multijunction Cells with
efficiency rates of %t Generation Cells in the reality, the efficiencyerés twice as
high. Fact is anyhow, that in the end efficienciesahave to be proofed outside of
laboratories in order to get figures that are naweurate. Before further analysis on

the different production steps are done, a shatwew about the global PV market

IS given.
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4 Theglobal PV market in a Nutshell

The reasons for the transforming changes of tharvket over the last years are
various. As it was stated already in the introdurctihe solar PV world market was
and still is shaped by political ideas and decisjoglobal economy movements,
disastrous environmental destructions based onstaisable energy sources, and
not to forget by technological changes and innoveti At the beginning the subsidy-
system is introduced, thereafter an overview abimeibooming years is given. In the
third part, the burst of the solar energy bubblanalyzed and in the fourth and last

part information about the situation beyond thosenés are narrated.

4.1 Thesubsidiesas sourcefor a bubble

Political involvements into market proceedings vefien end up in other ways as
they were planned. Currently the “EnergiewendeGermany is again one of the big
topics, because the higher bills for the supportreiewable energy reaches
unexpected levels. However, before focusing orrésent events a dip into the past
shall help to understand the whole situation beifée first Feed-In Tariffs (FIT)
were introduced in the USA already in the year 1938t the more important
implementation of this subsidy scheme for the reai#es energy sector started
twenty years later in Germany. Despite there wederfal programs to support the
research of sustainable energy production, there meatool or regular financial
backup to overtake the higher costs for the nevarnelogies to enable them to
survive in the market. After the Bundestag electiom 1998 the SPD
(Sozialdemokratische Partei Deutschland — Germabgtsalist Party) and the party
“Bundnis 90/Die Grunen” (The Green Party) formedaalition and proclaimed to
follow a more sustainable way. That is why two gdater the law for the electricity
feed in act (Stromeinspeisegesetz) entered intefper January®1 1991. Within
this law the FIT was born, which obliged the grjkoator to purchase the electricity
delivered by the power plant operators, for whons security was essential for
further investment and development. The topic “vead@de energy” was also brought
into the discussions within the EU-entities andL897 the European Commissions
expressed its intention to double renewable ensogyces until 2010. Both, the SPD

and the Green Party in Germany realized that theirent program is not enough to
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reach those goals, wherefore a new law for reneavabiergy was drafted
(Erneuerbare-Energie-Gesetz — EEG), which cameforte April I, 2000. This
law states that renewable energy shall have pyiamitcomparison to fossil- and
atomic energy. More specifically, it outlined tHar every solar-power produced
kilowatt-hour (kWh) a price of 45.7 Cent should Ipaid to the producer.
Additionally payments are made if the constructi®placed on a building or on a
noise protection wall (juris, 2003). Many other otiies followed this way as for
example Switzerland 1991, ltaly 1992, and Spain @ndece adopted a Feed-In
Tariff in 1994. Also not EU-members like China, Key, India and South Africa
established subsidies, but not before 2005 (Joh&smmtrols, 2010). Next to the
installation of several thousand solar panels arsés, the Feed-In Tariffs lead to an
enormous demand for renewable energy and condub&edsuccess for the PV

industry in the following years (International EggrAgency, 2012).

4.2 Therise of the Solar PV bubble

The century after the enforcement of laws fosten@igewable energy marked the
booming years of the photovoltaic industry. As ancbe seen in the next graphic
photovoltaic technology has shown its potentiahvatcontinuous and robust growth
over the last decade. It became a major sourcerfergy generation for the world
even during times of economic and financial cri$ise last three years turned out to
be the most successful ones. The world-wide cuinelatstalled capacity increased
from 2009 to 2011 each year more than 72% and #6&i to 2012 around 44%,
which are remarkable growth rates among all renei@chnologies. Europe is with
70% of total installed photovoltaic capacity therldoleader. China follows the
ranking with 8.3 GW, the USA has installed 7.8 G&wd Japan reached 6.9 GW.
Focusing back on Europe the installed capaciti@slypéncreased thirteen fold from
5.3 GW at the end of 2007 to 70.0 GW at the en@0if2. In the same year, the
world cumulative installed photovoltaic capacityaceed more than 102.2 GW,
which is sufficient to cover the annual power syppkeds of over 30 million

European households (Masson et al., 2013).
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Figure 4.1 Evolution of global cumulative installeccapacity in MW
Source: (Masson et al., 2013)

Below the bar-chart, the geographical distributadrthe cumulative installments is
shown in figures. The shortcut “MEA” stands for Mid East and Africa and it can
be seen that until 2009 there were no considerddlelopments with PV at all.
Contrary is the development in Asia Pacific cowsr{APAC), where 12,397 MW
have been installed. “"ROW” stands for “Rest of Wwld” and the figures exhibit a
duplication within the years 2005 to 2011 (Massbalg 2013).

4.3 Theburst of the Solar PV bubble

4.3.1 Imbalance of supply and demand & falling prices

In response to the booming global demand the $diatovoltaic cell manufacturing
capacity has grown rapidly in recent years. Thenbstarted with increasing demand
in OECD-countries and spread over to China, whigpaaded manufacturing
capacity massively in order to support exports,chhaltogether leads to a massive
overproduction as the supply expanded much morekiyuthan the actual demand
for solar PV panels. As for example in the yearl2Qhe solar module capacity had
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reached an amount of 46,139 MW (37,834 MW c-Si nexland 8,305 MW non c-
Si modules) which outreaches the demand of 30,384 by far. Additionally to that,
the costs for purified silicon, the essential keyput for the production of c-Si
modules, felt sharply since 2008. Both factors esutlictions due to technological
learning have driven the PV system costs down shaiong the value chain of the
c-Si PV production the price for modules plungednfr2.00 USD/W in the 3rd
quarter 2010 down to 0.68 USD/W in the 2nd qua?@t3. Figure 4.2 show the
price development of polysilicon, wafers, cells anaddules.
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Figure 4.2 Price Development of Polysilicon, WaferLells and Modules
Data-Source: (Kann et al., 2013

4.3.2 Economic developments and the shortages for subsidies

Another factor that leads to the burst of the sd&f bubble is the global
economy.Due to the national debt crisis many European casmitvere forced to
cut the FITs down in order to reduce their finaheigoenditures. Because withet
government-financedubsidy programs a stimulation for photovoltaic aisttions
over the past ten years was generated, but ontliee side the costs had torn a hole
into the national budget, if the burden was nolertbbver to the tax-payers directly
with the energy bill. Already before 2010, but espky in the year 2011 many
governments adopted or introduced modificationsidtdonal photovoltaic subsidy

programs in order to reduce their yearly increasim@tional debts.
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One of the first examples is Italy, where the goweent started to reduce the tariffs
in a four-month rhythm. In France, the remuneratates were capped by up to 67%
and in the United Kingdom, a tariff reduction cam# force in August 2011. An
even more drastic measure was done by the govetnofiethe Czech Republic,
which stopped all remunerations except for plariow 30 kW. With November
2012, the subsidy program changed as well in Geymahere the supported money
now depends on the capacity installed in the pressigear. Additionally to that, the
FITs were decreased monthly for a certain periodmé (Krannich, 2012). Thus,
there were many negative trends within the Europearket, which affected the

complete photovoltaic industry.

4.3.3 Theresults of thistwo factors

To make the recent events visible a chart-anakessns to be the best tool to show
the development of a market. In the case of thard®/ market it makes sense to
consider a whole index, namely the PPVX (Photont@®radtaic Companies Index),
which is calculated and published by Bloomberg aondprises the world’'s 30
biggest solar companies, listed on the stock exghahs it makes sense to compare
the developmenirom December 2010 until February 201t#% MSCI World Index
was chosen. This index contains the biggest corapanii the world and therefore
represents the average movement of the worldwatk sharket.

140% -
120% -
100% | MSCI World
80% -
60% -
40%
PPVX
20% : :
12/10 03/11 06/11 09/11 12/11

Figure 4.3 Comparison between PPVX and MSCI Worldndex
Source: (Fawer, 2012
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The tragic nuclear disaster in Japan in March 2@hiks a short up rise before
the PV bubble bursts. As it can be seen in thetctie PPVX headed south and
plunged much more steeply than the general stoakehdarend of the MSCI
World Index. Until the end of October, the PPVXaahdex has dropped down
more than 60% compared with minor losses on thébajlstock market,
represented by the MSCI World Index. The extremiatiliny in the solar stock
index reflects the high dependency on the mentidaetbrs. Unfortunately, the
change in the future energy policy in Germany.yltaind Switzerland after the
Fukushima disaster did not lead to a sudden bawsipliotovoltaic modules
(Bank-Sarasin, 2011A light on the end of the tunnel however are theettgping
countries, which came up with goals and subsidiexder to attract the market. For
example, China adopted a first national photovolgalicy in August 2011 with an
FIT of 0.12 EUR/KWh (Liu, 2011). India plans to piice 20 GW in 2022 through
photovoltaic and concentrating solar power and I$oAfrica plans to establish
8.4 GW by 2030 (Bank-Sarasin, 2011).

4.4 Beyondthe Solar PV bubble

The biggest profiteers from this development aeedbnsumers together with the
installers of solar PV systems. Contrary the sBMmanufacturers, especially those
with manufacturing facilities in Europe or in th&H, suffered large financial losses.
A former big company like Q-Cells from Germany lgasie bankruptcy in April

2012 (International Energy Agency, 2012). Suntélod world’s largest producer of
solar panels in the year 2011, faces enormousdiakimoubles and is on the way for
its first bankruptcy hearing in front of a Chinesmurt (Hornby, 2013). Between
Europe, USA, and China trade tensions have arisechwesulted in the imposition
of import tariffs on panels from China. In the sherm, such difficulties are likely

to be on the daily agenda, while the imbalance eetwdemand and supply endures.
However, the period, which is necessary for restpthis balance, will be mainly
driven by the demand growth rate for PV and Chirlbplay again a major role, as it
represents one of the biggest potential marketsr@iational Energy Agency, 2012).
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5 Solar Photovoltaic I ndustry

The global PV industry exceeds 2011 the aggregadeo$ USD 100 billion per year.
As mentioned in the previous chapter the installerd consumers had a good year,
while the different players along the productiofueachain struggled to make profits
and survive amidst falling prices and excess imwgntThose were the polysilicon
producers, wafer, cell and module manufacturers/gls as the Thin-Film module
producers, which were also influenced despite thiey working within a special
market niche. The market growth slowed down, gavemt support declined, and a
significant industry consolidation started in thiéeamath of the financial crises
(REN21, 2012). However, analyzing a whole indugtrg difficult task, because it is
neither clear where to start nor is it easy to f#amdend. The best start is an overall

view about the different value chain sectors astimped above.

5.1 Technology Overview

The PV technology is divided between crystallindasaells (c-si), whereby the

basic material is silicium, and Thin-Film techndksy as described before. The
graphic below (Figure 5.1) from the “Global Markaatlook for Photovoltaics 2013-

2017" Report published by the European Photovolbadtustry Association shows

the dominance of c-si modules in terms of productiapacity. The total capacity in
the year 2011 amounts 46,139 MW based on the adicnl that non c-Si PV

production capacities amount 8,305 MW and has ees#fal8%. As it can be seen in
the graphic below the c-Si PV production totals 8@8tue line), which is 37,834

MW. Furthermore, the ongoing increase over allybars for c-Si PV capacities is
easily visible, while the non c-Si PV capacitiesl @specially the Thin-Film modules
(colored in black) will stagnate at the same lefrem the year 2011 onwards
(Masson et al., 2013).
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Figure 5.1 Development of PV-Technologies
Source: (Masson et al., 2013)

The industry sector for c-Si PV modules itself isugge one. This comes along with
the fact that the production is preceded withirr feteps, which are illustrated within

this arrow-bar and described afterwards.

Raw Material I?‘.)Iy- Ingot/ Cell Module Ins.tal-
silicon Wafer lation

From the raw material Silicia, which is found inagiz sand, high concentrated

silicon could be processed which is done withinftrst step. In the second one, the
silicon is melted and formed into ingots, which &akced into wafers. The
assembling of a cell follows in the next step amdampleted with the fixation into a
module, which are than ready for the installati@omparing those four steps
graphically resulted in Figure 5.2. It shows th&akt@mount in MW of each of the
four value chain steps. Furthermore the bars abeligided into different colors,
each of them stand for an individual company, whientks amongst the top players
within their sector. The dark blue area marks theoant of “other” companies,
which comprises small companies with a low productmount and based on this

fact there is no data available and that is why there not listed individually.
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Figure 5.2 Value Chain steps - total amount in MW
Source: (Jager-Waldau, 2012)

The total amount of polysilicon produced in the ry@®11 was 39,821 MW.
However, before going into detail with utilizaticapacity and details about size it is
important to know that there are two ways to exprig production or capacity
values. Either they are given in MT (= metric tows)in MW (Megawatt). In the
graphic above the values are given in MW in ordecampare them easily with the
other steps while later the more common usage ofad3 applied. A division of the
collected figures of the total amount in MT througle amount in MW results in an
average material need of 7.23 g/Wp.

Table 5.1 Calculation of Polysilicon Material need
Data-Source: (Prior and Campbell, 2012) (Herman, 2I2)

fo?r?ﬂsulfa Polysilicon Material need = MT / MW
Data = Total amount of Polysilicon produced in ylear 2011
287,835 MT / 39,821 MW
Calculation
Material need = 287,835/ 39,821
Material need = 7.23 g/Wp
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5.2 Polysilicon Production

Raw Material poly- Ingot/ Cell Module Instal-
silicon Wafer lation

5.2.1 Introduction

The production of polysilicon is the first steptime value chain of crystalline cell
production and is thereby heavily influenced frome whole industry sector. The
impact of the PV industry on the polysilicon markah be clearly seen in Figure 5.3,
which shows the polysilicon spot market price frahe year 2002 to 2012 in
USD/kg.
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Figure 5.3 Solar Polysilicon Spot Market Price (USIkg, 20022012
Source:(The Smart Cube, 201:

Back in 2006, the solar industry boomed and led tan for polysilicon, which lead

to an enormous increase of the price. At that timeye than the half of all

polysilicon went into the production for solar penand the price kept rising along
with the demand. The supply shortages pushed time gpo a peak around

475 USD/kg in 2008 and margins for the producers hisen to 70%. Such high

margins enhanced the attractiveness for capacpgreston and brought new players
into the market. Because of diminishing demandraduthe economic crisis and the
overcapacities, the price dropped to 50 to 55 U§Duitil the end of 2009. The

slight upward tendency in 2010 and in the first thenof 2011 remained not long
and prices plunged towards 17 USD/kg in Septemba2 ZJager-Waldau, 2012)
(Bank-Sarasin, 2011).
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5.2.2 Sizeand utilization capacity

The total produced amount of solar grade silicaches 287,835 MT (metric tons)
in the year 2011, whereby the number of companiedyzing polysilicon is not

specified. The company “SolarPVInverstor”, whichbfishes the capacities of top
companies on its homepage, lists 33 companies wdibacities of more than
1,000 MT in the year 2011 (SolarPVinvestor, 20¥8)other figure, taken from the
PV Status Report 2012, published by the Europeamriesion, stated that the
worldwide market is spread amongst more than 10f@pemies (Jager-Waldau,
2012). The pie chart below shows the market shafethe TOP 10 polysilicon

producers based on their produced amounts of piotysi Together they account for
a market share of 67.0% of the worldwide market.

m OCI

B Wacker

32% ® Hemlock

H GCL

H REC

B MEMC
LDK
Tokuyama
KCC
Daqo
Others

1%
2%
3%

Figure 5.4 Pie chart - TOP 10 Polysilicon producers
Data-Source: (Prior and Campbell, 2012) (Jager-Waldu, 2012)

An interesting fact to consider is however, theacdes of those companies, which
would show a total different picture, as it candsen in Table 5.2. The Chinese
company GCL-Poly Energy Holdings Ltd. leads thet hgith a capacity of
65,000 MT but reported a production of 29,414 MTisTlow capacity utilization
rate of less than 50% can be attributed to thent@olgical upgrades and capacity
expansions during the year itself, because the cdgpanarks the amount of

polysilicon in MT at the end of the year (GCL-P&gergy Holdings Limited, 2012).
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Similar explanation counts for the low rate of L[#¢lar Co., Ltd., which completed
its third process train in their Mahong Plant ie third quarter (LDK Solar Co., Ltd.,
2012). Based on the production location and onddgeacity amounts in percent
following country diversification can be seen: Ghi@3.3%, USA 21.9%, South
Korea 13.0% followed by Germany with 10.8% and dapwéh 2.5%. Compared to
the supply chain steps of cell production and medwsisembling, which will both be
described and analyzed later in this documentstifee of the Chinese companies is
rather low. The reason for this is the high techhimowledge, which is necessary
for silicon purification. The ability to producelison at a competitive price requires
a very specific know-how to control all parametefg¢he chemical reaction, which
enables Hemlock the production in the USA and Wadckeemie the production
expansion in Germany itself (Wacker Chemie AG, 38 la Tour et al., 2011).

Table 5.2 TOP 10 Polysilicon producers list
Data-Source: (SolarPVInvestor, 2013) (Prior and Carmpbell, 2012) (Ciesielska et al., 2011)

Market
Capacity |  share Company Capacity utilization
Rank Company (MT) end | based on | production in - Country
of 2011 | capacity | MT (2011) in %
in %
1 GCL 65,000 17.57 29,414 45.25 (CHN
2 Hemlock 46,000 12.43 32,400 70.43 (USA
3 OcCl 42,000 11.35 34,725 82.68 (KOR
4 Wacker 40,000 10.81 33,885 84.71 (GER)
5 LDK (Liouxin 17,000 459 11,000 64.71 (CHN)
Group)
6 REC Silicon 20,000 5.41 19,050 95.25 (USA
7 MEMC 15,000 4.05 13,661 91.07 (USA)
8 Tokuyama 9,200 2.49 8,800 95.65 (JPN
9 KCC 6,000 1.62 5,500 91.67 (KOR)
10 Dago New Energy 4,300 1.16 4,524 105.21 (CHN)
Others 105,500 28.51 94,876 89.93
Total Amount 370,000 100.00 287,835 77.79

To conclude this part, the utilization capacityc@culated for the whole polysilicon
industry. According to the information presentedhe “Global Market Outlook for

Photovoltaics until 2015” from the European Phottaio Industry Association the
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capacity amounts 370,000 MT in the year 2011 (€lska et al., 2011). Compared
to the produced 287,859 MT produced this is azafion capacity of around 78%.

5.2.3 Herfindahl-Hirschman Index (HHI)

The calculation of the HHI is based on the markeiras of the TOP 10 polysilicon
manufacturers. Contrary to the figures in Table &2 production in MT was used
for the calculation of the market shares and netdapacity. The result for these
companies, who have a market share of 67.0%, idlaoH0.0612. This indicates an

unconcentrated index, which describes a competitiagket.

Table 5.3 Calculation HHI Polysilicon-Manufacturers
Data-Source: (Prior and Campbell, 2012) (Jager-Waldu, 2012)

fo?rﬁ:f; HHI = (company 1-§ + (company 2-¥+ (company 4-¥ ... + (company N-§
Data = Market share of the TOP 10 companies basgaarluced MT
(Companyl = 12.06%; Company2 = 11.77%; CompanyB.26%; ....)
Calculation | S§= Companyl: 0.1206; Company2: 0.1177; Company3:26;11..)
(TOP 10)
HHI = (0.1206% + (0.11773+ (0.1126% + ...
HHI = 0.0612

5.24 Minimum Efficient Scale

Referring to chapter 3, where the Minimum Effici&tale is defined as minimum
capacity in terms of quantity and quality of a camypto be competitive viable in the
long run, following reflections can be done. Therfanain players, Hemlock, the
German producer Wacker, OCI, and GCL-Poly, incrédkeir capacities to around
50,000 tons per year, which is a remarkable diffeeeto the other companies ranked
in Table 5.2. Additionally, according to Bank Samaghose four players are also
leading in terms of quality and because of theiesthey will be able to increase
their market share to 70% in the next years (BamaSin, 2011). On the already
mentioned Website of SolarPVinvestor, the lowestacdy of a company for the

year 2012 states 600 metric tons for a Japanespargm
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Additionally, several Chinese companies are listedere an additional comment
states, that those companies reported a shutdoawevér, those companies had
capacities of at least 1,500 tons up to 7,200 (S8osarPVInvestor, 2013). A in depth
research showed that MEMC, which was renamed td&ison in May 2013 and
sixth largest polysilicon producer in 2011 alsoseld down its facility in Merano,
Italy with a production capacity of 6,000 tons bg end of the year 2011, because of
the significant downturns in the industry (MEMC &l®nic Materials, Inc., 2012).
Contrary to Table 5.2 following figure shows the ten silicon producers based on
their production. Furthermore, the authors of tgort “engineering the solar age”
considered ReneSola as top ten producer, wherbas sdurces - as used before -
took KCC into the list.
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Figure 5.5 Bar diagram - TOP 10 silicon producers 201
Source: (Solarpraxis AG, 2012)
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Going a step further, the webpage “pv-magazinessifeed all polysilicon producers
into Tier 1 to Tier 3 suppliers, whereby the bigdesir are Tier 1. Among the Tier 2
suppliers, the analyst Henning Wicht predicted edst one to go bankruptcy,
whereby the rest will be able to hold their produrctievel in 2012 and 2013. The
article, which was published Nov."12012, named REC, MEMC, LDK, Tokuyama,
Dago New Energy, and ReneSola. The last group, Jisuppliers, is defined as
those companies producing less than 15,000 tonggaerof silicon. Setting this as
Minimum Efficient Scale based on the explanatioriha photovoltaic analyst, only
those companies will survive if they have an indérmarket to purchase their
polysilicon or if they are able to invest into négchnology in order to lower cost
(Hall, 2012).
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5.3 Ingot and Wafer Production

Raw Material F_’o!y- Ingot/ Cell Module Ins.tal-
silcion Wafer lation

5.3.1 Introduction

Before starting with the second step within theugathain a short notice on the
differences between ingot and wafer. Ingots arelavibdocs of silicon, whereas a
wafer is the cropped slice from this silicon bldde market pressure for wafer
producers is attributable to two main factors. t-itlse dramatic plunge of cell and
module prices forces the manufacturers to loweir fhréces as well. Second, many
companies, which were not vertically integrated prabluce their polysilicon within
its structures, stuck in long term contracts witked prices with their silicon
suppliers. Therefore, when wafer price in US-Doll@er Watt plunged from
1.07 USD/W in the third quarter 2010 down to 0.22DW in the first quarter 2013
many wafer producers struggled to get out of tleeig term contracts and to survive
in the fierce competition.
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Figure 5.6: U.S. Wafer Price USD/W
Data-Source: (Kann et al., 2012) (Kann et al., 2013
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5.3.2 Sizeand utilization capacity

According to Mr. Masson and his research team fEPWA the market for wafer
production is divided amongst 250 manufacturerserehly Chinese companies
leading the market (Masson et al., 2013). Amonigsttop twelve producers shown
in the graphic below there are nine companies whale their headquarter in China
and also the main production facilities are locateste. Taking only the produced
wafers in MW of the TOP 12 for the year 2011 inemsideration, their domination
reaches a significant value of 81%.

W GCL (CHN)

® LDK (Liouxin Group) (CHN)
¥ Renesola (CHN)

m Yingli Green Energy (CHN)
42% m Suntech (Glory Silicon) (CHN)

M Green Energy Technology (GET) (TWN)
m SolarWorld (GER)

m Jinko Solar (CHN)

Trina Solar (CHN)

® Jiangsu Shunda/Jiangsu Huantai (CHN)

mJA Solar (CHN)
REC (NOR)

Others

3%
3%

To bring it down onto numbers the total amount cdfers produced reaches
31,696 MW, whereby the twelve top players produdé&j845 MW. Those are
58.32% from the total market from companies witbr@duction of a minimum of at
least 970 MW (= Trina Solar) as it can be seeméfollowing table. Looking at the
capacities all TOP 12 players start with nearly00,0MW, whereby the smallest of
the three non-Chinese companies, namely REC frorw&lg reaches only 950 MW.
The capacities of the other two companies locatddiade from China, SolarWorld
from Germany and Green Energy Technology from Tajveae in the middle of the
ranking. The clear market leader is the company G@lich was already mentioned
as top player in the silicon production, with a&eaipy of 8,000 MW. The utilization
rate of the company is rather low and accordinthéannual report, this fact can be
explained with the enormous step-ups and capacityeasing development of
subsidiaries, which took place during the year (Glly Energy Holdings Limited,

Figure 5.7 Pie chart - TOP 12 WafeManufacturers
Data-Source:(Solarpraxis AG, 2012
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2012). The average utilization capacity amountd@%. which is similar to the one
calculated for those companies summarized understh

Table 5.4 TOP 12 Wafer-Manufacturers list
Data-Source: (SolarPVInvestor, 2013) (Prior and Carmpbell, 2012) (Ciesielska et al., 2011)

Caﬁs\(;)ity sh'\ailsarléztse d Company Capacity
Rank Company end of on capacity p,(/?\?vugg?ll)n utiliirf %zon Country
2011 in %

1 GCL 8,000 19.28 4,488 56.10 (CHN)
2 LDK (Liouxin Group) 4,300 10.36 1,50( 34.88 (CHN)
3 ReneSola 2,400 5.78 1,505 62.71 (CHN)
4 Yingli Green Energy 1,700 4.10 1,667 98.06 (CHN)
5 Suntech (Glory Silicon) 1,600 3.86 1,500 93.76 (CHN)
6 Green Energy Technology 1,550 3.73 1,080 69.68 (TWN)
7 SolarWorld 1,250 3.01 1,300 104.00 (GER)
8 Jinko Solar 1,200 2.89 1,200 100.0D (CHN)
9 Trina Solar 1,200 2.89 971 80.92 (CHN)
10 | Jiangsu Huantai 1,000 241 1,200 120.00 (CHN)
11 JA Solar 1,000 241 1,000 100.0p (CHN)
12 | REC 950 2.29 1,074 113.056  (NOR)

Others 15,350 36.99 13,211 86.07 (CHN)

Total Amount 41,500 100 31,696

5.3.3 Herfindahl-Hirschman Index (HHI)

Similar to the calculation of the HHI in the chapbefore the considered data is the

individual production per company in the year 20Based on those figures, which

can be seen in Table 5.4 the market shares andeirsécond step the HHI was

calculated.

In this section of the c-Si solar module value nlthe HHI amounts 0.0383. The low

value compared to the calculated HHI for polysiicmompanies indicates a higher

competition within this market. Nevertheless, thdex is not below 0.01, which

would represent a highly competitive index.
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Table 5.5 Calculation HHI Wafer-Manufacturers
Data-Source: (Prior and Campbell, 2012) (Jager-Waldu, 2012)

Basic

formula | HHI = (company 18+ (company 2-%+ (company 4-¥ ... + (company N-%°

Data = Market share of the TOP 12 companies basgaatuced MW
(Companyl = 14.16%; Company2 = 5.26%; Company¥5%; ....)
Calculation | §= Companyl: 0.1416; Company2: 0.0526; Company3:73.,04..)
(TOP 12)
HHI = (0.1416F + (0.0526§+ (0.0475F + ...

HHI = 0.0383

5.3.4 Minimum Efficient Scale

Concerning the minimum Efficient Scale three impotthurdles can be seen. First,
the entry barrier, which is a minimum productiompaeity of 1,000 MW. Focusing
on the TOP 12 companies REC with 950 MW is quieselto this and was therefore
taken into the ranking, but companies with a lowerount will definitely face
difficulties in the long run as this value is beltlwe MES. Defining groups leads to
the classification of Tier 2 companies with a prattin capacity between 1,001 MW
and 2,000 MW. Starting with Trina Solar and Jinkola® with 1,200 MW and
including Yingli Green Energy with 1,700 MW this wld count six companies
within this category. Tier 1 or Top companies wobh&ReneSola, LDK, and GCL -
all with capacities above 2,000 MW.
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Figure 5.8 Bar diagram - TOP 10 wafer producers 2011

Source: (Solarpraxis AG, 2012)

Looking at the graphic above “Top ten wafer prodstefollowing deviations

contrary to Table 5.4 appear. Suntech, Jiangsu tduand JA Solar did not make it
onto the list published by Solarpraxis AG, but dw tother side, MEMC was
considered. Checking the annual report of MEMC stbtihat the produced amount

was clearly below 500 MW that is why it was not siolered in the Top 12 list.
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5.4 Solar Cell Production

Raw Material F_’o!y- Ingot/ Cell Module Ins.tal-
silcion Wafer lation

54.1 Introduction

The solar cell industry also faced a dynamic histathereby the changes since 2011
are the most significant ones. Worldwide, there arere than 350 solar cell
producers, whereby this number is changing neaegkly since the burst of the PV
bubble. However, not necessarily downwards, becagserding to the PV Status
Report 2012 the number of newcomers and their pldrgapacities outweighs the
companies that filed bankruptcy, reduced their caiga or went bankruptcy (Jager-
Waldau, 2012). Figure 5.9 shows the downslope @&tiar cell price, which was up
to 1.61 USD/W in the fourth quarter 2010. After theinge, the price for a cell
leveled between 0.42 USD/W and 0.46 USD/W sinceséfitend quarter 2012.
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Figure 5.9Solar Cell Price in USD/W\
Data-Source: (Kann et al., 2012jKann et al., 2013
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5.4.2 Sizeand utilization capacity

Not many players can survive such a fierce pricqapetition, hence also companies
from China dominate the solar cell production. Toa be seen easily in the pie
chart below, which shows the TOP 16 players basetth@r market share calculated
in terms of the MW produced in the year 2011. Eiglit of the 16 companies are
from China, whereby JA Solar, Suntech, Trina Sof¥angli Green Energy, Jinko
Solar, and Canadian Solar, which produced more 1H@@0 MW, lead the list. All
Chinese companies together hold nearly 35.0% ofntiéd market. Other players
from the Asian continent like Motech, NeoSolarPaveerd Gintech are from Taiwan,
Solarfun/Hanwha SolarOne from Korea, and Kyoceoanfdapan hold only a little
bit more than 12.5%. Actually, Q-Cells could be wmi®a in this group as well,
because it was taken over one year later by thedfoHanwha Group (Hanwha Q
Cells, 2014). The stake of producers from othemntaes is minor. Sunpower (USA)
produced 922 MW, which makes 3% out of the worlodpiction of 31,051 MW and
REC from Norway produced 640 MW.

m JA Solar (CHN)
M Suntech (Glory Silicon) (CHN)
¥ Trina Solar (CHN)
¥ Yingli Green Energy (CHN)
¥ LDK (Liouxin Group) (CHN)
® Canadian Solar (CHN)
o = Motech (TWN)
® Solarfun/Hanwha SolarOne (KOR)
NeoSolarPower (TWN)
® Sunpower (USA)
w Jinko Solar (CHN)
Gintech (TWN)
Tianwei Group (CSGC) (CHN)
Q-Cells (GER)
Kyocera (JPN)
REC (NOR)
Others

2% 29 2% 2% %

Figure 5.10 Pie chart -Top 16 Solar Cell producer:
Data-Source:(Solarpraxis AG, 2012

41



In terms of capacity, the following table illusiat the domination of Chinese
companies even more. The average utilization rétallol6 top manufacturers’

amounts 72.5%, whereby LDK shows the lowest ratlafith 34.7%. According to

the annual report, a capacity increase from 1,500 k 1,700 MW took place

during the year 2011 but further details for the latilization rate are not given.

Table 5.6 TOP 16 Solar Cell producers list

Data-Source: (Solarpraxis AG, 2012)

shgzrlt)ised Comp_any_
Rank Company on _capacity p{/ﬁ)\(/}lvuz:;(c))?ll; Country
in %
1 | JA Solar 7.37 2,50 (CHN)
2 Suntech (Glory Silicon) 6.32 1,9( (CHN
3 Trina Solar 5.00 1,54 (CHN)
4 Yingli Green Energy 4.47 1,50 (CHN
5 LDK (Liouxin Group) 4.47 59( (CHN)
6 Canadian Solar 3.95 1,0 00 (CHN
7 Motech 3.95 90 (TWN)
8 Solarfun/Hanwha SolarOne 0 3.65 .89 (KOR)
9 NeoSolarPower 3.42 (TWN
10 | Sunpower 3.42 92 (USA)
11 | Jinko Solar 3.16 1,20 (CHN)
12 | Gintech 3.08 882 (TWN)
13 | Tianwei Group (CSGC) 2.63 (CHN
14 | Q-Cells 2.50 717 (GER)
15 | Kyocera 2.11 65 (JPN)
16 | REC 1.97 64( (NOR)
Others 38.63 13,997
Total Amount 10( 31,051
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5.4.3 Herfindahl-Hirschman Index (HHI)

In the ranking of the TOP 16 cell manufacturers hiighest market share based on
produced MW in the year 2011 is JA Solar with 8.0%&6the two production steps
before the wafers are assembled to cells thereavdsast one company with a
market share of more than 10.00%, in the Polysiligmoduction even four
companies reached such a market share. The caldutidl of 0.0235 proofs that
competition amongst the companies is even higtaer it the wafer production.

Table 5.7 Calculation HHI Cell-Manufacturers
Data-Source: (Prior and Campbell, 2012) (Jager-Waldu, 2012)

fo?risullca HHI = (company 1-§* + (company 2-§ + (company 4-% ... + (company N-3°
Data = Market share of the TOP 12 companies basgdaruced MW
(Companyl = 8.05%; Company2 = 6.12%; Company3 =%4,98.)
Calculation | = Companyl: 0.0805; Company2: 0.0612; Company3:98.04..)
(TOP 12)
HHI = (0.0805% + (0.0612j+ (0.0498% + ...
HHI = 0.0235

544 Minimum Efficient Scale

The market entry barrier for companies can be diedswith 1,000 MW production
capacity per year. The value is taken from the amgpranked on the thirteenth
place - Tianwei Group, which has a production capaxd 1,000 MW by the end of
the year 2011. An indicator for taking this valseQ-Cell, which went bankruptcy
even though it used to be one of the world’s topuf@cturers with a capacity of
950 MW. There are still other companies far beltw MES and not listed in the
ranking, as for example CHN Sunergy with 400 MWRe&neSola with 240 MW,
both are one of those companies which have to shdwvey can compete amongst
the bigger players in the long run. Taking 1,000 M¥VMES and an upper limit of a
production capacity of at least 1,350 MW forms fir&t category - Tier 3 producers.
Cell manufacturers like Kyocera and REC are aldovbehe MES and doubling
their capacities would enhance their surviving desnon the market enormously as
companies with production amounts around 1,350 M&/aiready among the TOP
10 producers. Within and below the Tier 3 categatcompanies outside of Asia
are included, showing again the dominance of Assamd especially Chinese
companies as stated before. From 1,351 MW to 2MdA0capacity, companies are
categorized as Tier 2 players and here only Motachaiwanese company, is not
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under Chinese leadership. Tier 2 consists of fiemmanies and their individual
market share amounts between 4% and 5%. The tgerplan the list are the two
Chinese companies Suntech and JA Solar, with dégmcabove 2,000 MW.
Contrary to Table 5.6 Suntech is listed as Numineria the graphic below, but the
production quantity of more than 2,000 could notcdcamntified. In addition, the
figure for Sharp was not stated in the annual tepbthe company nor could it be
verified with reliable data that is why it is nonder the TOP 16 solar cell
manufacturers list.
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Figure 5.11 Bar diagram - TOP 10 cell producers 2011
Source: (Solarpraxis AG, 2012)
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5.5 Solar PV Module Manufactory

Raw Material F_’o!y- Ingot/ Cell Module Ins.tal-
silcion Wafer lation

55.1 Introduction

The final production step before installing the fgvoltaic panels onto a roof is
the assembling of several cells to a module. Then@ogical difficulty and the
added value to the product in this step is rather, hence it is again dominated
by countries in the Far East. Looking at the pdeselopment irFigure 5.12a
clear downward tendency can be seen. While intilid guarter 2010, the price
used to be 2.02 USD/W it bisected until the firsader 2012 and decreased even
further to 0.68 USD/W in the second quarter 2013.
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Figure 5.12Solar Module Price in USD/W\
Data-Source: (Kann et al., 2012jKann et al., 2013

55.2 Sizeand utilization capacity

The total amount of produced modules reached 34\d@Bin the year 2011. In

the Global Status Report an amount of more than@@ule producers is stated.
Additionally, the authors indicated that China &dmad around 650 producers
before many of them were kicked out of the mariéte consolidation process
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has not only brought big companies like Q-Cells 8RdSolar into troubles, but
also many others had to pull out the industry ih20Nevertheless, competition
is still high and the TOP 12 companies taken irdos@eration for the graphic
below have only a market share of 42.02% togefhee. market shares of the top
producers are based on the produced MW in the3@Ht. Suntech is leading the
ranking with 2,140 MW, followed by Canadian Soladalrina Solar both with
market shares of around 5%. The domination of Glanglayers is evidently.
Eight out of the TOP 12, with a market share of19% are under Chinese
control. The other four companies, Solarfun/HanvdmdarOne (Korea), Sharp
(Japan), Solar World (Germany), and REC (Norwagy ginly a minor role in
the ranking (REN21, 2012).

= Suntech (Glory Silicon) (CHN)

M Canadian Solar (CHN)

m Trina Solar (CHN)

m LDK (Liouxin Group) (CHN)

W Yingli Green Energy (CHN)

» Solarfun/Hanwha SolarOne
(KOR)

m Jinko Solar (CHN)

m JA Solar (CHN)

58%
Sharp (JPN)

¥ China Sunergy (CSUN) (CHN)

m Solar World (GER)

REC (NOR)

Others

Figure 5.13 Pie chart - TOP 12 Solar-Module Producer
Data-Source: (Solarpraxis AG, 2012)

Considering the capacity utilization in the nexiléa again LDK shows a low rate
of nearly 50%. Similar to the other value chairpstenuch higher capacities are
in contrast to the amounts produced. Accordindghéannual report, the reason is
expansion and the clear commitment of the comparphtinue with its strategy
in order to survive in the market (LDK Solar Cotdl. 2012).

The average utilization rate is around 84.00% btfeaffected by the low rate of
LDK as mentioned above and by Solarfun/Hanwha S@lae, which has a
utilization rate of 55.89%. Unfortunately, the reador this low rate was not
stated in the annual report. Another interestirg fa that nine of the TOP cell
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producers can be found also in the TOP ranking @flute producers. This is a
clear picture for an integration of this value chatep in order to increase the
value of the price. According to a report publishiydBank Sarasin & Co. Ltd.
vertically integration is a major asset for surmyithe market. Looking at the list
below and the TOP rankings before, two companies bz found on all lists:
LDK (Liouxin Group) and REC from Norway. Despite RHEs one of the smaller
players within those rankings the company’s stwatefj producing everything
from Polysilicon until the module enables them torvere, even having
production facilities in Europe and in the USA. &iplayers, namely Suntech,
Trina Solar, Yingly Green Energy, Jinko Solar, al#l Solar are amongst the
TOP from wafer to module production. Also partlyeigrated and in this value
steps one of the market leaders is GCL, which nbt produces polysilicon, but
also cuts it into wafers.

Table 5.8 TOP 12 Solar-Module producers list
Data-Source: (Solarpraxis AG, 2012)

C?“ﬁs\(/:)ity sh'\ailsarléitse d Company Capacity
Rank Company end of on capacity p'(/(la\(/jvuz:él(())&l; utiliir?a;;ion Country
2011 in %

1 Suntech (Glory Silicon) 2,400 6.20 2,140 89,17 (CHN
2 Canadian Solar 2,100 5.43 1,675 79|76 (CHN
3 Trina Solar 1,900 491 1,702 89.58 (CHN)
4 | LDK (Liouxin Group) 1,700 4.39 840 49.41 (CHN)
5 Yingli Green Energy 1,70(¢ 4.39 1,500 88.24 (CHN
6 Solarfun/Hanwha SolarOne 1,680 4.34 939 55.89 (KOR)
7 Jinko Solar 1,200 3.10 1,050 87.50 (CHN)
8 JA Solar 1,200 3.1 1,200 100.00 (CHN)
9 Sharp 1,070 2.76 85[7 80.09 (JPN)
10 | China Sunergy (CSUN) 915 2.36 840 9180  (CHN
11 Solar World 850 2.20 850 100.90 (GER)
12 REC 750 1.94 699 93.20 (NOR)

Others 21,235 54.8Y 19,617 93.94

Total Amount 38,700 10( 34,009

5.5.3 Herfindahl-Hirschman Index (HHI)

Assembling solar cells together to a module is e¢hsiest part in the c-Si solar
module value chain, hence many companies can aladitmany companies entered
the market. The HHI with 0.0169 is the lowest vadneongst the different producing
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steps. Despite that this value still falls in tlaegory of an unconcentrated index, the
value is close to 0.01, which indicates a highlgnpetitive market.

Table 5.9 Calculation HHI Module-Manufacturers
Data-Source: (Prior and Campbell, 2012) (Jager-Waldu, 2012)

foégﬂf; HHI = (company 1-§+ (company 2-¥ + (company 4-¥ ... + (company N-§
Data = Market share of the TOP 12 companies basgaatluced MW
(Companyl = 6.29%; Company2 = 5.00%; Company3 =%4.93.)
Calculation | §= Companyl: 0.0629; Company2: 0.0500; Company3:93.,04..)
(TOP 12)
HHI = (0.06295 + (0.0500§ + (0.0493F + ...
HHI = 0.0169

55.4 Minimum Efficient Scale

As there are big overlaps amongst the cell and heodiwoducers the same hurdles
were taken into consideration. The MES of 1,000 @& year indicates the level for
being successfully in the long run. Again, REC wbuiiss this value as it has a
capacity of only 750 MW in the year 2011, but tlenpany has the advantage of
being vertically integrated as stated above. Tieo®panies are those with capacity
levels from 1,000 MW till 1,350 MW, whereby thre®nepanies fall into this
category. Four companies are counted in the TigraZip, all with a production
capacity above 1,351 MW but below 2,000 MW. Tierslagain limited to two
companies, Suntech and Canadian Solar, both wgtirehicapacities as 2,000 MW.
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5.6 Thin-Film Production
5.6.1 Introduction

The second Generation of PV-Technologies develdigetf as opponent to the
dominating silicon cell technology and the nichayglrs are analyzed in the first
step as if they are in a separate market. The Fin-production consists of
several materials and technologies as it was stat&hapter 3.3.2. The graphic
below shows the market share of the different nalteused, whereby alsd®3
Generation technologies are included. Looking atytear 2011, the technology
with the highest market share are a-Si (Amorphdios) solar cells, followed
by CdTe (Cadmium Telluride) and CIGS (Copper-IndiGallium-Diselenide).
CPV (Concentrated Photovoltaic) and OPV (Organiot®ltaic) are not big
market players in the year 2011, but will play l@ggoles in the future according
to the graphic.

16,000 =
14,000 —

12,000 —

10,000 — )
8,000 —| ‘
6,000 | 5312
4,000 | :
2,000 | I
0 I I T I T T T T
2013

T T T
2009 2010 2011 2012 2014 2015 2016 2017

CPV (HCPV+LCPV)
OPV

CIGS

CdTe

A-Si

High-efficiency PV

Figure 5.14 Previous and Future Development of Thifrilm-Technologies
Source: (Masson et al., 2013)

The Thin-Film industry is challenged on two frontisst, competing the success of
crystalline silicon technology, which has an adegetdue to higher efficiency rates
and mass production, and second, the fall in pritdsss production enables to
produce more cost effectively and so the marketesimathe module production is
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declining steadily. According to the authors of dareering the solar age” the
proportion of Thin-Film modules to the overall ambwof produced modules was 19%
in 2010 and 11% in 2011. This clearly illustratedFigure 5.1, where Thin-Film
technologies are colored in black and will not sheowincrease in the market share
of the whole industry in the next years, while th8i modules can steadily increase

its power on the market.
5.6.2 Sizeand utilization capacity

The Thin-Film industry produced in the year 201291, MW out of a capacity of
10,205 MW. This was reached by around 120 compaa@esording to the
researchers of Bank Sarasin The TOP 14 compareeshawn below in Figure 5.15
in a pie chart. Contrary to all market share figubefore, this one shows a clear
leadership, namely the company First Solar with axrket share of 23.61%. The
company produces CATE modules and is the only whiash can keep up with its
2,440 MW production capacity with the Tier 1 c-Sodle producers. On place two
and three two Japanese companies can be found, Bolaier with a market share
of 7.56% and Sharp with a share of 3.53%. All ot@npanies play a minor role as
their market share is below 2.00%.

® First Solar (USA)

® Sharp (JPN)

® Solar Frontier (JPN)

M GS Solar (CHN)

¥ Trony Solar (CHN)

® Nanosolar (USA)

¥ Sungen Anwell (CHN)

52% = 3 Sun (JPN)
MiaSole (USA)

m Stion (USA)

» NexPower (UMC) (TWN)
Avancis (Saint Gobain) (GER)
Kaneka Solar Energy (USA)

PrimeStar (GE) (USA)

Others

Figure 5.15 Pie chart - TOP 14 Thin-Film producers
Data-Source: (Solarpraxis AG, 2012)
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Contrary to the last three value chain steps of m8dule production, Chinese
players do not dominate the Thin-Film industry. €idering the TOP 14 list, six

producers are coming from the USA, three from JagahChina and NexPower is a
Taiwanese company and Avancis a German one. Gaittg the next detail of

production and capacity figures the low utilizatioates are also signs of the
continuously decreasing share within the PV marlKéie companies rather shut
production lines down, than producing goods withigher value than the market can
offer. This leads to a decrease of significant &tweents either in increasing
capacities or into research and development foicieficy improvements.

Nevertheless, all companies are anxious to lowedymtion costs and improve the
throughput within the current manufacturing fa@kt The following table was

supplemented with a column for the technology usé&e. majority of the companies
is producing a-Si modules, followed by CIGS. CdTedules are not only produced
by First Solar, but also by PrimeStar, which islom last place of the ranking.

Table 5.10 TOP 14 Thin-Film producers list
Data-Source: (Solarpraxis AG, 2012)

Capacit Market Compan
pactly share pany Capacity
(MW) production e
Rank Company based on . utilization | Country | Technology
end of capacit in MW in %
2011 pacity (2011) 0
in %
1 First Solar 2,440 2391 1,875 76.84 (USA CdTe
2 Sharp 1,000 9.80 280 28.00 (JPN a-Silyc-Si
3 Solar Frontier 980 9.60 600 61.22 (JPN CIS
4 GS Solar 300 294 180 60.00 (CHN a-Si
5 Trony Solar 265 2.60 60 22.64 (CHN a-Si
6 Nanosolar 250 2.45 59 23.60 (USA CIGS
7 Sungen Anwell 250 2.45 170 68.00 (CHN a-Si
8 3 Sun 160 1.57 169 105.63 PNy Mmult-
junction
9 MiaSole 150 1.47 49 32.67 (USA) CIGS
10 Stion 140 1.37 53 37.86 (USA) CIGS
a-Si, a-
11 NexPower (UMC) 130 1.27 96 73.85 (TWN ’ .
Silyc-Si
12 Avancis (Saint 120 1.18 80 66.67 (GER) cIs
Gobain)
13 Kaneka Solar 120 1.18 115 95.83 usA) | a-siyes
nergy
14 PrimeStar (GE) 100 0.98 49 49.00 (USA CdTE/CIGS
Others 3,800 37.24 4,106 108.05
Total Amount 10,205 100 7,941
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5.6.3 Herfindahl-Hirschman Index (HHI)

The HHI for this industry is based on the figurasTiable 5.10 TOP 14 Thin-Film
producers listTable 5.10, the TOP 14 Thin-Film nfanturers and amounts 0.0648.

This value indicates an unconcentrated index, wtestribes a competitive market.

Table 5.11 Calculation HHI Thin-Film Producers
Data-Source: (Prior and Campbell, 2012) (Jager-Waldu, 2012)

Basic

formula | HHI = (company 1%+ (company 2-§ + (company 4-% ... + (company N-§°

Data = Market share of the TOP 12 companies basgdaruced MW
(Companyl = 23.61%; Company2 = 7.56%; Company33%; ....)
Calculation | §= Companyl: 0.2361; Company2: 0.0756; Company3:53,03..)
(TOP 12)
HHI = (0.2361% + (0.07563 + (0.0353% + ...

HHI = 0.0648

5.6.4 Minimum Efficient Scale

Entry barriers for Thin-Film companies are much déowthan for c-Si module
producers as it can be seen by the capacitiesitathle above. On the one side, it
could be the individual usage of the PV producteieample in a special architecture
or design. On the other side, a huge advantadgeeiprice could be the reason that a
company survives in the market. Nevertheless, iagdaertain capacities in order to
profit from economies of scales is an importantcess factor for surviving. Setting
the MES to a level of 100 MW is rather low, considg the bankruptcy of the
American CIGS firm Solyndra in the year 2011, whieas placed on rank seven the
year before. Categorizing the 14 TOP players in&rs[ the upper level for Tier 2
companies has to be at least 900 MW. Eleven othieo OP players are falling into
this category, whereby it is necessary to staté ey will only survive if they
increase capacities quickly or if they have foundiaay to become a niche player.
The best three producers, also categorized inITampanies are: First Solar, Sharp,
and Solar Frontier. All of them have already mawnageproduce more than 900 MW
per year.

In order to conclude this chapter, it is important mention that Thin-Film
companies will only survive either if they can caetg with a very low price or if
they have found a market niche, where c-Si solatutes are not marketable.
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6 Summary and Conclusions

After many years of tremendous innovations and gipwhe PV industry is now
going through a challenging period. The market dyica have shifted and political
support has changed, which are both indicatora fdmmate full of uncertainty. The
market evolution is taking place and the followikgy factors will have a huge

impact on the further development.

First, the political environment is the dominatisimulator for the development
within a country. Governments can change and adapieet environmental
commitments and with sustainable and smart supremes for PV, a positive
demand can stimulate the market. Second, PV isnbi@gocompetitive with other
power sources and in certain areas - geographioglly terms of better usability - it
is already a competitive alternative to “traditin@ower solutions, like oil, gas and
coal. However, market and grid integration stilpekence challenges that need to be
overcome. As a third factor, the trade attributagehto be mentioned. Barriers and
delivery bans between China and the Western AldattSA and EU create
uncertainty in the market, which cannot be prediatasily. Subsidies distort the
market and normally are more harmful than succéssfast but not least, the
industry consolidation, which was the major topictlois master thesis, plays an

important role in the market’s development.

A final calculation based on the previously eswi®d figures shall show the
theoretical development of the market, without rigkihe above mentioned factors
into consideration. First, the demand for PV icakdted based on the installments of
the previous three years. In the year 2011 theliest capacity amounted to 30,133
MW, 30,035 MW in 2012 and 38,352 MW in 2013, whigads to an average
demand of 32,840 MW per year. Dividing this by MES of 1,000 MW (MES for
the PV value chain steps wafer, cell, and modubglyetion) per year, which was
developed within the research of this paper, theaiéy 38 companies can serve the
market. The second value calculated, is the invefsée HHI which shows how
many equal companies correlate to the index. Tworéis were calculated, number
ONE is the invers of the HHI of c-Si Module prodigebrought a result of
59 companies. This would indicate that even momapamies can be expected to
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enter the market. Number TWO is the inverse calimuiaof the average of c-Si
Module and Thin-Film Module producers together. Tésult showed the theoretical
potential for 24 companies, which would indicatattinore companies will leave the

market in the long term.

However, the high competitiveness, as indicatedlbMHI calculations, has a severe
effect on all companies along the solar value ghlairt a precise forecast into the
future cannot be made, because the facts state alonot be suppressed as easily
as it was done for the calculation. Amid these wiaeging factors, the enormous
potential and undeniable benefits of solar PV remanchanged (EPIA, 2011). As a
reliable source of clean, safe and infinitely reable energy for everybody, Solar
PV will enhance the energy mix positively in thedorun and will help to achieve

environmental and economic goals.
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