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Vorwort

Innerhalb der Projektlaufzeit von 2006 bis 2009 sind einschneidende Anderungen bei enigen
Rahmenbedingungen eingetreten, die maligeblichen Einfluss auf die Entwicklung der
Photovoltalkmérkte besitzen. Dabei handelt es sich insbesondere um Verédnderungen der
okonomischen Rahmenbedingungen, von denen die globa e Wirtschaftskrise sowie die Reduktion und
Neuausrichtung der 6ffentliche Forderung besonders wirksam sind.

Die geplatzte Spekulationsblase des Finanzsektors hat zu einer globaen Wirtschaftkrise mit einer
Verschlechterung von Finanzierungsmdoglichkeiten und Investitionsbereitschaft gefuhrt, welche
inshesondere das Wachstum der Dunnschichttechnologie ddmpft. Diese verdnderte 6konomische
Rahmenbedingung, erschwert der Photovoltaikbranche den Zugang zu Krediten, fuhrt somit zu
erhéhten Investitionskosten und bremst damit den Ausbau der Produktionskapazitaten. Dieser Effekt
macht sich fir die Dunnschicht-PV stérker bemerkbar, da deren Fertigungstechnik noch eine geringere
indudtrielle Reife besitzt, zudem auch wesentlich vielfatiger und komplexer ist und entsprechende
Produktionskapazitdten daher eher riskante Investitionen darstellen und in der gegenwartigen Situation
der Finanzmérkte auf eine verringerte Risikobereitschaft trifft.

Im Zuge der globale Wirtschaftkrise ist es auch zu erheblichen Preisschwankungen bei Erddl
gekommen mit entsprechenden Auswirkungen. Der rasante Preisverfall hat auf der Nachfrageseite
eine wesentliche Motivation erneuerbare Energien und die Photovoltaik zu nutzen, geschwécht.
Dariiber hinaus sind Anderungen bei den Forderbedingungen der 6ffentlichen Hand eingetreten. Diese
haben zum Zusammenbruch von nationaen Mérkten gefthrt (z.B. Spanien) oder beeinflussen die
Entwicklungschancen von Teilmérkten wie Freiflachenanlagen oder Gebadudeintegration welche
wiederum technol ogiespezifische Implikationen nach sich ziehen.

Ein weiterer wichtiger Einflussfaktor der sich wéhrend der Projektlaufzeit erheblich geéndert hat, ist
die Rolle Chinas als Hersteller und Exporteur von Photovoltaikprodukten. So importiert China sowohl
Know How as auch Technologie zur Fertigung von Photovoltaik, produziert kostenginstiger und
exportiert die photovoltaischen Produkte.

Des weiteren hat sich die Situation auf dem Rohstoffmarkt fir Solarsilizium erheblich gewandelt. So
hat das zurtickliegende dynamische Marktwachstum zu einer Verknappung und Verteuerung von
Solarsilizium gefiihrt. Dieser konnte aber unter anderen durch den Ausbau von Produktionskapazitéten
begegnet werden, so dass der Preis fur Solarsilizium inzwischen stark gefallen ist. Allerdings konnen
nicht alle Photovoltaikhersteller davon profitieren, da sie sich tellweise an langfristige Liefervertrége
gebunden haben, die oberhalb der aktuellen Preise der Spotmérkte liegen.

Der Preisverfall beim Silizium hat dabel einen wesentlichen Vorteil der Silizium-freien Dunnschicht-
Technologie wegfallen lassen. Zusammen mit den gesunkenen Rohstoffpreisen verringert sich damit
eine besondere Chance, welche die energie- und ressourceneffiziente Dunnschicht-PV bis dato
besessen hatte.

Insgesamt ist zu beobachten, dass das Angebot die Nachfrage zunehmend Ubersteigt und Photovoltaik
Produkte einem erheblichen Preisverfall unterliegen. Dabei dirfte es zu einem stérkeren Wettbewerb
unter den Anbietern mit einem entsprechenden Preisdruck kommen und der Markt in ene
Konsolidierungsphase eintreten.

Wie die Méarkte auf diese Anderungen der Rahmenbedingungen reagieren ist ungewiss. Zwei
mogliche Entwicklungdinien lassen sich zusammenfassen:

» Einersaitsist eine erhebliche Diversifizierung der PV -Marktes denkbar, bei dem sich das Angebot
stérker auf spezifische Marktsegmente spezialisert und Wettbewerbvorteile durch eine stérkere
Ausprégung von Alleinstellungsmerkmalen realisiert werden.

» Andererseits ist auch ein Preiswettbewerb mdglich, in dessen Folge einzig die Kosten des
Betreibers Solarstrom zu erzeugen ausschlaggebend sind und der Markterfolg Uberwiegend von
der Maximierung der Modulfl&chen, der Anlagengrélze und der energetischen Effizienz abhangt.

Beide Entwicklungspfade bergen spezifische Chancen und Risiken fr die einzelnen PV-Technologien
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und damit auch fir die DUnnschicht PV.

Ob sich eine PV-Technologie zukinftig am Markt besonders durchsetzen wird und welche dies
langfristig sein wird, 18sst sich unter den derzeitig sich dynamisch wandelnden Rahmenbedingungen
nicht eindeutig bestimmen oder gar belastbar quantifizieren.

Allerdings besitzen die einzelnen photovoltaischen Technologien spezifische Umweltauswirkungen
die je nach Marktanteil erhebliche GrofRenordnungen erlangen kénnen. Insbesondere die einzelnen
Dunnschichttechnologien unterliegen zudem spezifischen Abhéngigkeiten von strategischen,
Uberwiegen metallischen Rohstoffen. Diese Abhangigkeiten kdnnen je nach Marktanteil, aber auch
entsprechend dem Grad der ressourceneffizienten Nutzung dieser strategischen Metalle, erhebliche
Wirksamkeiten entfalten, die bis hin zu ener technologiespezfischen Limitierung des
Marktwachstums reichen kénnen.

Urspringliches Ziel der Szenarien war es, die langfristigen Anforderungen und die Folgen
unterschiedlicher Entwicklungspfade insbesondere der Dunnschicht-Photovoltaik zu beschreiben.
Dazu wurde auf Prognosen hinsichtlich der zukinftigen Markigréfe und ihrer technologischen
Zusammensetzung  zuriickgegriffen sowie Abschézungen (Uber die damit verbundenen
Umweltauswirkungen und Rohstoffbedarfe vorgenommen.

In der aktuellen politischen Debatte um die Kiirzung der EEG-Vergitung fur Photovoltaik, gewinnen
die Szenarien aber eine wesentlich grundlegendere strategische Bedeutung fur die Positionierung des
Solarstandortes Deutschland. Denn die Ausgestaltung der offentliche Forderung entscheidet
mal3geblich Uber die Entwicklung der Marktsegmentente, in deren Folge Uber die eingeschlagenen
technologischen Entwicklungspfade und damit wiederum Uber die Zukunftsfahigkeit der nationalen
Standorte zur Erzeugung von solarer Energie und solaren Produkten

Berlin, 21. April 2010

Volker Handke und Timon Wehnert

IZT - Institut fur Zukunftsstudien und Technol ogiebewertung
Institute for Futures Studies and Technology Assessment
Schopenhauerstr. 26 in 14129 Berlin

Tel.: 030-803088-19/-13, Fax: 030-803088-88

Mail: v.handke@izt.de /t.wehnert@izt.de
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Kurzfassung

Der vorliegende Werkstattbericht fasst die Ergebnisse aus dem  Arbeitspaket
» Implementierungsszenarien® zusammen, das im Rahmen des europdischen Projektes
» Fortschrittliche Dunnschichttechnologien fir eine kostenglinstige Photovoltaik” im Telprojekt VI
» Nachhaltigkeit, Training und Mobilitat“ , durchgefihrt wurde.

Ziel des in den Jahren 2006 bis 2009 im Rahmen des 6. Forschungsrahmenpr ogramms der EU
durchgefuhrten integrierten Projektes, war die Entwicklung und Markteinfiihrung von Solarzellen der
zweiten Generation — die sogenannten Dinnschichtzellen.

Insgesamt wurden durch 24 internationale Partner von Universitéten, Forschungseinrichtungen und
Unternehmen aus 11 europdischen Landern zwei aussichtsreiche Technologiepfade der
Dunnschichtzellen weiterentwickelt und in die industrielle Fertigung Uberfuhrt.

Zum einen handelt es sich um die sogenannte CI(G)S-Technologie bei der statt Silizium eine auf ein
Substrat (Glas, Metall oder Folie) aufgebrachte sehr diinne Halbleiterschicht aus den Elementen
Kupfer, Indium, Gallium und Selen bzw. Schwefel zur Absorption der Sonnenstrahlung genutzt wird.
Zum anderen handelt es sich um sogenannte mikromorphe Diinnschichtzellen welche as Tandem-
oder Stapelzellen unterschiedliche Absorptionsspektren kombinieren. Sie sind damit in der Lage, ein
breiteres Spektrum des Sonnenlichts zu nutzen und entsprechend héhere Wirkungsgrade zu erreichen.

Zusammen mit der University of Northumbria at Newcastle und dem Helmholtz-Zentrum Berlin fur
Materialien und Energie (vormas Berliner Hahn Meitner Institut) hat das IZT das Subproject VI:
»ustainability, Training and Mobility* Gbernommen. Aufgabe des IZT war es dabei vor dem
Hintergrund der Nachhatigkeitseffekte, Szenarien fir ene breite Markteinfihrung der
Dunnschichttechnologie zu entwickeln (,, Implementation Sceanrios*).

In einem ersten Arbeitsschritt wurden dafir existierende wissenschaftliche Studien zu zukinftigen
Markt- und Technologieentwicklung gesichtet und ausgewertet. Aus diesen bestehenden Roadmaps,
Marktandysen und sonstigen prognostischen Studien, wurden besonders relevante Publikationen
identifiziert und detaillierter analysiert. Ein wesentliches Anayseergebnis war dabei die
Identifizierung von Schllsseltreiber fir die zukinftige Entwicklung der Photovoltaik im algemeinen
und der Dinnschichttechnologie im besonderen. Diese identifizierten Treiber wurden hinsichtlich
ihres Einflusses naher beschrieben und in mehreren Expertenworkshops bezlglich ihrer
Wirkungsweise und ihrer Wechselwirkung modelliert. Anhand der Schllisseltreiber wurde die zwel
qualitativen Szenarien , Diversity Rules’ und , Sze Matters® entwickelt sowie eine quantitative
Abschétzung Uber die zukinftigen Umweltauswirkungen und Rohstoffbedarfe vorgenommen. In
einem Back-Casting-Ansatz wurden anschlief3end strategische Optionen abgel eitet.
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Abstract

The photovoltaic markets have been growing tremendoudy in recent years — and growth is expected to
continue in the decadesto come. However, thereisalarge uncertainty on the overall market size deve opment
— the varidion between the most optimistic and most pessmistic scenarios is greater than a factor 10.
Furthermore, most scenarios make statements only on the tota market size. Specifications according to
technology type are very rare. Generdly, a long-term coexistence of the different PV cdll technologies
(crygdline dlicon, thin-film, new emergent technologies) is assumed. Within the next 20 years the share of
thin-film is believed to increase — in very optimigtic estimates up to amarket share of 45% in 2030.
Anissuethat is not described (or only very superficidly) in long-term PV market scenarios is the structure of
the markets themselves. It is often pointed out that the different technologies do have properties which give
them specific advantages and disadvantages in the various market segments. Thisis one of the reesonswhy a
long-term coexistence of different PV cdll typesiscommonly assumed. However, to our knowledge, no study
exigsto date that defines scenarios for market segments and stringently assesses the potentias of the various
PV technologiesin these scenarios.

The am of this study isto a least partly fill this gap. Based on a systematic literature review and targeted

expert consultations, four archetypa PV market ssgments are identified and key performance indicators for

PV products in these markets are described:

» Large-scale(ground mounted) PV farms. Key peformance indicator islow cost per We. Thin-film
technologies have great potentias in this market segment.

» Roof top ingallations: Besdes cods, high efficiency isakey requirement in this market, as oaceisa
limiting factor. Consequently, technologies with higher efficiencies (e.g. crystdline sllicon cdls) have
advantages to gain market sharesin this sector.

» Building integrated: Key demands are functionaity, aesthetics and flexible design options. In contrast to
the mgority opinion that thin-film technologies are superior in this respect, it is actudly heavily disputed
among experts which technologiesare the best fit to respond to the requirements of this market. Although
thin-film products could deliver suitable solutions, this would hardly be possible within mass-production
schemes, which in return would forfeit the advantages over wafer based slicon products.

« Off-grid: Key indicators are reiability of performance aswell as costs. The potentid for the different PV
technologiesto enter this market are very smilar.

In a scenario exercise two narraives are given which describe two dternative worlds with distinct differences

in the digtribution of shares between these market segments resulting in very different PV products.

» Diversty Rules describesaworld in which the markets for PV products are very diverse and aso differ
regiondly. Consequently there is a necessity for specific products for the diverse market ssgments. Most
important are roof-top and building integrated applications. The demand on the functiondity of the
productsis high. In addition to customised solutions for specific gpplications thereisahigh leve of
standardisation that dlows the building of aplan with amixture of products from different producers.

» IntheSze Matters scenario the biggest market segments are large scde PV plants, many of themin
multi-megawaett parks on green fidds or large roofs of commercid and indudtria buildings. Square flat
plate modules dominate the market and technologica development dmost exclusively amsaat reducing
codgt per We. Production islargely concentrated and dominated by a few multinationd players.

Conclusons are drawn for both PV companies and policy mekers:

«  Company drategies
PV producers should use the scenarios to test the robustness of thelr company strategy and there
technology development plans. Specificaly for thin-film the question arises whether the separation of cdll
and module production could be a strategic option which could be beneficid in specific market segments.

»  Support mechanismsfor PV
The detalls of the support mechanisms to promote renewable energies will largdly influence the shape of
future PV marketsin Europe. Beyond the question of the size of the PV market, the share of the different
market ssgments may strongly impact on prices for solar power, demandsfor grid extensons (and
subsequent costs) aswel asthe job creating potentid of the PV indudtry in Europe.
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1 Objectivesof this Study

The aim of the scenario exercise within the Athlet project® is to explore possible futures for thin film
photovoltaics with a time horizon of 20 years. It is important to point out that it is not the intention of
this exercise to make predictions. Results are not a roadmap but different future scenarios. Theideais
to analyse “what could happen” asit is impossible to foresee “what will happen”. The am is to open
up our thinking, and consider alternative futures as a sound basis for today’ s strategic decisions.

The approach taken is to develop qualitative scenarios which illustrate two possible futures and tell
plausible storylines how the world might develop in this way. To this means the chosen scenarios
mark extremes of possible developments. In between it would be possible to construct a myriad of
scenarios containing aspects of either of the two archetypes. However, looking at the extremes helpsto
identify the distinctive features of possible different developments.®

It is important to note that the scenarios have been constructed in a way to point out possible
developments which would affect the development of thin film PV differently than PV asawhole. To
explore this difference— thin film PV vs. crystalline silicon PV — the two scenarios differ with respect
to the market structures. Thus the scenarios illustrate qualitatively what future PV markets might look
like, e.g. in which applications / market segments photovoltaics is used. They do not — as most other
scenarios do — differ with respect to market size.

Underlying the whole scenario exercise is one fundamental assumption: It is currently not possible to
identify one winner PV technology. Even more, we assume that the parallel co-existence of various
PV technologies will continue in the next 20 years. Although individua technological paths may die
out (and new ones emerge), we do not assume that one single PV cell type will dominate in terms of
energy yield per costs (kWH/€) in the near to mid-term future. This set of assumptions is in line with
existing scenario work and foresight exercises (see chapters 2.2 and 2.4). Although being generaly
unchallenged, this assumption is stressed at this point, because it is fundamental to our scenario work.
It is the reason why it makes sense to analyse possible future market structures and specify different
requirements for PV products in the various market segments.

Structure of this report

Chapter 2 of this study gives an overview of the status, trends as well as existing PV market scenarios.
The question of market size and market share for individua PV technologies is andysed in this
chapter based on an extensive literature review. Additionally, abstracts of key studies, which have
been analysed in depth, are given in the annex (pp 47). In chapter 1 key sustainability indicators are
analysed and the question of potential raw materia scarcity is assessed. Chapter 4 sketches four key
market segments for PV and assesses the different potentials of wafer based silicon technologies vs.
thin film technologies qualitatively in these market segments. The scenarios themselves are given in
chapter 1, followed by a brief comparison of the two scenarios (in chapter 5.3) and a first assessment
of the challenges thin film development faces in the two different scenario paths (chapter 5.4). The
methodological approach of the scenario exercise is outlined in the annex (chapter 7). Conclusions for
private companies as well as policy makers are summarised in chapter 6.

1 The project Athlet - Advanced Thin Film Technologies for Cost Effective Photovoltaics was co-funded within the 6th
Framework Program by the European Commission (Project no. 019670). See also http://www.ip-athlet.eu

2 An easy to read description of why and how to use scenarios is also given in the executive summary of the Shell Global
Scenarios to 2025 [Shell 2005]

3 For the different methodological approaches in scenario work, with respect to energy scenarios see also [IEA 2003]. It is
important to distinguish between quantitative scenarios, like e.g. [Mantzos et a. 2003] which are made by computer
modelling and mainly qualitative energy scenarios (e.g. [CIA 2004] or [UNU 2006]) which illustrate different futures by
narratives.



Thin-Film Implementation Scenarios IZT page 9

2 Status, Trendsand Existing Scenarios

In preparation of the scenarios an extensive literature review has been conducted including a wide
variety of recent energy scenarios, roadmaps and articles (see literature — chapter 9).* For 18 of the
most important studies, which highlight especially PV and specifically thin film PV developments,
short abstracts were drafted (see Annex B — Abstracts of Reviewed Literature). The studies analysed in
depth were selected according to the following criteria

»  Specificinformation contained on PV development perspectives and specificdly thin film PV
development.

« Do dudies name key drivers which strongly influence PV development? Are trends and drivers
described which could be used in the scenario building process?

» Geographica coverage — studies should give ingghts on EU or globa developments.
» Time coverage— studies should include long-term outlooks, i.e. beyond 2020.
« Therdiahility, actudity and the prominence of the studies

The analysis of the reviewed papers shows that there are substantial differences within the reviewed
scenarios concerning PV market development. There are however aso commonalities, e.g. the fact
that all scenarios stress the importance of support schemes for the further development of PV. In
generd there is quite extensive data on overal PV development possibilities. However, only a few
studies address the different types of solar cells and their individual prospects. Challenges and R&D
needs for thin film PV are clearly formulated (and show great coherence between the various studies
analysed). Generally not addressed is the question how certain scenarios might impact the
development of thin film PV or what the specific thin film potential would be within a certain
scenario.

Key messages from the literature review are summarized below.

2.1 Overall PV Market Status and Outlook

PV market size— scenarioreview

There is a big insecurity on future market developments for PV. A Meta study by [Krewitt 2005]°
analyses existing PV-scenarios and develops three sets of scenarios. a bottom line “MIN”, an
ambitious but realistic scenario “ SEE” and an upper ceiling “MAX” (compare Table 2-1). Underlying
these scenarios are mainly different assumptions concerning energy prices and policy actions towards
CO, reduction (often expressed in CO, mitigation costs) as well as learning curves (cost
developments) for different power production technologies. The figures for the globally installed
capecity (GW,) for the year 2050 vary between MIN and MAX by more than a factor of 10! Taking
into account that the assumed anua growth rate in 2050 is (less than) 3%, this corresponds to a
substantial and long lasting difference.

The EU-FP6 NEEDS project, which dealt with externa costs of energy technologies (www.needs-
project.org) also developed PV scenarios [NEEDS 2009]. They follow a similar approach giving upper
and lower ceilings (which are more extreme than the Krewitt MAX & MIN scenarios) and develop
furthermore an “optimigtic/realistic” scenario which is quite in line with the Krewitt SEE scenario
(compare Table 2-1).

4 The results of this review were summarized and made available for the Athlet consortium in deliverable No: 97 (,, Report
on existing roadmaps and scenario material“ D VI .2.1).

° The study furthermore assesses economic potentials for PV and explicitly analyses thin-film potentials For more details on
[Krewitt 2005] see also Annex, p. 52ff.
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Cumulated global capacities of PV (GWp) up to 2050

Sour ce Szenario Status 2010 2020 2030 2040 2050
Max 3(2003) | 22,4 302 1916 4174 6015
Krewitt SEE - Solar Energy
2005 Economy 3(2003) | 21,2 199 775 1618 2477
Min 3(2003) | 195 120 315 511 708
Very Optimistic /
Technological 6(2006) |225 230 1270 4080 8.930
NEEDS Breakthrough
2006 Optimistic/
Redlistic 6 (2006) | 22,5 206 755 1520 2.360
Pessimistic 6(2006) |225 105 236 384 532
EPIA, Advanced 9(2008) | 254 278 1864 - -
Greenpeace
2008 Moderate 9(2008) | 216 211 912 - -
EREC
Greenpeace | energy(R)evolution |5(2005) |21 269 921 1799 2911
2008
Table2-1: Cumulated global capacities of PV (GWp) up to 2050

Most optimistic scenarios differ from most pessimistic scenarios for more than afactor 16! Highlighted are mid-range
scenarios which will be used as references for the scenario development in this study.
Sources: [Krewitt 2005], [NEEDS 2009], [EPIA, Greenpeace 2008], [EREC Greenpeace 2008]

We consider both mid-range scenarios (Krewitt “SEE - Solar Energy Economy” and NEEDS
"optimistic/realistic”) to be good starting points for a reasonable estimate for a long-term PV market
size development.

» Comparisonto other scenarios
Comparing these two “medium” scenarios to ambitious and recent PV -scenarios, the “ Advanced
Scenario” in [EPIA, Greenpeace 2008] exceeds both “redigtic” scenarios. The EPIA/Greenpeace
“Moderate Scenario” which is based on general assumptions of IEA World Energy Outlook 2007, is
close to the SEE projection, dthough with the significant difference of larger growth ratesin later
years. The latest “energy [r]evolution” scenario by [EREC, Greenpeace 2008] envisons a cumulated
capacity of 2900 GW,, in 2050 which is 20% above the SEE scenario and well below the MAX
scenario of 6000 GW,.

» Comparison to satus deta
A comparison between past scenarios and the current market development shows, that most scenarios
generadly underestimated the growth of the PV market. Thisisaso true for rather ambitious scenarios
like the European Photovoltaic Industry Association (EPIA) / Greenpeace “ Solar Generation” scenario
series[EPIA, Greenpeace 2008]. However, comparing factua market development to [Krewitt 2005]
shows thet the market development stays within the corridor outlined by Krewitt up till 2007. The
globaly new installed capacity in 2008 of 5,6 GW,, as given by [EPIA 2009] is sgnificantly higher
than the MAX scenario (it isamost as high asit’s 2010 figure). However, 2008 was an exceptiona
year due the market development in Spain and is—in its extreme development — mogt likely not
representative for the gererd long-term trend.

» Comparison to EPIA god 12% in 2020
EPIA has st avery ambitious god for PV in Europe: by 2020 the share of PV of the European
eectricity production should be 12%. It hasto be mentioned that EPIA itsdlf points out that this target
is beyond usua high growth scenarios and would require amgor “paradigm shift”. For comparison:
the ingtalled capacity (in Europe!) corresponding to 12% of Europe' s eectricity demand in 2020 is
significantly higher than the PV capacity ingtaled globally in the most daring scenario (Krewitt 2005
MAX). It isdso dramétically higher than the [EPIA/Greenpeace 2008] “ advanced” scenario. The 12%
goa can only be reached if in the next decade annud growth rates are significantly above the 30%
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growth rate assumed by Krewitt 2005 MAX. Higher growth rates are indeed possible (as they e.g. have
been higher in the years 2007/2008). However, it seems very unlikely that growth rates beyond 40%
could be sustained over alonger time horizon.

«  With amid- to long-term perspective a 12% PV sharein Europ€e s eectricity production is quite
reaistic. In 2030 this could even be possible within the boundaries of the moderately optimistic
scenarios (Krewitt “ SEE - Solar Energy Economy” and NEEDS " optimigtic/redligtic”). Thiswould be
possible by very high growth rates in early years and astrong focus of PV markets in Europe (dower
growth in other world regions) followed by decline in growth rates after 2020. However, generaly
speeking, the more ambitious scenarios would become more likdly if the 12% god was reached by
2020.

» Concluding from thisit can ke said that the EPIA 12% god is outside the above outline scenario
corridors for the next 15 to 20 years. However, in the time frame 2030 — 2050 the 12% godl is
compatible with a scenario corridor marked by the optimitic / redistic scenarios as floors and the very
ambitious/ very optimistic scenarios as ceilings. However, the 12% goa implies a dramatic paradigm
shift for the whole energy sector in Europe.

In conclusion of the above we adopt the market development outlined by Krewitt SEE and NEEDS
“optimistic/redistic” as the underlying assumption for our own scenario development. However, it
needs to be pointed out that that these projections are scenarios and not predictions! And athough we
consider them to be realistic and suitable for a reference in our scenario development, we do NOT
consider them to be most likely!

We want to point out, that for our scenario work we explicitly do not assume that the 12% goa will be
reached by 2020. In contrast, the scenarios described in 1 would become rather unredlistic and partly
inconsistent if the 12% goal was reached as early as 2020. Thus, athough our scenarios are compatible
with significant changes in the energy sector and continuously high growth rates for PV, they are not
based on atotal paradigm shift.

Trendbreaksin 2008?

Since the beginning of the Athlet project three major developments have happened which could have
strong impacts on PV market devel opments:

1. Theeconomic crisis: among othersit has stopped the extreme growth of energy prices aswell
as raw material prices and will impact both on PV markets (demand) as well as on the
availability of capital (especialy venture capital for cutting edge technologies).

2. After aboom in 2008, there was a break down of the Spanish PV market
3. Thenew US gover nment under Barack Obama engages in a stronger support for PV.

It is not within the scope (and possibilities) of the Athlet scenario process to give a detailed,
guantitative (econometric) assessment of the impacts of the above named factors on the quoted PV-
market scenarios. However, qualitatively the following assessments can be made:

« Theeconomic crisis has a strong short term impact both reducing the demand for energy and
decreasing energy investments substantidly [IEA 2009]. Most economic for ecasts however, anticipate
that the bottom of the crisisis (soon) reached and that the economy will recover within the next years.
Thus, alikely impact of the economic crigs could be atimely dday of energy investments, including
PV-market growth rates.

«  With ashort term perspective al three events appear to be earthquakes which ask for mgor corrections
in PV-market scenarios. But with amid- to long-term perspective, these developments largely have a
notion of leveling-off previoudy extreme developments (growth of energy prices between 2003 and
2008, boom of Spanish market, US denid of climate change). Thus, scenarios developed before 2006
could even be perceived more redigtic (again) today (Iate 2009), than they appeared in early 2008.

» Furthermore, some of these events may play each other off: while the economic crigs brings down
investments, the counter measures by the Obama government explicitly support certain green
technologies, PV being one of them.



IZT page 12 Thin-Film Implementation Scenarios

Assuming that the economic crisis would lead to a time delay in PV market growth equivalent to 2
years of stagnation® in 2030 this time lag would amount to less than a 15% reduction of the total

installed capacity. For comparison total installed capacity in 2030 in the [Krewitt 2005] MAX scenario
is > 600% higher than in the [Krewitt 2005] MIN scenario. Furthermore, in 2008 the PV market was
already aimost the size anticipated for 2010. Thus atime delay of two years due to the economic crisis
would only balance off very recent high growth years.

Concluding from this, we judge that — athough the short term impact of these developments may be
huge — with a time horizon of 2030 and beyond, the impact of these developments may be rather
marginal for the overall size of the global PV market. The MIN and MAX scenarios given by
[Krewitt 2005] still mark redistic boundaries for the long-term PV market development. Under the
assumption of energy prices just slightly above the IEA 2008 reference case [|[EA 2008] and globally
concerted climate protection actions, the SEE scenario can be considered a very redistic estimate for
long-term devel opments.

However, the above mentioned 2008/2009 developments could have strong impacts in the short to
mid-term, which are of relevance for the Athlet scenarios:

» Thecurrent shortage for venture capita (and thin film is perceived more adventurous compared to ¢
Si) favours ¢S development, compared to scenarios developed two to four years ago.

» TheUSmarket will develop more strongly than anticipated two years ago and PV receives stronger
technology support (for research and companies) in the US. Thus, the strength of US based companies
may increase compared to predictions made two to four years ago.

» Theeconomic crisis may trigger mergers of PV producing companies fagter than was anticipated in
2007 (see dso below).

Shift from supply to demand side market

As an immediate result of the above named developments there is an oversupply of PV modulesin
2009. Conseguently module prices in Germany decreased in 2009 about 20% (see Graph 2-1). Also
spot market prices for raw silicon have dropped drastically in 2009 (which is a result of both the PV
market development and the ramping up of silicon supply industry). In short, the whole PV market has
shifted from a supply market, where the amount of PV modules being installed totally depended on
production capacity (and raw-silicon availability) to a demand side market, where producers have to
actively find customers for their PV products. In this situation, companies dramatically change their
drategies. Cost reductions (e.g. by increasing automation of production processes) become more
important than the extension of production capacity. Furthermore, producers may have to adapt their
products to specific market segments to be competitive in this changing market environment.

® This could for example happen in a dramatic break down of the market in 2009 and slow catch up on 2010 and 2011

resulting in a net growth of 0% over thistwo year period and 25% + growth rates from 2012 on.
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PV priceindex (in € pro kWp)
Mean consumer price (total system) in Germany for roof top systems with less than 100 kWp. [BSW 2009]

2.2 Thin film Market Sharesand Players

PV market development — choice of technologies
Within the various scenarios on PV market devel opment there is again awide range of possible market
developments for thin film PV. They range from confinement into niche markets, through equa

growth of the overal PV market and up to a thin film take-off, where thin film PV could conquer a
share of 45% of the overall PV market by 2025 (NEEDS 2009).

35%

=== Thin Film total [Krewitt 05]
==O==Thin Film total [Photon 09]
= A = Thin Film total [Sarasin 07]

=—® = Thin Film total [Prometheus 07]

30%

==& Thin Film total [EuPD 2008]
A  Thin Film [Photon Consulting 08]
= X = Thin Film total [EPIA 2009]

25%

20%

overestimation

15%

10%

5%

range 2007
'/ Prediction
‘ data
status
data A
8=
o

0%

Graph 2-2:

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Thinfilm market share of tota PV market (annually production in MW,,) - status and prediction up to 2010

Recent forecasts overestimated t he expected share of thin film technologies.

Status data according to [Photon 2009 and Krewitt 2005]. Projecions according to [Sarasin 2007, Prometheus 2007, EuPD

2008, Photon Consulting 2008, EPIA 2009].
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In 1990 the market share of thin film technologies was relatively high (see Graph 2-2) but on a very
low level in terms of absolute production (MW,). With the fast growth in production of crystalline
silicon cells the market share of thin film declined very rapidly. During the years 1999 to 2003 the
average market growth of thin film was around 15% while the PV production in total grew by 35%.
The market shares stabilised in 2003 — 2005. In recent years (2006 to 2008) thin film technologies
gained market share again, mainly due to the growth of CdTe modules (see Graph 2-3). In this period,
thin film technologies strongly benefited from the limited growth of crystalline silicon technologies
due to the raw silicon shortage. In absolute terms, CdTe production rose from 1MW, in 2000 up to
200 MW, in 2007. This dramatic growth was mainly due to the activities of one single company (First
Solar), which illustrates that the market can be significantly influenced by the commercia decisions of
avery few companies at its present size.

However, the total thin film market share of less than 13% in 2008 fell short of the optimistic
predictions which were between 17 and 25% (see Graph 2-2). A closer look into the predictions
reveals that mainly the growth potentials of aSi and CIS have been overestimated in the recent past
(see Graph 2-3). For the short-term future, EPIA predicts an increase up to 24% in 2012 [EPIA 2009].
However, the EPIA outlook did not anticipate the current decrease in raw silicon prices. In contrast,
Photon Consulting predicts a decline down to 9% market share for thin film PV in 2012 [Photon
Consulting 2008]

Market shares of thin film technologies - Status and predictions up to 2010
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Graph 2-3: Market shares of thin filmt echnologies- status and prediction up to 2010 Status data according to [Photon 2009 and

Krewitt 2005]. Projections according to [Sarasin 2007, Prometheus 2007, EuPD 2008]. The Sarasin projections were quite
adequate for CdTe, but too optimistic for both &S and CIS technologies.

Many longterm projections indicate increases of the share of thin film technologies. A good
comparative assessment of the role of the different PV technologiesin key energy scenariosis givenin
[Krewitt et al 2009, pp 135]. The [NEEDS 2009] scenarios strongly link thin film development to the
overdl PV development (fast growing market size being interlinked with technologica
breakthroughs). In the very optimistic scenario thin film technologies would reach a maximum market
share of 45% which they would hold in the time period 2020 till 2040. After that novel devices would
become market leaders. In the pessimistic [Needs 2009] scenario, thin film technologies would reach
their maximum 45% market share only in 2050.
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Graph 2-4: Market shares of different PV technologies up to 2050

According to the very optimistic [Needs 2009] scenario with high growth and fast technological development.

New player s— and soon mer gers?

Pushed by the scarcity of raw silicon on the one hand and the availability of venture capital for PV on
the other, a lot of new thin film production capacity was built or planned in the years 2005 to 2008.
Many of these plants were planned by absolute newcomers with so far no experience in PV
production. On the other hand, established silicon cell manufacturers who are extended their portfolio
(e.g. Sharp, Q-Cdl joint-ventures). Sarasin lists 29 thin film producers who are active [Sarasin 2007].
EuPD research counts 92 companies who have announced to ramp up thin film PV production [EuPD
20084].

By 2010 / 2012 first experiences will be gained with most of the production sites built or planned
today. There will still be a significant co-existence of various technologica approaches (within thin
film and others, see above). However, some of the approaches fdlowed today may already die out,
because others have proven to be more viable.

Especially new and small companies are now more vulnerable than they would have been with the
market situation that existed two years ago. Start-up thin film producers are threatened by two
developments: decreasing availability of venture capital and decreasing raw silicon prices. Thus the
economic criss may trigger a phase of consolidation and we may see a series of take-overs and
mergers sooner than we would have expected two years ago.

Big business— and dower changes?

In technological innovations processes we often witness an “entrenchment” effect. Shifts from
established technologies towards new and better technologies are hindered by entrance barriers”’
Market share is an entrenchment factor, because the technology with the highest market share profits
most from scale effects.

So far this was not an important factor for the PV industry. The overall market has been small. It has
been possible to enter the market as a newcomer / with a new technology and growth rates could be
achieved to keep up with the general pace. Looking at thin film, currently there are many pilot plants
with just afew MW of capacity. After two to five years of piloting a next step with some 20 to 50 MW
could be envisioned.

! E.g. computer users do not necessarily choose Windows because they consider it the best available technology. Among
many reasons the large market share of Windows promotes the product. A benefit for usersis for example that compatibility
problems with other users are perceived to be lower than with other alternatives.
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Now, with a dramatically growing market, the picture will soon change. If 1GW PV-cdll plants are
being built, a new technology must be extremely superior to be competitive on a 30 MW leve.
Consequently the risk for investors to try and bring new PV technologies into market will rise with the
size of the overall PV market.

Thus, the faster the market grows, the more difficult it could be for new technologies to enter the
market, or to get to the point of competitiveness (with other PV technologies). This is of course not
only dependent on size alone, but also on how different the two alternatives are (e.g. substituting just
the cell and leaving the whole module production process unaltered would be less of a barrier than
fundamentally changing al production steps). Likewise, synergy effects from other industries (e.g.
display production) influence the innovation framework.

On this background it will be important who will invest in PV in the future? When will big Oil and
Gas companies realy make significant nvestments in the PV market was the question raised in
[Sarasin 2006])? And what would this mean for the PV markets? Would this lead to more centralised
PV power plants? What about players in other sectors? What will be the future influence of the
chemical industry? Will they restrict themselves to be materia providers or go for the whole value
chain? How about big players in the semiconductor business? Will they eventually buy-in to the many
new thin film start-ups? Which strategies will the (re)-emerging gants China and possibly the US
choose? A vast range of options exist and it is not possible to make predictions. However, it seems
amost certain that the investors in PV will strongly influence the fina products and the chosen
technology.

2.3 Market Segmentsand Support Mechanisms

Market segments

The structure of the future PV market could become quite important for thin film PV praspects. Thin
film PV cells show severa specific technical characteristics such as the possibility to create flexible
cells or a lower impact of ambient temperature on the efficiency. This could give them advantages
over crystalline silicon cells in certain market segments.

However, the structure of the future PV market is quite debated. How will the off-grid share develop
compared to on-grid solutions? How important will markets in devel oping countries become? How big
will certain “niches’ become (e.g. embedded power supply in appliances)? The literature analysed
does point out that dramatic shifts in market segments could happen. EuPD for example predicts a
collapse of large scale open space PV farms in established markets (Ger, Esp, Fr, It, USA) [EuPD
2009]. The EuPD study estimates distinctively different market share of the different technologies
(thin film vs. crystaline Si) in the different market segments (see Graph 2-5).
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Figuresrefer to newly installed capacity in the respective year for “ established markets’. Share of thin film (TF)
technologiesis highlighted in orange. Source: [EuPD 2009]

However, in most other studies which were analysed, market segments are hardly ever quantified;
drivers for shifts are rather loosely motivated but not strictly derived, and reliable long-term
assessments are missing.

Marketsin developing countries

According to [Sarasin 2005] the main market for PV in the mid to long-term future will be in
developing countries, mainly off-grid. Currently the main bottleneck to tap the off-grid market is
appropriate financing schemes (for very customers, who cannot bring up initia investments) and
business models (including low-cost maintenance concepts for remote areas).

Market support and policy instruments

It isstressed in all scenarios that PV market development strongly depends on political support for PV
and the introduction of respective instruments. However, hardly any implications are ever made
regarding whether different types of solar cells might benefit differently from specific market support
approaches or instruments.

Grid parity

Once the production costs of PV generated electricity are equa or lower than the consumer price of
electricity (so-caled “grid parity”), then private investors can build PV on their premises using the
electricity themselves and make an economic benefit without relying on support mechanisms.

It must be noted that grid parity is not an on-off process but will evolve gradually. Graph 2-6 shows
predictions for regiona distributions. In Europe this will most likely be the case first in certain
southern European countries with relatively high electricity costs.
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Graph 2-6: PV dectricity price (colour coding) vs. end-customers electricity costsin Europe for 2005 and 2020 projections
By 2020 in most of southern and central Europe “grid parity” could be reached.
Source: [Sinke 2006]

But even in regions where grid parity exists in principle a a certain point in time, it is not inevitable
that PV systems are being financed through this scheme. The willingness of the various actors to
invest into PV depends not only on the ratio of PV prices to eectricity costs but also on perceived
benefits and burdens (administrative barriers, lack of suitable business models, image etc.). It can aso
be assumed that the established electricity providers will develop counter measures to keep
competition low. A simple approach would be to charge high fixed costs (per month) with minimal
prices per eectricity (kwh) consumed. Thus, the development of grid parity will strongly depend on
policy, regulation, taxation and PV support schemes.

Consequently, successful business models based on grid parity will most likely evolve in smal niches,
e.g. for certain plant sizes, customers etc. — some of which may grow rapidly in size and market share
while others could be confined to niches.

24 Technology Assessment

Challengesfor thin film PV
Various scenarios and roadmaps refer to challenges which need to be overcome in order for thin film
PV to reach higher market shares. Most prominent are;

« dill ardatively low efficiency for commercial modules
» lack of standard production equipment; high costs and longer time to start-up production

« therdatively low yield in production related to the use of prototype equipment and qudity control
sysems gtill in use

»  expected module lifetime (poor image from the first, amorphous silicon products)

»  Safety requirements of some materiasin production (CIS, CdTe), availability and cost of materias
(Ga Ge In, Te)

» reduction of materia purity and materid yied

Learning curves/ Cost developments

Underlying most PV development scenarios are certain assumptions on cost reductions to be achieved
in connection to a growth of production capacity / size of PV markets. From historic data of market
development so called “learning curves’ have been developed to mirror cost reduction potentia for
various technologies.

Whether or not the factua development will stick to the predictions from learning curves approaches
will be decisive for the cost development of the various technologies and thus their respective market
shares. However, inside information which is fed into learning curve models and which discriminates
between different PV cell typesisrare and generaly not publicly available.
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In Graph 2-7 cost curve projections for various PV cell technologies are given. Costs are declining for
all technologies, but CdTe and CIGS are expected to reach lowest costs in a 2020 time horizon.
However, the apparently strong advantages of CdTe and CIGS in terms of cost per W, on module
level become extremely narrowed down if cost per kWh produced is compared. Our overal
conclusion is that in a short to mid term time horizon (10 to 20 years) there is no single “winning”
technology visible. In terms of levelized cost of eectricity (€/kWh) the differences are too small to
secure a clear leadership for certain cell types, unless further technological breskthroughs occur.

Figure 1: Sampling of summary results - module, system and electricity costs - for a 150kWp roof mounted system
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Graph 2-7: Cost projectionstill 2021 for different PV cell types[Deutsche Bank 2007)

Bottlenecks

As magjor bottlenecks for thin film development resource scarcity is named. This concerns especially
Indium for CIS cdlls, but dso other raw materias like Tellurium, Gallium and Germanium (see aso

chapter 1). Implicitly, labour capacity (skills, installation knowledge etc.) is considered a limiting
factor for PV market growth.

Competition by concentrated solar-thermal power?

After along pause there is a growing dynamic in the field of concentrated solar-thermal power (CSP).
Within the last few years severa new CSP plants have been built or are being planned, especidly in
southern Spain and northern Africa (see [Ragwitz, 2007] and [Richter, Teske, Short 2009]). The
technology has attracted strong attention stimulated by announcements of big German financia and
energy players who expressed interest in the Desertec concept (see [SZ 2009] and www.desertec.org).

If a significant capacity of concentrated solar thermal power plants was installed and magjor technical
breakthroughs were achieved in the next years, then this could lead to strong competition for PV on
the on-grid market in countries with high direct radiation. Eventually this could lead to a reduction of
support by funding schemes and research for PV in many countries (if CSP is perceived as the better
aternative). Globally such a development may even reduce the growth rate of the PV industry.
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25 Conclusion

Based on the literature research augmented with results gained in interviews and workshops, it can be
dated that it is not predictable which PV technology will turn out to be “the winner”. All have
potentials but also challenges to overcome.

»  Many experts and studies state the opinion that wafer-based silicon PV will be superseded by new
technologies, one branch of which might be thin film technologies. The main argument is that the cost
reduction potentia in sllicon PV istoo smdl. However, many new technologies to improve silicon PV
are been developed and tested. It is undisputed that wafer-based silicon PV will have alarge PV market
share for the next ten years and it is quite likely that wafer-based silicon PV will be on the market for
many more years to come.

« Thinfilm PV technologies (a-Si, CdTe, CIS) had low market sharesin the beginning of this decade but
are currently catching up again. Up to 2012 a market share of 15 to 20% could be possible. However,
faling raw slicon prices could dow down market share gains of thin film technologies and even lead
to ashort- to mid-term decrease in thin film market shares.

» Theexperiences with thin film production plants which are currently planned and built, will be
decisive for the further development. Consequently, with alonger time perspective, it is unpredictable
which thin film technology might win the race or if even dl technologies, which are currently pursued
will exigt in pardld.

It isamost certain that the PV market in 10 to 20 years will be dominated by technologies which are
at least in the demongtration phase today. Thus, concluding from the above, both wafer-based silicon
and thin film PV technologies are likely to have substantial market shares. However, with a 20 year
perspective it may well be that some of today’s thin film PV technologies will have died out or are
reduced to niche markets.

Consequently, for the scenario exercise, it is interesting to explore whether certain technologies are
better fit to serve specific market segments than others. In the light of the extremely fast shift from a
supply to a demand-oriented market, this assessment may be of interest for PV manufacturers both
from along-term strategic as well as a short-term marketing perspective.
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3 Sustainability Assessment and Resour ces

The following chapter contains the results of the sustainability assessment of the large scale
implementation of thin film PV technologies to provide an estimate for the absolute magnitude of
environmenta impacts. In the first part, the environmental impact of PV as arenewable energy source
is compared to conventiona energy systems. In the second part, the environmental impact of different
PV -Technologies is shown. Furthermore this chapter shows the demand for specific rare materials of
different thin film technologies and to which extent measures of material-effectiveness can lower the
demand. Finally the use of fluorinated gases in the production of PV is described to point out a crucia
factor influencing the overal climatic impact of thin film PV.

3.1 LCA Results

In a sustainability assessment of thin film PV, a renewable energy source has to be compared to
conventional energy systems. For this purpose the following figuresillustrate selected L CA resullts.
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Figure 3-1: Thin Film power plant compared to UCTE power mix [referred to 1 GJ] [ SENSE 2008]

The results of environmental assessment shown in the figure above underlines that, as a whole, the
environmental impacts (GWP’, AP, EP'® and POCP") caused by thin film PV-modules as well asthe
Primary Energy Use are definitely lower than those caused by conventiona energy supply systems
(UCTE power mix) **

The environmental performance of a PV-system depends on its application type (power plant, mobile,
building integrated etc.) and the solar radiation of the location. Nevertheless, regardiess of the
application type and location, thin film PV modules cause significantly less environmental burdens
than conventiona energy carriers.

8 WP: Globa Warmi ng Potential,

® P Acidification Potential

10 p Eutrophication Potential

" ocP: Photochemical oxidation Potential

12 cTE (Union for the Co-ordination of Transmission of Electricity) - average electricity generation mix of main European
countries, diesel generator etc.



IZT page 22

Moreover, the environmental impact differs significantly among the PV technologies. The following
table shows the specific environmental impacts of different photovoltaic technologies.

Thin-Film Implementation Scenarios

| mpact PV-Panel at plant Sour ces/

er kW Single-|Multi- | _ . [cdTe| cis | Ribbon- Dimension Abproach
PP s | s |®% Si PP
Climate change 18 13| 4,10| 409| 12 10| kg CO.-Equ. IGPV(\:/(I; igglz
Cumulative energy VDI-guideline
demand 355 264 66 73| 215 191| MJEqu. 4600
Egttéiﬁ);lcanon 9,2 72| 14 26| 38 5,5| g PO4-Equ. CML 2001
Aquatic ) IMPACT 2002+
eutrophication 24 L7| 011 021 04 19 POs-Equ. (Midpoint)
Acidification
potential 72 53 2| 3 44 42| g PO4-Equ. CML 2001
P;’;'f:g; of abiotic 132 101| 20| 46| 118 72| g Sb-Equ. CML 2001
photochemical CML 2001
oxidation potential 34 26| 11 12| 17 1.9 kg ethylene-Eq high NOx POCP
Stratospheric ozone 1. CML 2001.
depletion 6,6 6,1/ 01 03| 07 4,91 mg CFC-11-Equ. ODP 254
Human toxicity 74| 65| 37| 55 39|  51lkgla-DCB-Equ | MU EDOL
Human health 038 028| 011| 016 023  0,21|eco-Points ggoi';%amr

Table3-1: LCA Result of different PV Technologies[ECOINVENT 2007]

The table above shows the LCA results of the main environmental impact categories. The analysis is
based on data from standard production lines in the United States (a-S), Germany (CIS, CdTe) and
Western Europe (mc-, sc- and ribbon-Si). The time of data collection differs among the cell types.
Investigation starts 1997 and ends 2007. The data concerning the producing of aS panels were
collected from 1997 to 2005, production data of mc-, sc- and ribbon-Si-panels refer to the year 2005,
data of CIS-panels refer to the production period 1998 to 2007, respectively from 2002 to 2006 and for
CdTe-panels.

The table above shows very impressively how values of the environmental impact categories vary
between the different PV technologies. Especialy for the stratospheric ozone depletion and the
eutrophication potentia the spreads of the values between the sc-S and the a-Si are very broad. In the
other categories the values between sc-Si and the aS ill vary with a factor 2 to 7. In summary the
producing of sc-S-panels has the highest and a-Si the lowest environmental impacts with regard to the
analysed categories. Furthermore it can be seen that production of thin film PV panels is more
environmentally friendly than the production of wafer based PV panels. An exception is the depletion
of abiotic resources for CIS-PV -panels. Within the thin film technologies the picture is not very clear.
But in the most environmental categories considered, the production of ribbon-Si-panels has the
highest environmental impact of al. Exceptions are the categories human health, climate change, the
cumulative energy demand and, again, the depletion of abiotic resources. Here CIS-pand's have higher
values.

Beside these results of common LCA’s, the emission of fluorinated gases through the photovoltaic
industry emerges as an issue. [Photon 2008b] Fluorinated gases like CF,, C,Fs, SF6, NF3, CIF; and F,
are used by the photovoltaic industry for etching silicon wafers and cleaning the (PE)CVD chamber.
Because of their high global warming potential and high atmospheric life time, the emission of F-gases
from the module production can increase the overall climatic impact of thin film PV significantly.

Whether the use of F-gases has a significant influence on the overall carbon footprint of thin film PV
depends on the gas types used, the abatement system and its cleaning efficiency, the handling of the
gases and the circumstances of their production. The losses of Fgases are in most cases unavoidable
either for physical or economic reasons. e.g. there is no better selectivity of the synthesis process
available, no efficient separation process is known or investment in better separation cannot be not
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justified by the price of the product.

A possible approach is the use of on-site synthesised F, with an obligatory implemented back up of the
running abatement system. [UBA 2009]

Taking the market lit of the described scenarios (see chapter 5) into account, the environmental
impacts have a higher influence for the residential roof top and the building integration market than for
the commercia roof top and the green field market.

It seems more certain that the environmental impact has a higher influence on an investor’s decision if
the asset location is close to the living place of the investor. As well the scale of the investment has an
influence on the consideration d environmenta issues. The higher an investment is, the stronger the
role played by the economic conditions and environmental issues lose influence. This correlation
sustains the thesis that in the “Diversity Rules’ scenario the environmenta performance of a PV-
technology plays a more important role than in the “ Size Matters’ scenario.

3.2 Rarematerial

In the last few years the continuoudly increasing demand for photovoltaic modules has generated a
silicon supply shortage. During that shortage the price of solar grade silicon increased dramatically.
On the other hand this shortage provided an opportunity for thin film photovoltaic manufacturers to
enter the market with significant quantities. Since mid 2008 the shortage of solar grade silicon has
been more and more overcome by new production capacities and new production processes, but some
PV manufactures are still bound to long term supply contracts with high price conditions. Due to the
collapse of the market grow in 2009, the expanded capacity of module production and a rise of imports
especidly from China, the market situation has changed from a supply market to a demand market. As
aresult module prices dropped in 2009 (see Figure 3-2).

With the change of the market, the window of opportunity for thin-film PV seems to be getting
smaller, as the independency of thin film PV from the silicon feedstock is no longer as advantageous.

Beside cost efficiency and the potentiad to improve the production processes and the module
efficiency, the availability of rare material will become increasingly important. This is particularly true
for a PV market with decreasing module prices and a reduction of feed in tariffs.

However, the silicon shortage brought attention to material availability as a possible bottleneck for the
development of the photovoltaic market. Together with other emerging technologies thin film PV will
have a significant impact on the material demand of so caled strategic metals. These metals are
characterised by:

» Smadl globa massflow

» Produced as by-product of mgor metas

» Disspative use profile (small amounts of materid in mass products)
« Voldile price formation by demand or supply changes

« Utilisation competition with other emerging technologies

» Limited possibilitiesfor subgtitution

» Poor commercid recyclability

The following table shows thin film cell types, their demand for strategic metals and their resource-
economic skeleton data:
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Global

13
Cal type strategic | Requirements | Refinery Rezsgro\ée b 5%10%2\6%8
metals [t/GWp] Production It] It]
2007 [t]
CdTe Cadmium 100 20,800 490,000 1,200,000
Tellurium 44 300 21,300 47,300
CIGS Indium 34 563 11,000 16,000
Gallium 44 103 110 NA
Sdlenium 46 1,560 86,000 172,000
a-SiGe/GaAs Germanium 37 105™ 405 500
Dye-sensitised Ruthenium 01 40 6,000 NA
Table3-2: Thin film cell type and their demand for strategic metals

[Kautsch 2005, Falk 2006, Andersson 2000, USGS 2008, 2009]

Note that the data in the table above possesses high uncertainties. Reserve and reserve base are
strongly related to the current economic sSituation including prices, exploration, mining and finishing
technology. Furthermore the cell specific requirements reflect the current technology status. It can be
expected that the cell specific requirements will decrease as a result of technologica progress and
industrialisation of the cell production.

To assess the availability of strategic metals it is necessary to make at least a rough estimate of the
demand for strategic materials used by the different thin film technologies. Therefore three
quantitative scenarios from the NEEDS study are used to show the development corridors of the future
PV market in general and their technological differentiation.'” The following figure gives an overview:

13 Reserves—That part of the reserve base which could be economically extracted or produced at the time of determination.
The term reserves need not signify that extraction facilities are in place and operative.

14 Reserve Base—That part of an identified resource that meets specified minimum physical and chemical criteriarelated to
current mining and production practices, including those for grade, quality, thickness, and depth.

15 Only US-Refinery
18 2006

1 The NEEDs-scenarios disti nguish the market sizes of thin film, wafer based- Si and novel devices. To differentiate the thin
film internal technologies, the market shares from [SARAZIN 2009] about the year 2012 are taken and kept constant up to
2050. This manner contents high uncertainties. The adjust thin film internal technology market shares are; CdTe: 46%, a-Si:
39% and CIS: 15%.[Sarasin 2009]
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Figure 3-3: World cumulative installed capacity in genera according to three scenarios (left axis). Cumulative installed capacity

by technology to the realistic scenario (right axis)

Based on these scenarios the demand of different thin film technologies for strategic materials is
estimated.

To draw a differentiated picture of the future material needs estimates about the demand generated
from the content of the product and the demand generated from the production process to be made

Separately .

To get a better understanding of the impact of materia efficiency measures, estimates are made about
the reduced demand in the case of

» recycling of production waste,
» materia-effectiveness production and
» recycling of end-d-lifewaste

Furthermore the impact of combining efficiency measures and material needs is estimated. At the
least, the actua world primary production of the materials is shown to come to a rough estimation
about the future availability of the material.

To give amore dynamic picture severa assumptions are made:

» The product specific demand decreases by 10% per decade due to incrementa technologica
improvements

« Thecurrent materid yield of production processes is assumed to be 50% for dl cdl technologies
» Therecyding quota of production wadte is assumed to be 50% in 2010 and increases 10% per decade

« Thematerid yield is assumed to increase by 10% per decade due material-efficiency measures active
taken in the production

To estimate the impact of recycling end of life modules for the future material demand, the following
assumptions are made.
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Year Collecting Recycling quota
quota Indium Gallium | Selenium | Telurium
2007 10% 10% 60% 10% 80%
2010 10% 10% 60% 10% 80%
2020 25% 50% 70% 30% 85%
2030 50% 75% 70% 50% 95%
2040 75% 90% 80% 75% 95%
2050 90% 50% 0% 90% 95%
Table 3-3: Collecting and Recycling quotas of EoL-Recyclingto 2050

The values in the table above reflect different assumptions about the actua recycling situation, the
ongoing development of recycling activity, a life expectancy of 30 years and the value of the
materials.

The collection quota starts on a very low level because currently no end of life recycling is established
except for CdTe cells. Furthermore, there is not a sufficient amount of end of life modules as yet.

The recycling quota of Gallium and especialy of Telurium starts on a high level because both
materias are very valuable and recycling processes are aready established and practiced.

The results concerning the future demand of Indium to CIS PV are shown in the following graph:

1.000 - The different demand of Indium for CIS-PV to 2050 in the optimistic-realistic scenario -
and their upper and lower variation in the pessimistic and the break through case
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Figure 3-4: Demand of Indium to CISPV up to 2050

As the graph shows, the production of CIS-PV requires, in the redistic scenario, between a quarter to a
third of the global primary production from 2007. In the very optimistic scenario that share can
increase until 2050 up to nearly the double the actual primary production. Even in the case of
cumulative resource efficiency measures, CIS PV requires in the very optimistic scenario three
quarters of the refinery production from 2007. In the pessimistic scenario the Indium demand of CIS-
PV is very moderate and in all cases mostly less than 10%. But it has to be mentioned that CIS-PV
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stands in strong competition with other Indium consuming technology products. In particular these are
the LCD aswell as the white LED.

However, the graph shows that resource efficiency measures have a significant impact on future
demand for Indium of CISPV.

180077 The different demand of Selenium for CIS-PV to 2050 in the optimistic-realistic scenario

and their upper and lower variation in the pessimistic and the break through case
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Figure 3-5: Demand for Selenium from CISPV up to 2050

The effects caused by Sdenium demand from CIS-PV are less than those caused by Indium demand.
In all scenarios and timeframes, the demand does not exceed the primary production of Selenium in
2007. Furthermore the amount of Selenium produced is nearly triple that of Indium. Therefore and
because the Selenium is a by-product of copper, the supply can follow increasing demands much more
easly. Furthermore the usage profile as well as the production sites of Selenium are much more
diverse than for Indium. Particularly due to the latter, the supply can follow an increasing demand
much more easily. Nevertheless material efficiency measures can decrease the material requirements
significantly. In particular the recycling of production waste can have the demand. The recycling of
EoL -waste reduces the demand significantly only in the long term when a sufficient amount of CIS
Modules reach their life expectancy.
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The figure above shows dramatically how the weak availability of Gallium can be a key bottle neck of
the broad market implementation of CIS-PV. From the year 2030 in al cases of the redlistic and the
very optimistic scenario, the demand of Gallium from CIS PV exceeds the global primary production
of 2007. In the very optimistic scenario the process demand will be more than 6 times higher than the
primary production in 2007. Furthermore the relatively small production volume of Gallium makes an
increase of supply more difficult even if the production sites of Gallium geographical are well diverse.

Because of the very high price and the aready existing recycling facilities, the recycling of Galium
from production and EoL -waste is a highly recommend material efficiency measure.

4.000

The different demand of Tellurium for CdTe-PV to 2050 in the optimistic-realistic scenario
and their upper and lower variation in the pessimistic and the break through case
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For a broad market implementation of CdTe-PV the availability of Tellurium can be akey constraint.
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As shown in the figure above, from 2020 the demand for Tellurium from CdTe-PV exceeds the
primary production line of the year 2007 in &l cases of the realistic and the very optimistic scenarios.
In 2030 and 2040, even with cumulative efficiency measures, we are not able to reduce the demand
under the production line of 2007. In the very optimistic scenario the process demand is 6 times higher
than the worldwide production output of Tellurium in 2007. Furthermore it has to be realised that with
the current consumption profile over 80% of the Tellurium is consumed by iron and steel applications
and the chemical industry. Similar to Gallium, the recycling of Tellurium is aready very common,
mainly because of the high value of Telurium. To overcome the certain congtraints of CdTe-PV
material, efficiency measures have to focus mainly on the recycling of production waste.

In summary the availability of strategic materials can be a serious constraint for the broader
implementation of thin film PV. Particular the increasing demand for Indium and especialy for
Gallium can handicap the market grow of CIS-PV and the rising demand of Tellurium can limit the
market share of CdTe-PV. Materia efficiency measures can have a significant impact to reduce future
demand and help to overcome material constraints and are therefore strictly recommended.

Core elements of amain strategy to improve the material efficiency are:

» Minimising the material demand of the product

» Maximisng the materid yield in dl steps of the production process
» Maximisng the input to recycling process

« Maximisng the materid yield in the recycling process

3.3 Conclusion

The environmental assessment underlines that the environmental impacts caused by thin film PV-
modules and the Primary Energy Use are definitely lower than those caused by conventiona energy
supply systems. Compared to wafer based PV panels the production of thin film PV panels is more
environmentally friendly with the exception of the depletion of abiotic resources by the production of
CIS-PV-pands. In comparing the thin film technologies, the picture is not very clear. But in most
environmental categories considered, the production of ribbon-Si-panels has the highest and a-Si the
lowest environmental impacts of all thin film technologies with regard to the anaysed impact
categories

Concerning the availability of rare material, the assessment underlines that a growing use of thin film
PV will have a significant impact on the demand for strategic metals. In particular, the market for high
purity metals in semiconductor quality will grow in order of one to two orders of magnitude. With a
mass roll-out of thin film PV cdls, the security of material supply in mid and long term will play a
crucia role. Furthermore the demand effect of thin film PV will have also a significant influence on
the prices of the materias. A crucia influence on the prices of semiconductor materials will come
from competitor markets like micro-electronics which are more resistant to price fluctuations.

Mogt likely is an overhang of demand for galium and indium from CIGS-cells and tellurium from
CdTe-cdlls. If the supply can not satisfy these keen increases of demand, the material availability can
be a serious congtraint for the thin film technologies involved.

Therefore activities to mprove the efficiency of materia use are highly recommended. Measures
relating to efficiency of material usage should include the reduction of the material content in the
product, maximising the material yield in the production and the recycling of production waste as well
as end of life modules.
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4 Thin film Potential in Key PV Markets

In this chapter the characteristics of the various PV market segments are analysed. The underlying
assumption is that specific requirements exist so that one product does not necessarily perform best for
all applications. The key indicator of performance for a PV system is of course energy yield per cost
(kWHE) or for simplicity reasons kW,/€. However, system cost may vary for different PV
technologies in different market segments. And more importantly, we assume that other factors may
influence customer choices — if the difference in KWh/€ stays within reasonable margins. Thus, in this
chapter, the key requirements (performance indicators) for four archetype PV market segments are
characterised:

» Large-scae (ground mounted) PV farms
Large (>> 100 kW) PV indalaions on previoudy not built-up aress.

» Roof top ingdlations
PV modules are mounted on roofs of buildings (grid connected). This would include standard flat panel
modules as well asfoil type modules which could be rolled out on flat roofs. This segment could be
subdivided into two sub-segments:. large roof top ingtalation on flat roofs and smal scde ingtdlations
(< 10 kW) with alarge share of pitched roofs.

« Building integrated
The PV module is an integrated part of the building envelope. Facades are atypica example. We
would aso define PV roof tiles as building integrated.

» Off-grid
The consumer is not connected to alarger eectricity grid. The PV system isastand adone solution (e.g.
Solar Home System) or part of amicro grid. Markets would be in remote areas or in developing
countries.

There is another market segment: Consumer Appliances and Pervasive Micro Applications. This
comprises small scale appliances like mobile phone chargers or products in which small PV modules
already embedded (watches, pocket calculators etc.). This market could grow in the future and it may
be a substantid market in terms of profits. It furthermore poses quite specific challenges (e.g.
dissipation of electronic goods / recycling strategies) and needs to be considered in sustainability
analyses of PV products. However, it will not be analysed further in this study as the overall market
size (in MWp) was considered to be marginal within a 20 year time horizon, at least in comparison to
the other four markets.

4.1 Large-scale (ground mounted) PV farms

In the market segment of large-scale, ground mounted PV farms the key indicator is the system cost
per KWh produced or for simplicity reasons costs per W (including: modules, wiring, mounts,
inverters etc.). Efficiency is not a decisive factor, as space of the system is generally not the limiting
factor. However, efficiency impacts beyond the module costs by wiring and mounting costs. Adding to
the system costs are mounting costs (labour and material) which need to be reduced. Self cleaning
module surfaces help to increase the electricity output, without creating high maintenance needs.

It has to be noted that the energy yield (in kWh) is not always proportional to the W, characteristic of
the module (full light behaviour etc.). This difference can impact quite heavily for large-scale PV
farms. Therefore it can be assumed that better estimates of on-site performance (beyond the W,
indicator) will be used in the future to base technology choices on.

The net energy yield (energy output of the module over life time minus energy used in production of
the module) could become an increasingly important factor for large-scale PV systems for the
following reasons. It can be assumed that within the next 10, may be even within the next 20 years or
longer, large scale PV systems rely on some sort of support scheme. The reason is that they have to
compete against production costs of other large power plants, while small scale PV systems have to
compete only against consumer prices. The minima long-term support scheme would be carbon
credits in a CO,-emission trading scheme. But with a short to mid-term perspective, large scae
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systems will only be implemented with massive public support or within a strong beneficial regulatory
framework. Asthe intention of this support is CO, mitigation, it is very plausible that support schemes
in the future could encompass the net CO,-reduction (or net energy yield) as one indicator which
defines the support level. Thus PV technologies with high net energy yield could have an additional
advantage in large scale systems.

Large-scale (Ground mounted)

Highest Importance
of requirement for
market penetration

Low cost/ Wp

Other important

issues:
* Simple/fast

mounting Energy yield
* Self cleaning

surface

Match inverter

characteristics

Long lifetime Strong difference
between technology
types
Graph 4-1: Key requirementsfor PV technologiesto enter market segment of large-scale (ground mounted) PV farms.
Assessment of importance and differences between technologies was given by participants of the scenarios workshop

[Athlet WS 2009]

In genera thin film technologies have advantages in the market segment of large scale (ground
mounted) PV farms. Cost (per W, or kWh) are more decisive than efficiency. Currently CdTe modules
seem to be leading in terms of cost per W, and the respective prices and is aso performing well with
respect to costs per energy yield (€/kwh) due to its full light behaviour. Other thin film technologies
have good mid to long-term perspectives (see Graph 2-7). In terms of net energy yield, amorphous
silicon and CdTe modules currently often have best the performance indicators (see

Table 3-1in chapter 3) depending on system and location characteristics.

4.2 Roof top applications

Roof top markets for PV modules show two very specific characteristics: 1) the space which is
available is limited and 2) the static and construction properties of the roof restrict mounting options.
Consequently the efficiency of the module (Wp/n12) becomes a very important factor (assuming that
the costs per W, of the alternatives are within reasonable ranges) in order to maximise the energy yield
on the roof.

Furthermore there is a demand of low weight and easy to mount modules. Low weight is crucia for
certain building types, especidly for retrofitting of PV systems on large flat roofs of commercial and
industria building. Here the static properties of the roof often do not alow ingtalation of heavy PV
modules. The mounting itself can aso be difficult. Screwed or bolted-on mounting solutions may
cause difficulties with rain water leakage. Weight based solutions are limited to roofs with strong
dtatic properties. Consequently, light weight modules are generaly favourable for roof top installations
and would be a very competitive option in specific sub markets. Low-cost mounting solutions profit
from standardisation of modules and corresponding mounting components.

Aesthetics and design questions could be an issue in individual projects/ applications, but this reaches
already into building integration and is described in section 4.3.
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Roof-top
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Graph 4-2: Key requirementsfor PV technologies to enter market sesgment of roof top applications.
Assessment of importance and differences between technol ogies was given by participants of the scenarios workshop
[Athlet WS 2009]

In terms of efficiency, wafer based silicon technologies currently have strong advantages over thin
film technologies — and most likely will continue to do so in the mid-term future. Thus, unless thin
film beats aternatives heavily in price, the low efficiency is a strong disadvantage in this market
segment.

With respect to low weight modules, the most important factor is the encapsulation. Glass based
solutions are generaly heavy. Low-weight aternatives could be PV-foils, which then would not even
need heavy mounting gear. Although low-weight encapsulation techniques could be applied to awide
variety of PV cell types, thin film technologies have specific advantages in this field, bendability being
one of them. The technologica chalenge is to develop low-weight, low-cost encapsulations with long
lifetimes.

In conclusion it can be said that the low efficiency poses a disadvantage for thin film PV in roof top
markets and would need to be compensated by attractive prices. Low-cost and low-weight mounting
options could help to secure at least sub-market segments.

4.3 Buildingintegrated systems

For building integrated PV systems the most important requirements are functionality and design of
PV modules. In terms of functionality the modules have to be easily mountable in the building
envelope. Furthermore they have to satisfy building specific demands (in addition to being an
electricity generator): insulation, water resistance, sound absorption etc.. Consequently the modules
have to be designed to fulfil common standards and norms of the building sector. Furthermore,
manufacturers have to specify (e.g. in module leaflets) standard building material characteristics (e.g.
fire resistance) for their modules so that planners can fulfil declaration obligations.

The aesthetic requirements are difficult to specify, being highly subjective. Many are linked to

functiona requirements. sizes and shapes need to fit the proportions of the building. Thus, flexibility
in design is definitely a key advantage in the market segment of building integrated PV. Bendability of
cells could be beneficial for non-flat plate uses. This however would be a high quality / high price
market. With respect to the optica appearance of the modules the colour itself may not be as decisive
as the overall visible structure — e.g. heterogeneously chequered versus homogeneously uniform.

Trangparency and shading ability could be other important features of building integrated PV modules.
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Graph 4-3: Key requirements for PV technologies to enter market segment of building integrated systems (e.g. facades).
Assessment of importance and differences between technologies was given by participants of the scenarios workshop
[Athlet WS 2009]

The above stated requirements refer to the PV module. Some of them are rather independent of the
respective cell type (e.g. noise absorbance, water resistance). Module manufacturers have to fulfil
these requirements if they want to tap the market of building integrated PV. But there are no
advantages or disadvantages for thin film over crystalline silicon PV technologies.

For other requirements there are dramatic differences in what the various cell technologies could
contribute. However, the experts we consulted had highly controversial views on which technology
performs better in building integration:

« Thinfilm modules can in principle respond best to design requirements (Sze, shape, bendability,
homogeneity). However, the foreseeable improvements in the production processes (increasing
autometion, optimising production parameters for high efficiency and low materia use/ costs)
contradict flexible solutions since cell production is insgparable from module production for thin film
technologies. Consequently flexibility in design will amost certainly result in higher costs, higher
materid use and/or losses in module efficiency unless cell and module production are separated into
independent processes.

» Theproduction of crystaline silicon PV cdllsis independent from the module production and can thus
be optimised separately. In this respect the production of wafer-based PV modulesis more flexible
regarding shapes and sizes. Higher costs stem only from adaptations in the module production, not the
cdl production.

As a consequence we consider it likely that in a scenario with high share of building integrated PV
(e.g. Diversity Rules scenario, see chapter 5.1) this market could split into three sub-segments:

« Highly slandardised products
With standard sizes and shapes— Thin film products could gain asignificant market share here, as
efficiency would less decisve than design options like colour and structure.

» Fexibleszesand shapes
Under the aesthetic paradigm of ,,making PV visible® in shelter and (semi-transparent) shading
elements, wafer based silicon PV could gain mgor market shares in this sub-segment.

»  Specidised designer products
The high-end market of building integrated PV could possibly be an attractive niche for very
specidised thin film producers. Both costs and energy yield would be secondary to the very specific
design requirement of largely tailor-made PV modules.
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4.4 Off-grid applications

As off-grid applications we define relatively small systems (however, > 10W,) which are not grid
connected. One mgjor market could be village power supply in developing countries where previousy
no electricity grid existed. In this segment, off-grid solution would encompass both stand alone
systems (e.g. solar home systems) as well as micro-grid solutions (e.g. power supply for one village).
Additional markets are very remote areas in industrialised countries (e.g. individua houses in remote
mountain regions), consumer applications (e.g. caravan or boat) as well as remote commercid

applications (e.g. power supply for telecommunications).

This market segment in itself is rather inhomogeneous. The individual sub segments could develop
very differently. The market development of consumer and commercia off-grid applications will
largely depend on the technical and cost development of PV. For off-grid solutions in developing

countries, the bottleneck is not the PV technology itself, but rather appropriate funding and
mai ntenance schemes.

Off-Grid
Highest Importance
of requirement for
market penetration
Reliability of
performance
Other important
issues:
Physical
robustness Cost/ Wp
e Cope with

hostile
environments

Storability and Low weight | strong difference
mobility between technology
types

Graph 4-4: Key requirementsfor PV technologies to enter market segment of off -grid applications (e.g. Sola Home Systems,
independent micro grids).
Assessment of importance and differences between technol ogies was given by participants of the scenarios workshop
[Athlet WS 2009]

The most important requirement for off-grid solutions is the reliability of the system. It has to be
physically robust, be able to cope with hostile environments and must function with minimal on-site
maintenance. Once reliability is ensured then costs per W (or kWh produced) become the next
decisive factor. Low-weight solutions are a rather marginal requirement for most sub-market
segments.

The potential for the different PV technologies to enter this market are very similar. Reliability of
performance is key — however, there is no significant differences between the different cell types
visble today. A life-span of more than 20 years does not seem to be a key performance indicator for
most sub-market segments. The different energy behaviour of the various PV technologies was not
seen as a decisive discrimination factor by the experts involved in this scenario process. It was
expressed that for the vast magjority of applications in this market segment W, would be an appropriate
indicator. Consequently, thin film technologies could gain important market shares in this segment if
cost reductions were achieved.

It needs to be stressed that the off-grid market in developing countries (including China and India), isa
strongly politically driven market, which, for many years to come, will largely be influenced by public
support or framework conditions (e.g. rura eectrification programs, concession areas for PV-
electrification). Consequently, it is quite likely that certain devel oping countries may ask for high local
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content of the PV systems installed. Especially countries with strong state regulation may do so. If this
was the case then a separation of cell and module production could be beneficial to enter the market.
The reason is that is possible and reasonable to manufacture modules locally. However, most countries
with high potentials for off-grid applications are not suitable for a large, efficient and reliable — high
tech — cdll production. Thisis obvioudly not the case for China and India, but may well be the case for

most African countries.
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5 Two Scenarios

Within Athlet two scenarios were developed, which describe the structure of the PV market in 20
years qualitatively. The scenarios were built, based on an anaysis of key drivers which shape future
PV markets (for details on the methodology, see chapter 7). In this chapter the two scenarios -
Diversity Rules and Size Matters - are presented in the form of newspaper articles written in 2029. In
section 5.3 the two scenarios are compared to each other and key commonalities and differences are
highlighted. Section 5.4 assesses the potential for thin film technologies within the scenarios.

5.1 Diversity Rules

EUROfacts — online feature, 24.11.2029
Global voices on key technologies No.11 — Solar Energy

“The United Arab Emirates are an exception globally when it comes to solar energy. We use
both Photovoltaics and CSP (oncentrated solar-thermal power — large arrays of mirrors
concentrating solar light to produce steam which conventional steam turbines use to produce
electricity). In most other regions of the world it is either/or. “You have so much sunshine’ is
what people normally say and it is true: You need a lot of direct sunshine for CSP, which you
do not have too much in Europe or the northern parts of the US. But in my view, more
important is the demand. With a lot of solar electricity you do get nasty over-supply peaks
during the day. Differently here in Abu Dhabi — there is an excessive cooling demand during
the day. Abu Dhabi didn't do well enough on efficient cooling and climate effective building —
which is great for the solar business, but actually a shame.”

Leila Mernissi is a professor at Masdar University, free lance consultant for large solar
settlement projects internationally and a board member to the International Renewable
Energy Agency (IRENA) in Masdar City.

“If you want to give an overview of electricity from solar, you have to distinguish regions
where the markets developed very differently. In the southwest of the US it is CSP. In the
urban agglomerations of the US coasts it is photovoltaics. In Europe, being densely
populated, the market is almost totally dominated by small to medium sized PV systems on
houses. In my home country, Morocco, there are large CSP power plants in the desert that
feed into the national grid - to supply the cities. And soon we will export to Europe big time.
That is, if they finally come to an agreement on the high voltage connections. In Morocco PV
is something for the small villages. There are still many of them not connected to the national
electricity grid. Currently, many villagers start upgrading their old stand-alone solar home
systems and connect them into micro grids. Apart from that there is hardly any PV — city
houses have solar water heaters. We used to have a feed-in tariff for PV, but with the uptake
of CSP plants, the law was dumped again. The market situation for solar in fact is pretty
much the same as in China — PV is used for off-grid applications and some big CSP plants in
high irradiation regions — however, the market size is a little bit bigger in China compared to
Morocco.” Ms. Mernissi adds with a smile.

According to the 2029 IRENA PV Status Report, almost 50% of the world PV market goes
into roof mounted applications. Another 15 — 20% is building integrated, in terms of facades
etc. The remainder is almost exclusively off-grid and mini-grid installations mainly in rural
areas of developing countries. Large solar farms are niche market today.

“That is of course directly linked to the breakthroughs in CSP.” Ms Mernissi continues. "Who
would want to build large PV farms if you can do it cheaper with concentrated solar power?
Let's be honest here, there is direct competition between the technologies — at least in
regions with plenty of land and direct sunshine. CSP has the advantage that you can store
the heat and produce power also at night time - and in fact efficient storing systems were an
important factor to make the technology competitive - but still, the more power you can sell
during the day, the better your return on investment. So in regions with a large share of CSP
electricity, you normally do not have too much Photovoltaics.

PV power on the other hand is best, when it is produced close to the user. | saw Europe for
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much too long supporting large, green-field PV-farms. Which was fine at the time, | guess, to
give the solar business a jump start. But you almost missed out on the real market. |
remember when the Masdar Initiative really took off: when they signed their first contracts to
develop a dozen solar settlements in Arab countries. All of them were holistic sustainable
energy concepts. PV was an integral part of it — masterly embedded in the housing concept. |
had been studying in Zirich at the time. The Swiss had been very good at research on
building integration of PV. But the rest of Europe? And then, in the early teens of the century:
within two years all the major PV countries twisted their support schemes. PV on buildings
received massive support. In Europe this was backed by European regulation for the
electricity markets. Someone must have pulled the threads behind the scene masterly to
make this happen. In 2015 the last feed-in tariff had been transferred to a “grid-parity
enabling scheme”.

But off-course not all of it was politics. Looking at the solar industry | must say it really grew
smart in the last two decades. | remember in 2010 there were hundreds of modules on the
market — all dull, square modules, but not two of them had the same size, voltage or output.
Standardisation was nil at the time! It took some time before the industry did their homework,
before they even realised that they too had to play according to the rules in the buildings
sector. But look at the products now: Well established standards — sizes for examples. As an
architect you can plan a solar fagade, knowing that there are different standardised products
from several producers to choose from. Can you imagine, 20 years ago, you would have to
decide on the PV-module before you could plan the facade of your house — or buy expensive
tailor-made solutions — ridiculous!

Today you have a wide variety of PV-products, which truly differ in functionality: Low-weight
and low-cost foils for flat roofs. Roll them out, plug them in, ready! Some of them are so easy
to dismantle that it pays off to have them on the roof only for 6 years — knowing that you can
take them down and resell them afterwards. Ideal for industrial buildings with fast changing
uses. PV had an enormous breakthrough after sensible standardisation. There are for
example a wide variety of fagade products: flexible, coloured, semi-transparent, water-proof,
sound absorbing, shatterproof — you name it — all of them with well specified characteristics
according to buildings norms — architects paradise! But even if you look at “common” square
modules, there is an established standard™® of seven common modules, with specific sizes
and output ranges, frames and hook points. For some of these common sizes, you would
find modules from as many as eight different producers and could mix them within one PV
system and it would work! But in addition to that there are of course, what they call optimised
output modules which differ from company to company — some very efficient with respect to
size (kWhg per m?)™ others focus on revenue per investment cost (kWhg per €) only. The
choice of the costumer then could strongly depend on the purpose of the system (e.g. share
of self-use vs. selling to the grid) and the availability of roof space.

What will be the key challenge for PV in the future? Well, it always was cost per kWh
produced. Environmental performance became also important, mainly energy yield. For the
future? There are different opinions, but | see the race for efficiency, thus kWh per square
meter still to be the biggest issue. Let’s chat on this in 20 years again!”

18 The IRENA S892 norm defines key properties for fixed frame square PV modules. A series of seven “interchangeable’
modules with very strict specifications is defined with in the norm. These specifications are defined by industry
representatives in IRENA’s PV producers forum and adapted every five years — thus the current 2025 series will soon be
replaced by the 2030 series of the norm.

19 The 2016 established kWhg standard defines the expected yearly energy yield of a PV module based on four
characteristics: direct and indirect radiation, air temperature and wind speed. 26 so caled “globa archetypes’ of factor
combinations are defined and the world is classified in archetype regions (The index “R” refers to these regions). Thus, a
reasonabl e estimate of the expected energy yield per year can be obtained by multiplying the kWhg value of the module with
thelocal annual radiation index.
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5.2 SizeMatters

EUscience, 24.11.2029

“What ever happened to...?” Tracing urban myths - feature of the month

“Grid parity?” Guiseppe Vendetti allows himself a very ironic laugh. “Grid parity? Yes, |
remember it very well! The solar-buzz-word at the beginning of this century. | am amazed
you still remember this term — nobody dares to use it anymore. So many hopes and
unrealistic dreams — and business plans in fact — were connected to that PV-paradise on
earth: grid parity.”

Shaking his head in amusement he continues: “Now, in retrospect it is of course obvious that
it would not work out that easily. But | am amazed that so few dared to doubt at the time. |
guess it was too promising: Once the cost of PV generated power is cheaper than what
private households pay for power from the grid — then everybody would buy PV systems like
mad — no more support needed.” But wasn't it obvious that the power producers would not
like this? Wasn't it obvious that they would not just sit and watch that market developing
around their backs? | guess the solar community did not dare to be critical in order to avoid
scaring off their investors — and forgot to secure the political support grid parity would have
needed. As you know, the PV market grew tremendously in the &st few decades, but
definitely not from grid parity.

Guiseppe Vendetti is the manager of an energy service company based in Milan, Italy, which
specialised in PV power plants. The company, SolVeni, plans, builds and runs solar systems
on the roofs of industrial buildings and premises of private companies. SolVeni cooperates
with Decarbonate, an international investor which specialises in carbon emission trading and
CO,-emission reduction projects. Decarbonate finances and owns the PV systems. The
owner of the premise where the system is built has a long-term contract to buy the solar
power produced at a fixed price, which is lower than the cost of electricity from the utility.
Grid parity!

“Sure, if you look at what we are doing, you could call it grid parity.” Mr. Vendetti continues,
“pbut the point is that this is a niche market. Look at it this way: The overall PV market grew by
a factor of 100 in the last 25 years. We will reach more than 60 GW , newly installed capacity
globally this year. It is amazing! And | am not complaining, Solveni is making a good living
out of it! But the big PV market is that of large-scale solarfarms.

| guess the US was leading the way — and the situation is much more extreme over there
than here in Europe. Some states had been playing with quota systems that basically forced
the energy utilities to have a certain share of solar power in their portfolio. 1 would have
always guessed that CSP (concentrated solar-thermal power) would win the race, but it
never really took off economically. In a critical transition period the support schemes were
favourable for PV — as it was considered the true long-term option to develop.” China joined
in shortly after the Johannesburg treaty was signed. They promoted it as climate protection,
but to me it was always clear that they wanted to build a home market to promote their PV
industry in the light of the 08/09 economic crisis — and large scale PV farms fitted better than
anything else with the five-year-plan thinking at the time.”

Currently the biggest market for Photovoltaics world wide is the United States. Here the so
called “green field” installations — which to a large extent are built on brown desert soil —
contribute almost 60% of the solar power generated in the US. The remainder comes mainly
from PV systems on large flat roofs like shopping malls and industrial buildings. Shining solar
roofs on small private homes are seldom seen in the US.

“We traditionally have a different market structure for PV in Europe”, Mr. Vendetti explains.
“We have less space, so roof tops are a natural option. Twenty years ago, some countries
like France even put a heavy emphasis on supporting building integration. | think, the turning
point was when EPIA announced its ambitious targets — | remember well, it must have been
2009 or even 2008: 12% PV power in Europe by 2020 — | was struck by lightning! And so
were the big utilities. PV was not peanuts anymore: No longer relegated to micro niches but
something to have a closer look at! The power producers feared to lose peak time market
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shares. And grid-wise: if this growth had come from grid parity — who would pay for the costs
connected to the grid? So some utilities came up with flat rate offers — just like in the
telephone business — 4000 kWh per year for a fixed price. The European Commission ruled
that out after some time — it did not fit with the energy efficiency policy. But the scene was
set: high connection fees, minimal prices per kWh consumed. That killed grid parity in ltaly
over night.

Do you remember all this talk that solar would bring big changes in the energy business —
democratic utopia: everyone produces the energy they need themselves — big rubbish. And
on the other side it is funny to see that the big power producers actually fought renewables in
the beginning. It took them some time, but then they realised that they could be part of the
game. So they turned around and said: ‘Look at us! We are the real green guys! Heavy
investments in off-shore wind and a big fuss about solar power from northern Africa — as you
know, most of the plans were quickly dropped when the Maghreb turmoil started. | would not
have invested in Morocco or Tunisia at the time. And finally they said: ‘We’ll do PV big time —
just like in the U.S.’

Today it has become an industry of large players. Looking at the manufacturers, the market
is totally dominated by the ‘big six’. Between 2010 and 2020 we saw a tremendous series of
mergers. All the small companies and new concepts were bought up by the big ones. Large
industrial dayers: semiconductor giants, utilities and few gas and oil multinationals have
formed strategic alliances. Consequently production shifted to Asia. Manufacturing
standardised mass-products is just not competitive in Europe or the US. Size matters was
the credo and kW, per $ was — and still is — all that counts. It's funny to think of architects
dreaming of PV facades in all different colours 30 years ago. PV is a grown-up industrial
product that fits the needs of the energy sector: reliable and climate friendly power.

Looking at my company, SolVeni, we are one of the few small players in this business —and
have been for decades, with good profits. So as a businessman | am happy. But more
importantly 1 am also a green idealist. The important thing dways was that Photovoltaics
would take off fast enough to make the world fit for the coming solar age. And we are on a
good path.”
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5.3 Two Scenarios— Brief Comparison

The two scenarios “Diversity Rules’ and “ Size Matters’ sketch two possible futures of photovoltaic
market developments within a 20 year time horizon. The scenarios were built based on an assessment
of developments/drivers that impact future PV markets. The key drivers to frame the scenarios were
chosen in such a way that the markets show different opportunities for thin film PV vs. crystalline
silicon PV (for the methodology of the scenario construction see chapter 7). Thus the scenarios
describe two markets which differ with lespect to their structure. They do not — as most other
scenarios do — differ with respect to their size, but they describe qualitatively in which applications /
market segments photovoltaics are used. In fact, fast growth or sow growth versions of the two
scenarios could be constructed.

0 Public funding and regulation focuseson 0 Government hands responsibility to utilities
building related applications (specia feed- through quotas and renewable obligations
in tariffs) o Utilitiesand big investorsgo for large scale

0 Grid parity ismain financing scheme projects

0 CSP high (technologica breakthrough o CSPlow little cost reductions, still only
including efficient heat storage systems, demonstration projects

growing merket size) ® Green field and large roof top applications

® Building integrated and roof top dominate PV market
goplications dominate PV market

Table5-1: Key characteristics of Athlet scenarios

The key drivers and main features which are juxtaposed in the two scenarios are summarised in

Table 5-1. The starting points are funding and financing schemes for PV — and here again not the
overal magnitude but structural features which also include the question of who the key players are,
and who will invest in and use PV systems. Concentrated Slar-therma Power Plants (CSP) were
considered to be a likely competitor whose impact would be quite different in the different market
segments (large-scale PV farms vs. small scale & roof -top gpplications).

Market size

Many scenarios use market size to discriminate possible future developments. In the [Needs 2009]
scenarios for example, market size is strongly linked to technological development (stronger
innovation provides lower cost which leads to afaster growing market). Consequently, in the NEEDS
scenarios the shares for the various PV technologies differ with market size (see p. 14). This scenario
exercise however, aims to illustrate that ndependently from different market size trgectories, the
opportunities of crystalline silicon versus thin film technologies can also be substantialy different,
based on other developments which shape the PV market structure.

As pointed out above, the overall PV market sizeis not a factor used to discriminate between the two
scenarios. In contrary the market sizes are assumed to be similar. Both scenarios assume constant and
substantial growth of PV capacity being installed. In the current form they would be in line with the
SEE scenario developed by [Krewitt 2005] — see also

Table 5-2. Note that the figures given are input to the scenarios and not output data of our analysis!

2008 2020 2030
annually installed capacity (GWp/ a) 5.6 30 60
cumulated capacity (GWp) 15 200 780
Table5-2: Assumed PV market size and total installed capacity up to 2030

Status data 2008 according to [EPIA 2009]. Projections according to SEE scenario in [Krewitt 2005];
see also page 10.



Thin-Film Implementation Scenarios IZT page 41

The key features of the scenarios would be robust on a wide range of market size scenarios. Thus, high
growth or low growth versions could be constructed with very limited changes. However, it has to be
noted that there are limits. Both extremes — minimal growth as well as maximum growth — are not
compatible with the storylines. In this respect it has to be pointed out that the scenarios are not
compatible with the EPIA goal of reaching 12% PV power production in Europe by 2020. The EPIA
god is linked to a mgjor paradigm shift with joined forces of al actors which leads to a dramatically
fast and smultaneous exploration of al market potentials. This is obvioudy not the case in either of
the scenarios.

Economic I mplications

Generaly cost for PV power is linked to marked size — following the reasoning that scale effects bring
down prices. In the Athlet scenarios the market size is assumed to be equal. Still we would see distinct
differences in the economic parameters:

» CodsperW,
The codts per W, of the PV system (including, mounting, maintenance & end-of life) is generally
higher for small scale systems on roofs or building integrated compared to large-scae systems on green
fied ingtalations. Consequently the average cost for PV power (€/kWh) will be lower in the scenario
Size Matters.

« Avoided System Cogt
From the perspective of cods for the whole energy system, the scenario “Diversity Rules’ could reduce
grid codts as the decentralised production of PV power on buildingsis closer to urban demand centres.
However, thisis not necessarily the case. The development of asmart eectricity grid and optimised
grid extenson planning would be prerequisites to achieve substantial grid cost reductions.

« Loca Content
In the scenario “ Size Matters’ production of PV modules will be extremely standardised and most
likely aso strongly centraised. It can be assumed that the current “ shift to Asa’ of PV production will
be accelerated in this scenario. A significant share of the cast reductions achieved in this scenario is due
to aminimisation of loca services (e.g. ingalation and maintenance). In contrast the scenario
“Divergty Rules’ implies alarger share of loca content in the system codts. The production of
modules could to alarger degree be close to the market, especidly for the market segment of
customised solutions. Consequently there could be alarger share of PV module production in Europe
inthe “Diversty Rules’ compared to the “ Size Matters’ aternative.

It is beyond the scope of this study to quantitatively weight the above factors against each other.
However, we consider it to be possible that gains in the field of avoided system costs could balance
the losses in the costs per W, of the PV installation. From a pb creation perspective we consider it
likely that the “Diversity Rules’ scenario is beneficial for Europe. In conclusion, we estimate that the
economic benefit for Europe could be comparable in both scenarios, given appropriate framework
conditions — an adequate establishment of a smart grid and a consequent strategic grid optimization
being one.

5.4 Thin film potential in scenarios

In the scenarios market shares of the different possible PV cell technologies are — purposely — not
mentioned. The scenarios describe the market segments and leave it open, which technology may be
more apt to respond to these specific demands. Consequently, the design of black and white scenarios
(e.g. “Thin film Paradise” versus “Thin film Doomsday”) was avoided. Instead thin film technologies
have potentia s in both scenarios. Whether these can be tapped — or are |eft to competing technologies
— strongly depends on strategic decisions of thin film producers and the respective successes in

In the following section research and development. potentials for thin film technologies are assessed
based on the general market segment analysis of chapter 4.
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Diversity Rules

There is no obvious conclusion whether or not the developments described in the “Diversity Rules’
scenario would favour thin film technologies or not. The main market segment is roof top applications.
Here, thin film is struggling with its low efficiencies (kWh/nt). Thin film technologies can only gain a
strong share in this market segment by offering modules at significantly lower costs or by offering
strong advantages for mounting (e.g. low weight PV fails).

Another important market in this scenario is that of building integrated applications. Here, thin film
could offer unique solutions if production processes can be optimised accordingly. But aso in this
segment competition from wafer based silicon is high, since the separation of cell and module
production offers advantages for flexible design (shapes and sizes) of PV modules. One strategic
approach to address this market could be to separate cell and module production for thin film
technologies also. Small to medium sized cells on (bendable) metal foils, which could then be cut into
individua cell structures, could be one solution. This would alow the development of thin film cell
production lines which are highly standardised and efficient. At the same time it would be possible to
use the cells in very different modules. These modules could be produced in specialised production
processes. The separation of cell and module production would also allow centralisation of cell
production — and tapping of the economies of scale. While module production facilities could be close
to the respective markets which in this scenario would show strong regiona differences.

SizeMatters

In the scenario Size Matters large, ground mounted solar farms and large-scale roof-top applications
dominate the market. Those thin film technologies which meet their expectations of reducing costs (in
terms of system costs or €/ kWh produced), will be apt to gain high market shares. Products would be
highly standardised and production largely centralised to tap scale effects. In order to reduce shipping
and handling costs, weight and size (thickness) of modules would need to be minimised. However, the
urge to separate cell from module production is much lower in this scenario compared to Diversity
Rules.

Concentrating PV modules, using high efficiency cells on tracking systems, could gain high market
shares in this scenario, assuming that the technology development in thisfield is successful.
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6 Conclusions

The photovoltaic markets have been growing tremendoudly in recent years— and growth is expected to
continue in the decades to come. Moderately optimistic scenarios assume a growth in production
capacity by afactor of hundred between 2010 and 2050. However, there is a huge uncertainty on the
overall market size development — both more optimistic and pessimistic scenarios exist, with
variations greater than a factor 10 between the extremes.

Most scenarios make statements only on the total market size. Specifications according to technology
type are very rare. Currently avariety of PV technologies exist in parallel — crystalline silicon, various
thin-film technologies are aready established, other technologies are in a research stage (e.g. dye
sensitised cells). Concerning the long-term potentials of these technologies, there is no “winning”

technology visible yet. Some experts have quite controversia views on the perspectives of individual

technologies. However generaly, technology foresight results indicate that the parallel co-existence of
severa technologies will continue even in the long-term future. Scenarios which specify different PV
technol ogies assume a decreasing share of crystalline silicon PV cells (which till equals a strong total
growth in a strongly growing market environment). Thin-film technologies (a-Si, CdTe, CIGS) are
assumed to grow in market share. Under very optimistic assumptions a peak share of 45% for thin-
film technologies in 2030 seems possible. With a very long-term perspective (> 2030) other emergent
technologies are believed to gain importance.

Generaly the development of the different technologies is attributed to factors like technological
improvement of the respective technology and to overall market size development. The linkage being:
fast market growth stems from cost reduction; highest potential for cost reductions are within new PV
technologies like thin-film. Thus scenarios with srong growth rates include early breakthroughs and
high market shares for thin-film technologies.

An issue that is not described (or only very superficialy) in long-term PV market scenarios is the
structure of the markets themselves. It is often pointed aut that the different technologies do have
properties which give them specific advantages and disadvantages in the various market segments.
This is one of the reasons why a long-term coexistence of different PV cell types is commonly
assumed. However, to ar knowledge, no study that defines scenarios for market segments and
stringently assesses the potentials of the various PV technologies in these scenarios exists to date.

For this study we define four archetype PV market segments. For each of which we identified key
performance indicators for PV products in these markets and link these to characteristics of thin-film
technologies. Mgjor findings of this assessment are:

» Large-scae (ground mounted) PV farms
Key performance indicator islow cost per We. Thin-film technologies have greet potentidsin this
market segment.

» Roof top ingalations
Besides codts, high efficiency isakey requirement in this market, as space isalimiting factor.
Consequently, technologies with higher efficiencies (e.g. crysaline silicon cdlls) have advantagesin
this sector. Thin-film could gain market shares with specific low-weight and easy to ingtd| products,
like PV fails.

» Building integrated
Key demands are functiondity, aesthetics and flexible design options. In contrast to the majority
opinion that thin-film technologies are superior in this respect, it is actudly heavily disputed among
experts which technologies are best suited to respond to the requirements of this market. Although thin-
film products could ddliver suitable solutions, this would hardly be possible within mass-production
schemes, which in return would forfeit the advantages over wafer based silicon products.

»  Off-grid
Key indicators are rdiability of performance as well as costs. The potentia for the different PV
technologies to enter this market are very smilar.
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In conclusion it can be stated that despite the different requirements, thin-film technologies have the
potential to tap significant shares in all of the above market segment (or a least in major sub
segments). However, it is important to note that specific technological developments are necessary to
become competitive in any of the above market segments. Cost reductions (in terms of €/ W, or more
specifically €kWh PV power) are the main goal for future PV technological development. However,
within certain margins other factors can be decisive for competitiveness.

The Athlet scenario exercise describes two adternative (juxtaposed) development paths for PV
markets. We consider both scenarios equally likely or unlikely.?® The scenarios — not being predictions
— serve firstly to show that the above named market segments could develop very differently and
secondly to illustrate two out of a myriad of possible paths how they could develop. Both scenarios
offer opportunities for thin-film PV but with quite different challenges.

» ScenarioA - Diversty Rules
Diversity Rules describes aworld in which the markets for PV products are very diverse and aso differ
regionally. Consequently there is a necessity for specific products for the diverse market segments.
Most important are roof -top and building integrated gpplications. The demand on the functionaity of
the productsis high. In addition to customised solutions for specific gpplicationsthereisahigh leve of
sandardisation that alow build an plan with mixes of products from different producers.

»  Scenario B - Sze Matters
In the Sze Matters scenario the biggest market segments are large scae PV plants, many of themin
multi-megawatt parks on green fields or large roofs of commercia and industrid buildings. Square flat
plate modules dominate the market and technologica development dmost exclusively aims at reducing
cost per Wp. Production islargely concentrated and dominated by few multinationa players.

Strategic Optionsfor the Private Sector
Different developments of the various PV market segments — two alternatives being sketched in the
Athlet scenarios — ask for and evoke specific strategic responses by companies of the PV industry:

» PV producers need to tailor their products and services to the shape of future markets. But as
technology development haslong lead times, market assessments with amid- to long term time
horizon are vitdl. In this respect the Athlet scenarios can be used by each individuad company to
improve their long-term strategy:

0 Test therobustness of the companies strategy againg the scenarios. What would it
mean for our company if the world became rather like “ Diversity Rules’ — or rather like
“ Sze Matters’ ? How would we need to change our strategy if scenario A / or scenario B
became actually reality? Which new products would we need to develop? How would we
need to improve existing products and services?

o Scan for “early warning signs’: Are trends becoming visible which indicate that either
of the scenarios becomes more likely? The table of scenario drivers (Table 5-1) can be
used as afirst reference —which of these drivers can be observed to actualy materialize?

»  Companies might find the one or the other scenario as more desirable. Although it is not within the
powers of any company to shape the future, there are means of influence. If one of the scenariosis
perceived as being more favourable for the European PV industry as awhole, the European PV
industry association may lobby policy to adgpt support mechanisms which induce a specific market
development.

» IntheDiversty Rulesscenario standards for awide range of module properties (Sze, shape but dso
building related functiondities like sound absorption, fire resstance, scatter proof etc.) will need to be

20 Actual ly we consider it extremely unlikely that the future will exactly look like any of the two scenarios. In fact an infinite
number of scenarios could be constructed which are somewhere between the two sketched extremes. The future will most
likely contain shades of the one and more or less shade of the other scenario — and definitely additional aspects, which we
have not considered in the scenario exercise.
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developed. If the PV indudtry fails to establish these standards the path towards the Diversity Rules
scenario will dead end in low growth rates of the PV market.

One issue which becomes apparent from our analysis, is that cost in €/W5 is of course an important,
but not necessarily the only parameter towards which module production needs to be optimised.
Depending on how the different market segments develop, other issues may become of importance.
Specifically for the producers of thin-film modules these are:

»  Sepadion of cdl and module production:
In the scenario Diversity Rulesmost PV products requirevery specific functionaities. Although very
elaborate, internationa standards exig, there isamarket for awide variety of customised PV modules
with quite different functiondities. Thin-film technologiesin principle are capable of delivering very
adequate solutions to satisfy the demand. However, an integrate cell and module production process
limits cost reductions through economies of scae. In a Diversity Rules world, we see alarge potentia
for aseparation of cdl and module production: Smdl (wefer like) thin-film cdlls can be produced
centraly — with maximal cost reduction - and are being shipped to regionad module production
facilities which produce a variety of customised products for the specific markets.

« Improvement of materia efficiency:
Availability and price of semiconductor materia can have asignificant influence and can limit abroad
market implementation of thin film photovoltaic. Therefore activities to improve the efficiency of
materid use are highly recommend. Measures of maierid efficiencies should include the reduction of
the materid content in the product, maximising the materia yield in the production and the recycling
of production waste as well as end of life modules.

Policy Recommendations

Photovoltaic technologies are supported in Europe to provide in the long-term a carbon-free source of
energy supply at reasonable costs. Increasing the share of PV power is mainly perceived as a meansto
decrease Europe's CO, emissions. From this perspective, cost reductions are the key objective for
future PV technology development. At the same time, photovoltaics is a globally booming industry
with a huge economic potential. For Europe it offers both the opportunity to export high-tech goods
and to reduce import costs for energy.

The two Athlet scenarios were qualitatively assessed with respect to the above named potentias of PV
technology use and production. (A quantified economic assessment is beyond the scope of the Athlet
scenario exercise, see research recommendations below.) The economic benefit for Europe of afuture
PV development largely depends on the overall market size and the speed of technological innovation
— which was to be assumed equal in both Athlet scenarios. But aso the structure of future PV markets
will have economic consequences for Europe:

»  Weantticipate ahigher share of loca content in the Scenario A - Diversity Rules Dueto alarger share
of smaller systems, most of which are roof -top or truly building integrated, alarger share of the costs
goesinto ingtalation (loca workforce). The regiondisation of markets and the need for customised
solutions could result in alarger share of PV production closer to the consumer. At least for the module
production this could dow down the current shift of production facilitiesto Asa

» In Scenario B - Sze Matters the cogts of PV Modules (€/ W) will be lower than in the Diversity Rules
scenario. However, due to ahigher share of large PV-farms mainly in rurd aress, with longer distances
to load centres (cities), the grid costs for dectricity digtribution are likely to be higher, possibly
baancing off large parts of the higher PV costs. The current trend of production facilities of PV
equipment moving to Asawould most likely accelerate. Europe’ s PV industry would most probably
increasingly focus on the development of production equipment, automation technologies, system
integration and specific high tech components.

As highlighted in the narratives of the scenarios, the development of the various PV market segments
strongly depends on general energy and electricity regulations as well as specifically on the details of
the support mechanisms employed to promote solar power or renewables in general. It has to be
acknowledged that support schemes are per se never “technology-neutral”. They aways, a least
implicitly and at a certain stage of development, favour certain technological solutions. For this



IZT page 46 Thin-Film Implementation Scenarios

reason, most feed-in tariff g/stems in Europe offer different rates depending on the size of the PV
system — due to the economies of scae an equd rate for al would favour large-scale, green field
projects, with certain technological solutions.

Consequently the details of support schemes define the growth and structure of the various PV market
segments. Parameters to promote certain market segments are (among others) different funding rates®*

» according to the Sze of the system,

» which differentiate between green field applications, roof top or building integrated (fagade) solutions,
or

» which differentiate between power fed into the grid and sdf-consumption.

In our view there is a growing need to fine tune support mechanisms for solar energy in European
countries. In the past the megnitude of market stimulation (versus costs of the support scheme) was
seen as the key indicator for success. However, as PV emerges from its role of being a niche product
in Europe’s energy supply, it becomes more important to consider other targets, which are in our view
closaly linked to the structure of the PV market. The characteristics and sizes of the different market
segments may in future heavily impact on local content and value added for European PV companies
aswell as grid costs connected to an increasing share of photovoltaic power in EUrope' s energy mix.

Open Questions and Resear ch Needs
Resulting from the assessment undertaken in this study we identified severa open questions and
derived research needs for the most important issues:

» EXisting energy scenarios hardly differentiate between the different market segments for PV adthough
thismay heavily impact the structure and the economics of Europe sfuture energy system. Therefore, a
detailed andysis of economic impacts (including both energy costs and job opportunities for Europe)
of different development paths for Europe’ s and the worlds PV market should be conducted, especialy
considering various growth dternatives for the different PV market segments (greenfield farms, roof
top, building integrated etc.). This assessment should be linked to the current support mechanisms for
PV. Conclusions for afuture adaptation of regulation and support mechanisms could be derived.

« |If the PV market follows a high growth scenario (or if even more extreme the EPIA god of 12% power
produced by PV was reached in 2020) then PV power will result in heavy extensions and
transformations of Europ€e' s electricity grid. The question of where PV systems are being installed
(rura areas distant to load centres or close to the consumer in urban areas) will strongly impact on the
grid costs induced by PV. An economic assessment of different PV market scenarios and its
consequences for the eectricity grid needs to be linked to the development of targeted regulations
which both promote fast PV implementation, but keep grid costs down smultaneoudly.

» To provide abetter base for export opportunities, the potentids of off-grid markets (mainly in
developing countries) for European PV companies need to be assessed, especidly with respect to
resulting technologica demands and the development of adequate business modds.

2 For example, the German feed-in tariff encompasses al of the above parameters, the 2009 adaptation of the law explicitly
promotes self-consumption to bridge towards grid parity financing approaches ([EEG 2009], see also [EC 2008] and [Wiki
PV 2009] for overview on international support schemes).
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7 Annex A - Methodological Approach
The scenario exercise was run according to the following methodological steps:

Step 1 - Overview of existing scenarios and roadmaps

Existing scenarios, roadmaps and other relevant studies were screened and analysed. Important trends
and developments within the thin film field and with impact on thin film (market and technology)
development were identified (See chapter 7 for abstracts of reviewed literature).

Step 2 - Comparative Analysis

A comparative analysis of the reviewed studies was conducted with regards to future developments
described or claimed in the studies. Although no clear cut division can be made, future devel opments
can be characterised into two groups:

» Likdy trends
include developments which are considered quite likely by amgority of experts (Sudies). The
variation is rather small with respect to the impad the variation would have on the development of thin
film PV. These trends serve as framework conditions which are equa in al scenarios?? Some of them
could be explicitly named in the scenarios, while many of them would not be made explicit.

« Drivers
are developments which are possible, but which are disputed among experts. By varying the magnitude
of adriver theimpact on thin film development should vary significantly.? Different values or
polaritiesfor the drivers are used to construct significantly different scenarios.

Chapter 2 gives an overview of the key findings of the comparative analysis of the reviewed studies
and points to commonly agreed and disputed possible developments.

Step 3 - Identifying possible key drivers
Based on the comparative analysis of existing scenarios, possible scenario drivers were identified and
aligt of key drivers was compiled by the scenario team at |ZT/UNN-NPAC (see

Table 7-1). The following list of possible scenario driversis structured along the field of “production —
cost and prices’ (drivers 1 through 6) and “markets for PV” (drivers 7 through 14). Some of the
drivers have strong interconnections. In this case we generally start with the more general driver (e.g.
“Global Energy and climate policy”) becoming more specific (“Public support schemes’). Drivers
which have been used to construct the scenarios are highlighted in grey shading.

No. Driver Title Description (Explanation)

Energy prices define achievable prices of PV (competing with other
. energy sources) but also production costs. Energy prices impact
1 Energy prices differently on the production costs of the various PV technologies.

Values (e.g.€/ barrel ail): High/ Low

2 An example could be the global population. Although predictions of the world’s population differ quite strongly, it may be
reasonable to assume the same population growth rates for all scenarios. There may be differences in the market shares of a
world with 7 billion people compared to a world with 9 billion people, however other drivers may be more decisive when it
comes to comparing crystalline silicon PV to thin-film PV.

2 An example could be resource scarcities. Massive price changes for key resources of different phot ovoltaic technologies
(e.g. silicon, indium) would have strong impacts on thin-film market shares.




No. Driver Title Description (Explanation)
Availability and prices of silicon are crucia factors for the market
5 Silicon prices prospects of ¢Si PV cells. Thus defining the competitive framework of
P thin film PV.
Values (€/kg): High/ Low
The production of thin film PV requires several specific minera
resources e.g. Indium, Selenide, Gallium, Tellurium. The availability and
prices of these minerals can become a crucial bottleneck for thin film PV
markets.
Typically these resources are produced as by -products in small quantities
and the elasticity to respond to growing demand is limited. Furthermore,
Prices of mineral resources | there may be strong competition from other fast growing technology
3 (Indium,  Selenium,  Gallium, | Sectorse.g. electronic devices or display production.
Tellurium) The possible impacts ae very  technology  specific:
CISPV-cells depend on the availability of Indium, Selenium and
Gallium
CdTe-PV-cells depends on the availability of Tellurium
PV cellsusing ITO as TCO layer depends on the availability of Indium.
Values (€/ kg): High/ Low prices for specific minerals
The amount of critical materials (see above) used in thin film modules
. determines how vulnerable the thin film industry is to price increases of
4 Material use per kWp the respective materials
Value (g/kWh): High / Low
In general alearning curve behaviour of innovation is assumed (e.g. 20%
cost reduction for every doubling of the production size). Technological
5 Technological breakthroughs c-S | breakthroughs could increase this ratio (or in contrast — technological
innovation could reach barriers which decrease thisratio).
Value: High / Low technical innovation in c-Si
6 Techn0|ogica| breakthroughs Same as 5, but SpeCIflcaIIy for thin film PV
thinfilm PV Value: High / Low technical innovation thin film PV
Turnkey production facilities can currently be bought for crystalline
silicon cells but not for thin film PV. With growing market size system
integrators may enter the thin film market. The share of production
facilities bought (turnkey) or self-made depends not only on the thin film
7 Turnkey production facil ities market size but also on strategies of manufacturers and their willingness
to cooperate.
An interesting time horizon for this driver could be 2010 - 2015
Values: Turnkey / self-made thin film production facilities (specify for
types: a-Si, CIS, CdTe)
The availability of skilled labour could become a bottleneck for the
8 Availability of skilled Iabour growth of production capacity
Values: sufficient / insufficient skilled labour
The energy sector as awhole is strongly dependent on policy framework
9 Global energy and climate policy | setting. Global and local framework conditions will set the scene for the
PV market.
10 Acceptance & risk perception H_ow doesthe publ_lc perceive technological risks (e.g. toxic materials)
high / low perception
Public support schemes (feed-in tariffs, quotas, tax incentives etc.)
Public support schemes | currently determine the size of the global PV market and will do so for
11 (magnitude) the coming years.

Values: Srong & growing support / weak or decreasing support
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No. Driver Title Description (Explanation)

Public support schemes often favour certain technological options (e.g.
higher funding for roof top vs. green field). Even if support is per se
) technology neutral, some concepts benefit stronger than others. The
13 Public support schemes (types | structure of public support schemes, shape the market of PV and thus
and technology specific support) | nprovide different opportunities or ¢-Si vs. thin film PV.

Values: This is driver with multiple dimensions. Values have to be given
qualitatively.

Research has a long-term effect on both global efficiency of cells and the

13 Public support —r ch development of new concepts as well as on the local knowledge base.

Standard PV today is on glass. However new cells, especialy thin film
. would alow for different PV products (flexible cells). The question is:
14 Development of specific market | | there be significant markets for such new products and applications
segments — fundtional products (e.g. building integrated vs. green field)?

Values: Small niches/ significant market shares

Developing countries have a huge market potential for PV, especialy in
off-grid applications. Market barriers are mainly due to lack of financing
instruments and organizational issues. If these were overcome by
innovative concepts, aligned with governmental, or global support

15 MELESINEEIE Tl CRRES schemes then this market could grow rapidly.

I nteresting time horizon: 2020
Values: fast growing markets / stagnant markets

Solar-thermal power plants are a direct competitor to large scae PV
farms in high solar regions. The development in this sector (prices) may

16 Solar-thermal power plants strongly influence the PV market.

I nteresting time horizon: 2015
Values: accelerated growth / restricted to niches

Grid parity: end-user electricity prices are equal or higher then costs for
electricity produced with PV.

When grid parity is reached it is generally assumed that a large market
would be opened in that region. However, there may be other impeding
17 Business models for grid parity factors then just t_he PV prices: regulatory r&et_rict_ions, counter measures
by power companies, lack-of acceptance or hesitation of end-users.

I nteresting time horizon for Europe 2015

Values: Acknowledged and wide-spread business models / restriction to
niches

Table7-1: List of possible scenario drivers.
Marked in grey are those key drivers which were chosen to construct the Athlet scenarios.

Step 4 — Selection of final scenario drivers

In an iterative process involving stakeholder participation (including four workshops with Athlet
consortium members and externa experts - see chapter 9) the fina set of scenario drivers was
selected. The drivers were chosen to lead to strong differences in the respective scenarios. The
influence of the drivers on the energy system and their interdependence was analysed in a cross-
impact anays's, employing the MIC-MAC software [MICMAC 2009]

Furthermore, the drivers were selected according to three key characteristics:

» They should be considered “disputed” in the sense that the community of thin film experts disputes the
magnitude that the driver may gain in coming years.




« They should impact the various PV technologies differently.
Compare Table 7-2, where two examples are given: the first driver would impact al PV technologies
equally, while the second would impact diffeently on Si-based vs. non-Si-based PV technologies.

Event
(Driver & Magnitude)

e.g. breakdown of PV support schemes | Severe breakdown of | Severe  breakdown  of
in Europe market market

e.g. Breakthrough of cheap raw silicon | Increase in market | Loss of competitiveness

production method growth compared to silicon PV

Table7-3: Examples possible scenario drivers and impacts on PV aswell asthin film PV market
development.

Whilethefirst driver would impact al PV technologies equaly, the second would impact
differently on Si-based vs. non-S-based PV technologies.

Impact on PV Impact on thin film PV

» They should be considered “interesting” in the sense that the impact is rather complex and not too one
dimensiond / foreseeable. Example: A technologica breakthrough in thin film PV production (cheap
and high efficient modules) would lead to higher market shares of the respective technology. This,
however, is 0 obvious that it is not necessary to explore thisin a scenario exercise.

Thekey driver chosen was that of “Development of specific market segments — functional products”
(driver 14 in Table 7-4). The rationale behind it is that this driver differentiates the most between thin
film and ¢S PV technologies. With the current situation of production costs being similar for the
available PV technologies and no clear winner being visible, the decision was taken to explore specific
market constellations and segments.

In the next step it was analysed which other drivers would aign with the polar values of the key
driver. Drivers 13 (Public support schemes - types and technology specific support); 15 (Markets in
developing countries); 16 (Solar-thermal power plants) and 17 (Business models for grid parity) were
chosen to form a cluster of consistent scenario drivers. (See chapter 5.3 for summary).

It has to be noted that the developments in the scenarios described are not mutualy exclusive.
Different combinations are possible. A scenario where PV is equally used in large PV farms and on
roof tops (and where CSP fails to become competitive) could be constructed. Again, the market size
could vary substantially for such a scenario and could indeed be both higher and lower than in the
given scenarios types. However, such a scenario was not considered

Step 5 — Scenario writing
Based on the identified clusters of scenario drivers two story lines were devel oped which describe the
different future and the paths towards them in a pointed and stimulating way.
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8 Annex B — Abstracts of Reviewed Literature

In the beginning of the scenario development process a thorough literature review was carried out (see
chapter 9 for full list).For 18 studies brief abstracts were compiled. They are documented in this
chapter and highlight especially PV and specifically thin film PV developments. The studies analysed
in depth were selected according to the following criteria:

«  Specific information contained on PV development perspectives and specificaly thin film PV
development.

» Do dudies name key drivers which strongly influence PV development? Are trends and drivers
described which could be used in the scenario building process?

» Geographica coverage — studies should give insghts on EU or globa developments.
» Time coverage— studies should include long-term outlooks, i.e. beyond 2020.
« Therdiahility, actudity and the prominence of the studies

The studies are grouped in three categories. energy scenarios, roadmaps and articles. Although no
clear cut distinction can be made in every case, generdly scenarios explore possibilities and
dependencies (“If abc happens, what will be the share of PV in 20207"), while we define roadmaps to
be more normative mainly stating targets (e.g. white papers, research agendas etc.). Articles have been
given a separate category since they generally explore more individual aspects and do not provide so
much of an overall picture.



8.1 Energy Scenarios

8.1.1 DLR - Energy economic per spectives of PV

The Study “Energiewirtschaftliche Perspektiven der Fotovoltaik” [Krewitt et.a. 2005] deals with
economic perspectives of PV on agloba scale with atime horizon up to 2050.

A set of existing scenarios (by Shell, WEC, WBGU, EREC, DLR and others) are analysed to define
the range of PV production capacity (per year) and installed capacity and other key figures of PV

development up to 2050:

2003 2010 2020 2030 2040 2050
MIN
annually installed capacity (GWp /a) ]0.68 45 14.3 213 299 39.6
growth rate *) (% / a) 25,0 27,0 11,6 4,0 3,4 2.8
cumulated capacity (GWp) 2.88 195 120.3 3146 5114 708.0
energy (TWh/a) 38 27 170 445 723 1000
share of electricity production **) 0,023 0,14 0,66 1,44 1,99 2,47
SEE
annually installed capacity (GWp /a) ]0.68 54 29.6 59.6 102.2 1422
growth rate *) (% /a) 25,0 29,7 17,0 7,0 54 3,3
cumulated capacity (GWp) 2.88 21.2 1995 775.0 1617.7 2477.0
energy (TWh/a) 3,8 30 282 1096 2287 3501
share of electricity production **) 0.023 0.15 1,09 3.55 6.29 8,64
share in SEE scenario ***) 0,023 0,16 1,29 4,41 8,26 11,48
MAX
annually installed capacity (GWp /a) ]0.68 58 60.2 163.5 2539 336.6
growthrate*) (%/a) 250 30.7 234 10.0 4.4 28
cumulated capacity (GWp) 2.88 22.4 301.7 1915.7 4174.3 6015.0
energy (TWh/a) 3.8 31 426 2708 5900 8502
share of electricity production **) 0,023 0,16 1,65 8,78 16,23 20,99
*) column "2003" mean value of 1993-2003; column "2010" mean value of 2003-2010
**) share of electricity production in reference case (40,5 TWh in 2050)
***+) share of electricity production in scenario SEE (30,5 TWh/a in 2050)

Table8-1: Key figures of three PV market scenarios.

The scenario SEE— Solar Energy Economy claims to be an optimistic but realigic scenario for renewable energy market
development. Source: [Krewitt 2005]

The installed capacity ranges from approx. 700 to 6000 GW,, in 2050 (see Table 2-1). However the
6000 GW, is considered an upper ceiling, which is considered rather unlikely as it is more than 2000
times the capacity installed in 2003.

In addition to the scenarios displayed here, two even more extreme scenarios are introduced: a
pessmistic case and an optimistic case. The optimistic case falls in line with some scenarios published
by pro renewables associations. The pessimistic case however did not mark the bottom line.?*

Competition with concentrated solar thermal (CST) power production

The study points out that there is a competition between PV and concentrated solar therma (CST)
power production. If maor breakthroughs are to be achieved in CST technology and a capacity of
significant size is to be installed within the next few years then this might hinder the further growth of
PV. There could be strong competition in the on-grid market in countries with high direct radiation.
This might reduce investments (and research) in PV.

2 eg.. [Sarasin 2005] gave more conservative predictions. However, in the meantime Sarasin published a way more

optimisic outlook for the near future development [Sarasin 2007] which assumes yearly installation rates (8.25 GWp/a for
2010) which are even more optimistic than the optimistic scenarios assessed by [Krewitt 2005]. For details see below.
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Thin film technology
The study summarises major challenges for thin film technology. Highlighted are especially the needs
to

» increasethe efficiency of cellsto overcome cost restraints which are linked to high area demands of
thin film modules

« improve the knowledge base of manufacturers of thin film production lines. Currently production lines
are tailor made and smdl in number, which dows the learning curves of thin film PV.

Thin film technologies are mentioned to have specific features to allow them to conquer niche
markets. However, it is pointed out that these niche markets may be economically interesting for
manufacturers, but will be insignificant from the perspective of globa energy markets.

Indium bottleneck

The study addresses also the issue of a possible indium bottleneck for CIS?® production. Based on
manufacturer interviews it is concluded that the future specific indium requirement in CIS cells

(a/kW,,) will be the determining factor as to whether or not indium could become a serious bottleneck
for the production of CIS cells. An indium requirement of 6 g/lkW, could allow for an ambitious
growth scenario (SEE scenario, with a CIS share of 10%) with no major indium shortage up to the
year 2050. An indium requirement of 35 g/lkW,, could lead to major restraints of CIS production and
increase costs for CIS cells significantly.

Market prospectsfor thin film PV

Historically, the market share of thin film PV has decreased: From 35% in 1990 down to 6.4% in
2004. Production was almost constant between 1990 and 1999 at roughly 15 MW,/a. For the years
1999 — 2003 the growth rates in thin film PV production of 15% was only haf of the overdl PV
market growth rate (almost 30%).

In order to achieve a significant market share of the overall PV market, thin film PV must reach
growth rates of more than 25% annually (or higher, possibly 45%) up to the year 2020. However great
efforts are needed soon in order to reach significant market shares which alow it to compete with
learning dynamics of the silicon technologies.

L earning costs and break -even points
The study calculates learning costs and break-even points for the three PV development scenarios
based on a variation of learning factors (scenario variants | to I11). Case | assumes alearning factor of
0.8 up to 2050 (continued historic learning factor). Case Il assumes slower learning after 2020
(continuoudy down to 0.95 in 2050). Case Il assumes starting with a learning factor of 0.84 today
which will reduce down to 0.95 in 2050.

5 1fno explicit distinction is made, in this paper the term CIS is generally used as an abbreviation for all chalcopyrite cell

types.



Scenario | PV share of global | Break-even point | Learning costs till Cumulated Cumulated
electricity prodution break-even differential costs up| differential costs up
(in billion €) to 2050 to 2020
(in billion €) (in billion €)
A) Energy prices "moderate climate action" (15 €/t CO2 after 2010)
MIN | 2042 422 365 133
MIN 1l 0.70% > 2050 520 133
MIN Il > 2050 1.143 164
SEE | 2034 382 -574 155
SEE Il 1,10% 2036 434 -17 155
SEE Il > 2050 1.745 201
MAX | 2028 312 -3.462 168
MAX I 1.70% 2030 343 -2.199 168
MAX Il 2046 1.683 1.623 230
B) Energy prices due to "effective climate action (15 €/t CO2 in 2010 up to 50 €/t CO2 in 2050)
MIN | 2038 358 203 132
MIN I 0.70% 2042 401 358 132
MIN 1] > 2050 982 163
SEE | 2032 331 -1.098 153
SEE Il 1.10% 2033 360 -540 153
SEE lll 2049 1.221 1.220 199
MAX | 2027 278 -4.709 166
MAX I 1,70% 2028 297 -3.447 166
MAX Il 2039 1113 376 228
Table8-2: Cumulated differential costs, learning costs and break-even pointsfor different PV development scenarios.

Source: [Krewitt 2005]

8.1.2 Sarasin PV Susainability Study 2005

The Swiss bank Sarasin regularly undertakes studies on solar energy to give estimates on economic
developments and their influence on the financial markets.

The 2005 study focuses on the shift of future markets. While 43% of today’s PV market is in
Germany today, Sarasin estimates it to be 6% in 2020:

» In Europe Spain will gain importance as alarge market for PV
» InAsathe big markets will be Chinaand Indiaaswel as Thailand and South Korea

» Thestudy emphasisesthat 2 billion people world wide still don't have access to grid-supplied
electricity. Thusahigh potentia for PV is seen in off-grid gpplications

Sarasin recommends exploring marketsin Africaand Asia

Sarasin claims to give (and have given) rather conservative market outlooks. They confirm their
previous estimates for the next two to three years (with limits mainly due to raw silicon shortage). But
Sarasin has raised the prognosis for 2010 and estimates a newly installed PV capacity of 3,300 MW
per year. This corresponds to a growth rate of 24% between 2004 and 2010. For 2011 to 2020 a
growth rate of 18% is anticipated. [Sarasin 2005]

8.1.3 Sarasin PV Susainability Study 2006

For the future market development Sarasin assumes that the raw silicon supply bottleneck will
continue to sow PV growth up to the year 2008. They increased their long-term prognosis and
estimate a newly installed capacity of 4.1 GWp/a globally by 2010. This corresponds to an annud
growth rate of 26% between 2005 and 2010. For the time period 2011 to 2020 Sarasin estimates a
market growth rate of dightly more than 21% per year.

A large share of the study deals with the silicon shortage. In return it is claimed that it is “now or
never” to achieve a breakthrough for thin film PV. A large number of companies have announced the
installation of new production lines. The study gives an overview of magor companies devel opment
plans. It concludes that Sarasin considers 700 MW, of thin film production capacity in the year 2010
to be redlistic.
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Capacity 2006 |Capacity 2007

Company Technology Efficiency (MWp) (MWp)
Antec (DE) CdTe 10 25
Arendi (IT) CdTe 15
Ascent Solar (USA) CIGS 4.5
CSG Solar (DE) CSG 25
DayStarTechnologies (USA) CIGS 10.0% 20
EPV (USA) aSi 10
ErSol Thin Film (DE) aSi 10.0% 40
First Solar (USA/DE) CdTe 20 100
Honda (JP) CIGS 27
Johanna Solar (DE) CIGSSe 16.0% 30
Kaneka (JP) aSi 20 40
Mitsubishi Heavy Industries (JP) aSi 11.5% 10 40
Nanosolar (USA) CIGS 10.0% 430
QOdersun (DE) CIS 10.0% 4.5
Scheuten Solar (NL) CIS 10
Schott Solar (DE) aSi 30
Sharp (JP) aSi/Tandem 15
Shell Solar (USA) CIS 3
Shell Solar/Saint-Gobain (GB/FR) CIS 13.5% 20
Shenzen Topray Solar (CN) aSi 10 15
Sulfurcell (DE) CIS 5 50
United Solar Systems (USA) aSi 25 50
Wirth Solar (DE) CIS 11.0% 15

Total 163 953
Table8-3: Selected thin film projects (estimates given by companies) Source: [Sarasin 2006]

The study highlights furthermore the long-term risk for thin film PV of high prices for key materials,
like indium. [Sarasin 2006]

8.1.4 Sarasin PV Sustainability Study 2007

Sarasin has again increased their prognosis and now estimates a newly installed globa capacity of
8.25 GWp/a by 2010 (This is twice the estimate given in [Sarasin 2006]!). This corresponds to an
annual growth rate of roughly 50% between 2006 and 2010. For the time period 2011 to 2020 Sarasin
estimates a merket growth rate of dightly more than 22% per year. Thus the Sarasin prognosis exceeds
the optimistic MAX scenario of [Krewitt 2005].

Sarasin assumes that the raw silicon situation will improve after 2009. However silicon prices will go
down only gradually as silicon from new production sites will be sold in long-term contracts.

Despite the dramatic increase of PV cells made in China, Sarasin predicts that the new and
inexperienced Chinese producers may face problems with quality and tuning production processes.
Securing the supply side (silicon) is another big challenge which might ow down the output of PV
plants in China.

Asfor thin film PV Sarasin estimates a more than proportional growth with a market share of more
than 20% by 2010. The study gives forecasts of expected output of 29 companies anaysed. The
cumulated globa thin film production is displayed in Graph 8-1. Graph 8-2 shows the market share of
different thin film technologies. It is noteworthy, that Sarasin expects the thin film market share to rise
dramaticaly from less than 10% today, up to more than 25% in 2009, when it will saturate again.



However, Sarasin states that prognosis on future thin film is very difficult due to the immaturity of the
technology and unpredictable challenges which might arise in the upscaling of production.?®
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Table8-3). Data source: [Sarasin 2007]

8.1.5 EuPD Research: PV Thin film Industry Analysis (2008)

EuPD Research, an international consultancy, focusing on B2B market research, published an industry
analysis on thin film PV markets and industry prospects [EuPD 2008]. The database stems from a
survey among thin film PV producers based on interviews with the 10 active producers and 16 market
entrants.
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Graph 8-3: Current production status of most important thin film players [EuPD 200§].

% Furthermore, the data provided by Sarasin shows very ambitious growth plans for the near future and rather modest

growth for 2010 — companies might have been reluctant to give “longterm” prognosis. Recent upscaling plans, e.g. of
Sharp’s 1GW plant plan in Sakai [Press Sharp 03.09.2007] may not have been included adequately.
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Thin film market up to 2010

EuPD estimates a thin film PV production capacity of 6.4 GW globally in 2010 (see aso Graph 8-4).
This capacity would be distributed among the different technologies as follows: 3.6 GW aSi, 1.3 GW
ClSand 1.5 GW CdTe. The amount of actually produced modules in 2010 is estimated to sum up to
3.45 GW. This corresponds to a market share of roughly 22% of thin film PV in the overal PV
market.

New players —new competition

Currently 60% of the thin film market (2007: 420 MW) is produced by one company — First Solar.
The remaining shares are amost evenly split between the nine other producers (2 to 8% of thin film
market each).

Source: EuPD Research 2008
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Graph 8-4: Crystaline silicon PV and thin film PV production predictions up to 2010
[EuPD 2008].

EuPD predicts that the power of new market entrants will grow in the future. The rivalry among
existing producers (which is low today) is foreseen to grow strongly in the future. Bargaining power is
expected to shift from the producers (today) to the purchasers (in the future).

Breakeven points of different technologies

EuPD applies a learning curve approach (20% cost decrease whenever the cumulated production
output doubles) to estimates of today’s module cogts for different technologies and compares these
with (an average) of EU 15 costumer prices for electricity:

PV Technology Costs 2008 Break -even
c-S 155€/W 2015
aS 120€/W 2013
CIS 180€/W 2013
CdTe ~1€/W 2012
Table8-4: Production costs (2008) and break -even points (competitive with costumer electricity prices) for various PV technologies

[EuPD 20084]



According to this projection, thin film technologies could reach grid parity dightly before crystalline
Silicon PV does.

8.1.6 FORRES 2020: “ Analysis of the RES Evolution up to 2020"

The FORRES 2020 study was initiated and financed by the Eurgpean Commission, Directorate
General for Energy and Transport. International consortiums of research and consultancy partners
conducted the study. The Final Report was published in April 2005. The objectives of the study were
to produce an independent analysis and assessment of the implementation of renewable energy sources
in the Member States of the European Union and the Candidate Countries since the publication of the
White Paper on renewable energy sources in 1997 and to propose a perspective for the period up to
2020.

Model caculations and analyses are based on two different scenarios; each with a different mix of
promotion schemes and assumptions:

» Thefirgt scenario isthe business-as-usud scenario (BAU). This scenario models the future
devel opment based on present policies under currently existing barriers and redtrictions, eg.
adminigtrative and regulative barriers. Future policies, which have dready been decided on but have
not yet been implemented, have aso been considered. Policy instruments have been updated until
December 2004. The level of socid and adminidtrative barriers as well as of the revant grid
restrictions have been estimated using stakeholder surveys aswell asinterviews with country experts.

» The second scenario is the policy scenario (PS). This scenario modd s the future evolution based on the
currently available best practice strategies of individud EU Member States. Strategies that have proven
to be mogt effective in the past for implementing a maximum share of RES have been assumed for all
countries. In the case of PV it is assumed that strategies are undertaken related to the German
Renewable Act (2004) — adapted for Southern European countries according to country specific
insolation.

Furthermore, the policy scenario is based on the assumption of a stable planning horizon aswell asthe
assumption that currently existing social and technical barriers can be overcome. Both scenarios
include the effect of technology learning and economies of scae.

The overal Result of the FORRES Study concerning the PV-Sector is shown in the following table:

Photovoltaic in the EU15 2010 2020

BAU scenario 3.3TWhe 9 TWhe

PS scenario 4.9 TWhe 17 TWhe
Table8-5: Electricity production of PV in the EU 15 under different scenarios until 2020

FORRES 2005
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8.1.7 Global Energy [R] Evolution - A Sustainable World Energy Outlook (2007)

The Sustainable World Energy Outlook (2007), funded by Greenpeace and EREC and carried out by
DLR and Ecofys. It is a target oriented scenario approach with a main focus on the feasibility of the
promoted target.

The study is divided into a reference scenario and a so-caled energy [rlevolution scenario as an
alternative scenario.

The reference scenario is based on the reference scenario published by the Interretiona Energy
Agency in World Energy Outlook 2004.This only takes exigting policiesinto account. The assumptions
include, for example, continuing progress in eectricity and gas market reforms, the liberalisation of
cross border energy trade and recent policies designed to combeat environmental pollution. The
reference scenario does not include additiona policies to reduce greenhouse gas emissons. Asthe IEA
scenario only covers atime horizon up to 2030, it has been extended by extrapolating its key
meacroeconomic indicators. This provides a basdine for comparison with the energy [r]evolution
scenaio.

The dternative scenario has a key target for the reduction of worldwide carbon dioxide emissions
downto alevd of around 11 Gigatonnes per year by 2050 in order for the increase in globa
temperature to remain under +2°C. A second objective isto show that thisis possible even with the
globd phasing out of nuclear energy.

To achieve these targets, the scenario is characterised by significant effortsto fully exploit the large
potential for energy efficiency. At the sametime, cost-effective renewabl e energy sources are accessed
for both heat and eectricity generation as well as the production of biofuels. The generd framework
parameters for populaion and GDP growth remain unchanged from the reference scenario.

The main scenario assumptions are;

Population growth rates for the regions of the world are taken from WEQO 2004 up to the end of its
projection period in 2030. From 2030 to 2050, deta is taken from the 2004 revision of the United
Nations World Population Prospects.

Economic growth rates are dso taken from WEO 2004. Beyond 2030 the rates are taken from the 2000
IPCC Emission Scenarios B2.

Fossi| fud prices The price of ail reaches $85/bbl by 2030 and $100/bbl in 2050. Gas prices are
assumed to increase to $9-$10 per GJ by 2050.

It is expected that a CO, emissions trading system will be established. For the scenarios CO, codts of
$50/tCO, in 2050 are assumed.

To identify long-term cost developments of RES technol ogies, specific learning curves have been
applied. The learning factor for PV solar modules has been assumed fairly constant &t 0.8 over 30
years.

The expected costs of dectricity generation from PV are assumed to be around 20 ct¥’kWh in 2020
and decrease to 10 ctH'kWh in 2050.The investment cogts for PV are assumed to 2000 kW in 2020
and decrease to around 1200 $kW in 2020



The main results of the two quite different outlooks can be seen in the following table:

Electricity generationin TWh/a 2003 2010 2020 2030 2040 2050
Total Generation 16,662 20,030 25,617 31,589 38,245 46,501
2 [pv 1 J B 73 108 139
a PV Share 0,0% 0,0% 0,1% 0,29 0,3% 0,3%
8 Total RES 3,007 3,821 4,864 5,98] 6,875 7,564
(% RES share 18% 19% 19% 1994 18% 16%
8 Installed capacity in GW 2003 2010 2020 2030 2040 2050
8 Total Generation 3,733 4,485 5,724 7,029 8,303 9,872
% PV 1 9 22 54 81 104
nd PV Share 0,0% 0,1% 0,4% 0,8% 1,0%) 1,1%
Total RES 817 1,054 1,347 1,683 1,91(Q 2,105
RES share 229 24% 24%) 24% 23% 21%
Electricity generation in TWh/a 2003 2010 2020 2030 2040 2050
Total Generation 16,662 17,308 20,234 23,297 27,018 30,935
o PV 1 28 269 1,003 1,835 2,835
@ |PV Share 0% 0% 1% 49 7% .
8 Total RES 3007 4104 7688 12603 17015 21444
B |RESshare 1894 244 38% 5494 634 694
G>J Installed capacity in GW 2003 2010 2020 2030 2040 2050
= Total Generation 3,733 4,018 5,235 6,774 8,064 9,537
g PV 1 23 199 724 1,33(Q 2,033
o |PV Shae 0% 1% 4% 119% 16% 21%
= Total RES 817 1169 2438 4196 5584 7135
< RES share 22 29% 47%) 6294 69% 75%
Table8-6: PV related main results of the reference and alternative scenario

In aback-casting approach the study concluded that the following general assumptions need
to be implemented to make the aternative scenario become true:

» Thephasng out of al subsidiesfor foss| fuels and nuclear energy

» Theinternalisation of externa costs
» The setting out of legally binding targets for renewable energy

» Theprovison of defined and stable returns for investors

» Guaranteed priority access to the grid for renewable generators

»  Strict efficiency standards for dl energy consuming appliances, buildings and vehicles
[GREENPEACE 2007]
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8.1.8 TheRenewable Energy Scenario of EREC

This EREC Scenario was published in 2003 and carried out by the European Renewable Energy
Council, an umbrella association of the leading European renewable energy industry.

The EREC Scenario follows a normative scenario approach. The maor aim is to give proof to the
feasibility to provide half of the global energy supply with renewables in 2040. Furthermore the study
ams to determine which actions have to be taken to reach this target. The EREC Scenario, unlike
other predictions, only concentrates on RES development and does not investigate the development of
conventiona energy sources.

Two scenarios have been considered.

« Advanced internationd policies scenario (AIP)
The assumptions in the AlP-scenario are based on ambitious growth rates for renewable energy sources
that need additional support measuresin order to be reached. It is assumed that regions dready active
in the promotion of renewables will increase their efforts and that other regionswill follow these
examples. Higher pricesfor conventional energy supply are anticipated aswell as growing support for
electrification of the less and least developed regions by renewables. Implementation of the Kyoto
protocol aswell as additionad measures on the international level for climate protection and for the
promotion of renewablesis dso needed to reach the assumed growth rates. Internationa cooperation
on dl levels has to be strengthened. The assumptions for total energy consumption are based on a
scenario from the IIASA (Interrationa Ingtitute for Applied Systems Andysis). It is optimistic about
technology and geopalitics, it assumes unprecedented progressive international cooper ation focused
explicitly on environmental protection and internationd equity. It includes substantia resource
transfers from industridized to developing countries, spurring growth in the South. Nuclear power
proves atransient technology that is eventualy phased out entirely by the end of the 21t century.

» Dynamic current policies scenario (DCP)
This scenario does not mean “business as usud” because the authors think that thisisimpossible. The
mode! is based on less internationa cooperation than in the AlP-scenario in the field of RES, but
expects ambitious policy measures on anaiond leve at least in the industriadised part of the world.
The assumptions are based on policy measures that are smilar to what dready happensin some
countries of the world. During recent years some regions have given increased atention to the
promotion of renewable energy sources, some have given less. It is assumed that the commitment to
renewables development in the very proactive countries, such as Germany, continues to strengthen and
will be adopted aso by others atleast in the industrialized part of the world as nationd policies, and
additiondly that, especidly in the least developed countries and areas without existing networks for
electricity, renewables will be acompetitive aternative to conventional sourcesin the near future, even
without specid promotion.

Both scenarios are based on the total energy consumption from a scenario from IIASA, but the DCP-
scenario assumes a higher total consumption because it considers this is more appropriate if no major
international action is taken. The DCP-scenario incorporates more modest estimates of economic
growth and technological development, and the demise of trade barriers and expansion of new
arrangements facilitating international exchange.

The following table shows the main results concerning the PV sector under the two different scenarios



2001 2010 2020 2030 2040
Sop. \évoc;:'sﬂmpti orF:riirr]",\aA?’O . EneraY| 10088| 11,752 | 13553| 15547 | 17,690
Scenario | py in Mtoe 0 1 15| 10| 445
PV-Contribution 0% 0% 0% 1% 3%
World ~ Primary — Energy| o8| 10549 | 11,425 | 12,352 | 13310
Consumption in Mtoe
PV in Mtoe 2 2 24 221 784
AIP- | PV-Contribution 0% 0% 0% 2% 6%
Scenario
Total Consumption in TWh 15,578 19,973 | 25,818 30,855 | 36,346
PV in TWh 2 20 276 2,570 9,113
PV Contribution 0% 0% 1% 8% 25%
Table8-7: Worldwide PV Contribution to the Primary Energy and Electricity Consumption

With aview to an economically attractive growth of renewable energy sources, a balanced and timely
mobilisation of all renewable technologies is considered of great importance. As core factors,
technical potentials, actual costs, cost reduction potentials and technological maturity are named.

[EREC 2003]
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8.1.9 VeyLong Term Energy-Environment Model (VLEEM)

The am of the VLEEM-Project was to establish a methodology and to develop tools for energy
system modelling over one century. The VLEEM project has combined two methodological
innovations which are imposed by the very long time-frame:

» aback-casting gpproach, which starts from basic needs and genera descriptions of aworld in 2100.
From this suitable RTD- strategies are elaborated in the context of sustainability.

» arefoundation of the energy-environment modelling structures, in order to properly assess very long
term modification of socid and cultura preferences and technology evolution dynamicsin reation to
them.

The fina report of the VLEEM study was published in August 2002. Furthermore the VLEEM study
carried out Monographs about important future energy carriers and conversion technologies. One of
them was about ,, Learning and diffusion for wind and solar power technologies.“ However, it was not
the god of the project to produce data about the potential capacity of PV in 2100.

The globa scenario for PV in the VLEEM-Study is based on data published by EPIA and IASA. The
potential of PV in the world is estimated at 274 TWh in 2020, 7,368 TWh in 2040 (EPIA) and 20,880
TWh in 2100. This projection has been used for an anaysis of the possible cost reduction of PV and
the assumed learning curves of the PV technologies. As aresult of this anaysis the main challenges to
reach the prospective future of PV could be derived.

The crucial chalenge isto make PV an economically viable option. The efficiency of solar cells may
be increased substantidly. Also, the lifetime may be prolonged by prevention of significant
degradation. Furthermore, consumption of materials — high-grade silicon, precious metals — may be
reduced to low and ‘sustainable’ levels. Finally, advanced large-scale production processes will make
PV more and more competitive in the long term.

Application of a progress ratio of 0.827 for modules (based on past experience), and more modest ones
for other components (inverter, cabling) and instalation, to the EPIA-scenario suggests that the
specific investment cost of grid connected PV systems may come down by a factor 5to 7 from €
5,400/kW in 2000 to € 950/kW (default) or possibly € 790/kW (‘low’) in 2035.

Learning effects for various well-known energy technologies confirm a cost reduction of this order of
magnitude. Furthermore the scenario presumes a co-ordinated policy from governments and industry.
The scenario implies more than 10 doublings of the cumulative installed capacity compared to 2000.
The growth of PV capacity after 2035 is limited by economic factors and by the intermittent nature of
arenewable option like PV, rather than by its technical potential.

[VLEEM 2002]

8.1.10Renewablesin Global Energy Supply - An IEA Fact Sheet

The study was carried out by the International Energy Agency (IEA) and was published in 2007. It
presents the main el ements of the renewable energy situation in the year 2004.

Sharesof renewablesto total energy supply

The fuel share of RES® to the World Total Primary Energy Supply (TPES) is determined based on the
physical energy content. Renewables have an overall share of 13.1% with a share of solar of 0.039%.
The following table gives a brief overview of the results of this calculation.

A progress ratio (PR) of 0.8 is tantamount to a cost reduction of 20% for each doubling of the cumulative capacity.

28 Here the used RES Definition of the IEA includes combustibles renewables and renewable waste and exclude the

combustion of non- renewable waste.



Combustibles renewabl es and renewabl e waste 1170 Mtoe 10.6000%
Hydro 240 Mtoe 2.2000%
Tide 0.04 Mtoe 0.0004%
Wind 7.1Mtoe 0.0640%
Solar 4.3Mtoe 0.0390%
Geothermal 45 Mtoe 0.4140%
Total 1470Mtoe 13.3174%
Total primary energy supply (TPES) 11000 Mtoe 100.0000%

Table8-8: Fuel shares of RES to the World Total Primary Energy Supply 2004

Market shares

In total, renewables supply experienced an annual growth rate of 2.3% from 1973 to 2004, marginally
higher than the annual growth of 2.2% in TPES. However, the so called “new” renewables (including
geothermal, solar, wind, etc.) recorded a much higher annua growth of 8.2%. The growth rate of solar
is calculated to be 28.1 %.

Looking at electricity production, the picture changes. There, renewables are the third largest
contributor to global eectricity production. They accounted for ailmost 18% of production in 2004,
after coal (40%) and natural gas (close to 20%), but ahead of nuclear (16%), and oil (7%) and non-
renewable waste.

Key successfactorsfor renewable energies
Looking at the past market and policy trends on renewables the study gives severa statements:

» Thebiggest chalenge facing renewable energy technologies might be that they have to advance the
date-of-the-art to the point where more renewable options can generate energy at coststhat are
competitive with conventiona sources.

«  Significant market growth in renewabl e technol ogies results from a combination of policies that
address specific barriers and/or complement existing policies. For example, in Japan, photovoltaic (PV)
technology was supported by extensve RD& D investments to increase the competitiveness of the
technology, through demonstration projects (to increase public avareness and acceptance), financid
incentives (to reduce the purchase price of PV systems) and by requiring utilities to accept, through net
metering, excess power generated by PV systems et theretall price of dectricity.

» Longevity and predictability of policy support are important to overall market success. In most cases,
feed-in tariffs for renewable energy sources have an eight- to twenty-year time frame. The long-term
support offered to biomass digtrict hesting plantsin Austria provides an example. Conversely a* stop-
and-go’ policy environment does not provide a sound basis to encourage the much-needed private
sector involvement.

»  With the trend towards market liberdisation, early support policies for emerging renewable energy
technologies must be tailored carefully to insure againgt the impact of asignificant drop in overdl
energy prices.

PV market analysis

Concerning PV, the study points out that the PV market has grown extensively since 1992. RD& D
efforts, together with market deployment policies, have effectively produced impressive cost
reductions. every doubling of the volume produced prompted a cost decrease of about 20%. But
market deployment is concentrated: Japan, Germany and the United States account for over 85% of
total instaled capacity. PV ill requires substantial RD&D investments, as well as deployment
support, to gain market learning. In the near term, RD& D efforts will focus on improving the balance-
of-system components for both grid connected and stand-aone gpplications. Even with these supports,
PV is not expected to be generally competitive until after 2020 — although it will continue to compete
well in a growing range of market niches in which the cost of deployment support is moderate.
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World Energy Outlook - Alternative Policy Scenario

Furthermore the study presents the results of energy scenarios based on the latest World Energy
Outlook.

The first scenario caled “Alternative Policy Scenario* shows how the globa energy market could
evolve if countries around the world were to adopt a set of policies and measures that they are now
considering and might be expected to implement over the projection period up to 2030. In this
scenario, the share of renewablesin globa energy consumption will remain largely unchanged at 14%.
The shares of the so-caled ,new* renewables (including geothermal, solar and wind) will increase
most rapidly at 6.2% per year but because they start from a very low base (0.5% share in 2003) they
will still be the smallest component of renewable energy in 2030 with a share of only 1.7% of global
energy demand.

The following table gives a brief overview concerning the role of PV in this scenario

Electricity Generation (TWh) 2030

Total 29,904 TWh

PV 238 TWh

RES 7,775 TWh

Share RES 26%
Table8-9: Global contribution of RES to the electricity generation by 2030

The projected increase is the result of new policies currently under discussion - on the assumption that
these policies will be implemented- as well as the result of the extension and strengthening of policies
currently in place. Most OECD countries and an increasing number of countries outside the OECD are
condgdering policies to increase the contribution of renewables. For the countries of the European
Union, the Alternative Policy Scenario assumes that additional policies will be put in place to meet the
target of the directive on the promotion of eectricity from renewable energy sources. The study noted
no targets for renewables keyond 2010 at the EU level, athough some countries have set national
ones. The intention, however, is to continue the shift to renewables beyond this period. In the United
States, about half of the states have plans to increase the share of renewables through renewables
portfolio standards. China' s Renewable Energy Law, which came into effect in January 2006, could
have alarge impact on electricity generation from renewable energy sources.

In the Alternative Policy Scenario, the share of renewables increases by ten percentage points above
current levels in the OECD, by four points in developing countries, and by four points in the transition
economies. In the OECD, the most dramatic ncrease is projected for OECD Europe, where 38% of
electricity is based on renewablesin 2030.

Key driversfor PV development

Furthermore the Study developed several other scenarios but without explicit statements in regard to
PV. However, they made assumptions and the nominated key drivers are worth mentioning.

The main aim of the scenario called “Beyond the Alternative Policy Scenario” is to ensure that global
energy related CO, emissions in 2030 are not higher than in 2040 and to illustrate the potentia of
additional emissions reductions. The suggested political and technical options are

» CCSin power generaion

» RESbasad generation

» Nuclear power-plants

« Efficiency of power plants

» Biofuesand hybrid

» Efficiency and CCSin Industry



« Efficiency of dectricity use

Different Accelerated Technology scenarios are derived for the last five. The main key drivers with
different assumption for each of these scenarios are:

» Renewables

« Nuclear
« CCS
« H,/Fud cdls

» Advanced Biofuels
» End-useEfficiency
[IEA2007]
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8.1.11The German energy economic reference prognosis- Energiereport 1V

The Study “Energiereport 1V” was carried out by EWI/PROGOS and funded by the German Federa
Ministry of Economics. It is the most common reference prognosis in Germany covering a time frame
up to 2020. In contrast to the reference scenarios published by the German Ministry for Environment
the Energiereport is considered a rather conservative energy economic study.

Underlying assumptions
Beside assumptions about the global megatrends and specific developments in the main sectors of

energy demand, the study is based on the scenarios of the world energy consumption from EIA, EU-
Commission and the |EA.

Prospects of PV technologies

Concerning the PV sector, the study argues that photovoltaic is not competitive without extensive
public funding and therefore will play no significant role in the future generation of electricity. An
entrance in the competitive market is only possible in off-grid situations and for mobile devices where
PV isin competition with battery and small diesel generators.

Assuming alifetime of 20 years, full load hours of 850 a year, interest of 6% on the loan and a specific
investment cost of 5,800 Euro per kW, the electricity generation costs are estimated to be around 70ct
per kWh. In large scale plant, this cost is able to decrease to 62 to 48 ct per kWh . Considering a
learning rate of 18 to 20% based on the experience in Japan (1981-1995) and in the USA (1976-1992),
this cost can be decreased further to 20-25ct per kWh by 2020. Based on these assumptions the
installed capacity of PV in Germany is estimated. Results are shown in the table below.

2010 2030
Installed capacity 1.1 GWp 2.4 GWp
Power Generation 1.2TWh 2.7TWh
Aquivalent of primary Energy 4.4PJ 9.5PJ

Table8-10: PV Capacity, Generation and Primary Energy in Germany

Because of their cost-effective, large scale and material saving manufacturing technique, the thin film
technology is given a good prospect, but the wafer technology maintains their established role and, as
aresult of alock-in effect, the thin film technology is not expected to reach a breakthrough in the next
few years.

[PROGNQOS 2005]



8.1.12Solar Opportunity Assessment Report

The Solar Opportunity Assessment report, presented by the Solar Catalyst Group in 2003, analyses PV
development paths from a US perspective. The report is mainly based on interviews with US PV
experts and stakeholders. It describes three different scenarios for PV market development in the US:

Projected PV Growth Under Three Pathways

Current Growth Accelerated Hypergrowth
Growth
Compound annual growth rate 24%, 28.5% 38%
Cumulative Installed MW in 2025 35 gigawatts 70 gigawatts 290 gigawatts
Electricity Production Equivalent in 63,000 126,000 522,000
2025 gigawatt-hours gigawatt-hours gigawatt-hours
% of Projected U.S. Electricity 1.2% 2.4% 10%
Consumption in 2025

Assumes each kilowatt-hour installed provides an average of 1,800 kilowatt-hours a year.
Source: International Energy Agency, 2001. Includes only installations greater than 40 watts.

Table8-11: Key figures of three PV development pathways for the US.
Source: [Makower et a. 2003]

The hypergrowth scenario is linked to the existence of a societal vision and an array of well funded
partnerships, which the authors named SHINE — Solar High-Impact Nationa Energy — Project. To
demonstrate the efforts needed, reference is made to the 1961 “ man-on-the-moon” vision. The SHINE
ideais developed in more detail in [Makower, Pernick 2005].

The major part of the report covers “levers’ to promote PV development. The main focus lies on (US)
policy and financing as well as cross cutting issues like education, standardization and market
aggregation.

A part of the report deals with the question whether or not technological breakthroughs are necessary
to trigger accelerated growth. Technological breakthroughs are defined as disruptive technology paths
in contrast to incremental improvements. In this respect thin film technologies are discussed.
Implicitly they are labelled “disruptive technologies’. Despite their potentia, they are perceived as
very risky and unreliable. The report was based on interviews done in 2003 and earlier. Today a
different image might evolve. However it has to be pointed out that the questioned PV experts did not
believe in technological leaps but rather incremental improvements.

[Makower et a. 2003]
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8.2 PV Roadmaps

8.2.1 EU White Renewable Sour ces of Energy

The White Paper ENERGY FOR THE FUTURE: RENEWABLE SOURCES OF ENERGY of the EU
commission was published in 1997. However, it is still an important benchmark for the renewables
sector. It provides the foundation of many of today’ s targets and milestones. Concerning PV, the white
paper cdls for a 100-fold increase in photovoltaic systems by the year 2010, which corresponds to a
market growth rate of 30% annually.

With respect to estimates of possible PV development, the white paper forecasted the world's annual
production of PV to reach 2.4 GWp by 2010. Annex Il of the white @per gives an overview of
Member States plans and actions for the development of renewables. Based on this the projected
share of PV is estimated to be 3 GWp in the EU15 by 2010. Mgjor shares are expected to come from
grid-connected installations either ncorporated into the structure of buildings (roofs and facades) or
stemming from large-scale power plants (0.5-5.0 MWp).

Comparing the white papers targets with today’ s achievements, it can be stated that the capacity of PV
in the EU targeted for 2010 was aready installed in 2006. However the corresponding average cost
level of 3 Euro per W, has not been reached yet.

[EC 1997]

8.2.2 TheEREC Renewable Energy Technology Roadmap - Up to 2020

The EREC Roadmap RES Technology was produced by the European Renewable Energy Council, an
umbrella association of the leading European renewable energy industry. The roadmap was published
in the year 2007 and considers severa RES scenarios and targets, reflecting on their feasibility and
deriving the specific needs for the different RES technologies. The aim of the PV Technology
Roadmap is to be an effective tool for maintaining, exploiting and strengthening European leadership
in the PV sector. It addresses the PV Industry and the technological innovations.

The starting point of the study is that published baseline (“business as usual”) scenarios® are arguing
that Renewable Energies will not meet the expectations® by 2020 without further political and legal
attention. According to the baseline scenario by Mantzos and Capros their contribution to the total
primary energy demand will only be roughly 8% in 2010, dightly more than 12% in 2020 and only
12% in 2030, far away from any target set so far. Concerning that point the study advises a more
ambitious, long term, mandatory and especialy overal target for 2020, followed by targets for the
different sectors (electricity, heating/ cooling, biofuels). Following this suggestion the roadmap makes
a concrete proposal for such new targets.

As reasons for not reaching the targets, the study cites targets that are too unspecific and the absence
of necessary legidation and support measures. Apart from the legidation problems, the study
considers the statistics and calculation methods of the European database, and more precisely, the
Eurostat methodology, compared to the substitution principle as used in a similar approach by the
International Energy Agency (IEA) and other severa authoritative energy statistics, such as the BP's
annual “Statistical Review of World Energy”, the Shell Scenarios, and the annual “ Renewables Global
Status Report” of the REN21 network. In the Eurostat methodology the primary energy value of the
electricity produced by the different energy sources is found by assuming a conversion efficiency
factor for each source.

For the electricity produced from hydro, wind, solar and ocean power the conversion efficiency factor
is assumed to be 100% and so the primary energy value of these sources is assumed to be the same as

% E.g.: European Energy And Transport, Scenarios on energy efficiency and renewables, Dr. L. Mantzos and Prof. P.
Capros, Institute of Communication and Computer Systems of National Technical University of Athens (ICCSNTUA),
E3M -Lab, Greece

30 e.g.: Green Paper; A European Strategy for Sustainable, Competitive and Secure Energy, 8.3.2006, COM(2006) 105



the electricity they produce.

Fossil fuels are converted to their primary equivalent by applying a universal conversion efficiency
factor. The usual value, which is used, is 38.5%, reflects the average efficiency of a thermal power
station. This clearly favours conventional and nuclear sources in terms of the percentage share of
overal primary energy use. Sources such as wind, hydro and PV are underestimated so far as the
substitution principle is in force and the political discussions of RES targets are based on primary
energy equivalent.

Concerning PV, the projections of the EREC roadmap about electrica installed capacity in the EU25
is estimated at 8 GW,, by 2010 and 52 GW,, by 2020.These projections mean growth rates around 45%
from 2004 to 2010 and 20% from 2010 to 2020. If these projected growth rates are achieved the
electricity production of PV is estimated at 7.5 TWh by 2010 and 55 TWh by 2020.

Globaly the EREC Roadmap considers an installed capacity of 259 GWp by 2020 delivering an
estimated power of 325 TWh corresponding to approximately 1.8 % of total electricity consumption in
2020.

By 2040 the solar generation will reach 16% of worlds energy output.
To reach this projection several technological innovations have to be made.
« Thepriceof the PV systems has to come down from 6 Euro per Wp to 3-4 Euro per Wp by 2010

» Thedectricity generating cogts have to decrease to 10 - 20ct per kWh in 2020 and 5-10 ct per KWhiin
2030.

Concerning the technological innovations, the EREC roadmap is based on a market share of 90% by
crystalline silicon cells in their different forms and 10% by thin film technology for the next 10-15
years.

The following technologica aims are adopted for 2010

» Materid (S) consumption for mono-crystdline silicon
from 10 gram per Watt pesk (g/Wp) to 7.5 g/Wp

» Ribbonsfrom 8 g/Wp to 4 gWp
»  Wafer thickness from 300 pum to 100 ym
» Kef lossin the sawing process from 250 um to 150 pum

Concerning the efficiency of crystaline silicon cells the following aims are defined up to 2020:
» Efficiency increase for mono-crystaline silicon from 16.5% to 22%

» Efficiency increase for multi-crystaline silicon from 14.5% to 20%

= Ribbon efficiency from 14% to 19%

Concerning the thin film technology the targets up to 2020 are.
« Thinfilmaming at efficiencies between 10% and 15% (a-S/mc-S, CISand CdTe)
= Building integrated PV (BIPV) with low cost per nf, price reduction of 75%

Although cells based on galium arsenide (GaAs) and other 111-V-compounds have higher cog, the
high conversion efficiencies of these cells measured so far make them ideally suited for concentrating
systems where the area price of solar cells is of minor importance. Concentrating systems using the
highest efficiency solar cells could become an interesting opportunity for medium and large
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instalations in the MW-range in southern countries.

Furthermore the EREC Roadmap notes the improvement in the lifetime of solar modules as another
step to further reducing solar electricity prices. It is expected that the lifetime will be extended from 25
years to 35 years, for example by longer lifetime encapsulation materials or new module architectures.

[EREC 2007]



8.2.3 A Strategic Research Agenda for Photovoltaic Solar Energy Technology

The Strategic Research Agenda for Photovoltaic Solar Energy Technology (SRA) has been produced
by Working Group 3 “ Science, Technology and Applications’ of the EU PV Technology Platform and
was published in June 2007.

The scope of the publication is less a scenario of PV development but rather a strategic roadmap to
achieve research and development results. The target for PV development is largely based on the
Report of the Photovoltaic Technology Research Advisory Council (PV-TRAC) [EC PV Vision
2005].

As a PV implementation target, the SRA defines 200 GWp of installed capacity in the EU and 1000
GWp worldwide by 2030.

The SRA argues that the cost and performance of PV technology is the main focus of research effort,
but the importance of other drivers should be emphasised.

In summary, the SRA identifies and addresses the following drivers for PV devel opment:

Electricity generation costs and value
» turn-key investment costs (price) of modules, BoS and system engineering

» Operation & maintenance costs (& planned replacement if applicable) / technicd lifetime
» vaueeg. posshilities for supply-on-demand or a peek prices

« energy yidd

» (factorsout of scope of the SRA like interest rate, economic lifetime,...

Environmental quality
» energy pay-back time of the modules and the BoS (Baance of System)

«  Subdtitution of hazardous materids
« optionsfor recycling

Integration
» method and ease of mounting, cabling, etc. (also for maintenance and repair)

» flexibility / modularity
» aestheticsand appearance
« lifetime

Socio-economic aspects
» public and politicd awareness

= User acceptance
» training and education

« financing

As cost targets used for all flate-plate PV module technologies the SRA consider 0,8 to 1,0 Euro per
Wp for technology ready by 2013 and implemented in large-scale production in 2015, 0,6 to 0,75 Euro



Thin-Film Implementation Scenarios IZT page 73

per Wp by 2020 and 0,3 to 0,4 Euro per Wp in 2030. Indicative targets for the BoS costs for roof -top
systems are: 0.9-1.1 €Wp in 2013, 0.75-0.9 €Wp in 2020, and under 0.5 €/ Wp in 2030.

For concentrator systems indicative targets for the turn-key cost (not price) of full systems have been
identified as 1.2 to 1.9 Euro per Wp in 2013, 0.8 to 1.2 Euro per Wp in 2020 and 0.5-0.8 Euro per Wp
in 2030.

Concerning the thin film technology the SRA expects the global production capacity to reach 1 GWp
per year in 2010 and 2 GWp per year in 2012. Taking account of the increase in production facility
sizes, improvements in module efficiency and differences in the calculation methods used by the PV
industry, in 2010, the total manufacturing costs will most likely be in the range of 1 to 1.5 Euro per
Wp. Further cost reduction to below 0.75 Euro per Wp in 2020 and 0.5 Euro per Wp by 2030 can be
reached.

The SRA points out the following common research aspects for thin film:
» Rdiable, cogt-effective production equipment

« Low cog packaging solutions both for rigid and flexible modules

» More rdiable modules through better quality assurance procedures (advanced moduletesting, and
improved assessment of module performance)

» Recycling of materids and old modules
» Alternatives for scarce chemica eements such asindium and galium

The specific research targets of the main thin film technologies are the follows:

Thin film silicon

»  Processes and equipment for low-cog, large area plasma deposition of micro/nanocrystaline silicon
solar cells.

« Madery of theinterplay between plasmaldevices/upscaing.
» Devdopment of high-quaity low cogt TCOs suitable for
» large area high performance (>12% efficiency) modules

« Demondration of higher efficiency TFS devices (above 15% on laboratory scale), improved
understanding of interface and materia properties, of light trapping, and of the fundamentd limits
faced by TFSi-based materids and devices

CISs
« Improvement of the throughput, yield and degree of standardisation of production equipment

« Moduleswith efficiencies greater than 15% (or greater than 20% at laboratary scae) through deeper
understanding of the fundamental physics of these devices

« Alternative/modified materia combinations and aternative approaches to processing like roll-to-roll
coating and combined or non-vacuum deposition methods; highly reliable and low cost packaging to
reduce materia costs

CdTe
» Activation/anneding trestments to control the eectronic properties of the CdTe layer



« Improved and smplified back-contacting for enhanced yield and throughput
»  Conceptsfor high efficiency
« New device conceptsfor thinner CdTe layers

» Enhanced fundamenta knowledge of materids and interfaces for advanced devices with high
efficiencies (up to 20% at laboratory scale)

[EC PV Vision 2005]

8.24 PVNET European Roadmap for PV R&D

The PVNET roadmap is the outcome d an EC funded FP 5 Thematic Network, a network which
brought together representatives of relevant research and development as well as production areas in
photovoltaics. The Roadmap summarises the status of PV markets and technology development, it
identifies bottlenecks and sets R&D priorities to overcome existing chalenges. Bottlenecks and
priorities are exemplified for wafer based Si-cells, thin film cells, module and system technology.

For thin film PV the following main bottlenecks are identified:
« dill ardatively low efficiency for commercia modules (except maybe CIS)
» lack of sandard production equipment; high costs and longer time to start-up production

« therdatively low yield in production related to the use of prototype equipment and quality control
sysems dill inuse

« expected module lifetime (poor image from the first, amorphous silicon products)

»  Safety requirements of some materiasin production (CIS, CdTe), availability and cost of materials
(Ga Ge In, Te)

» reduction of materid purity and materid yield

It is pointed out that all six problems have to be addressed simultaneously for thin film technology to
take amagjor share of the growing market.

[PVNET 2004]
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8.3 Articles

8.3.1 PV-News: “Thin film Forecast — Sunny with Clear Skiers’

The Article appeared in June 2007 in the oldest PV-industry newdetter “PV-News’ published by the
Prometheus Institute for sustainable development. Founded in 2003 by Travis Bradford, a former
private equity and hedge fund executive, the Institute was created to fill a need for reliable data,
guantitative analysis and practical information about the renewable energy industry.

The article gives a quantitative estimation about the production capacity of different thin film
technologies until 2010 and points out the different factors which influence the worldwide thin film
industry and the PV market in genera. Until 2010 the growth rate of thin film PV solar panels is
estimated to be as high as 60%.

Firstly it is pointed out that while total PV production grew at a compound annual growth (CAGR) of
49.5% since 2003, the CAGR in the thin film sub-segment was 79% during the same period. In 2006
the world wide thin film PV production was 196 MW, a 100% increase from the year before.
Compared with traditiona crystalline S panels, thin film PV panels generaly have a lower energy
conversion efficiency and thus require a larger area to generate the same amount of power. In
applications where space is not a constraint, thin film PV panels can be more economica than
traditional PV panels because of their lower costs. Solar energy farms and roof -top ingtalations (Grid-
Tied commercia and Utility) are therefore idea markets for thin film PV panels as well as the
emerging applications field of building integration. Furthermore thin film PV is more aesthetically
pleasing and can be deposited on flexible but durable substrates. It could be used as roofing material in
residential applications as well as in a variety of consumer products such as portable electronics or
power generating fabrics for structures such as tents, awnings and roofs.

The following table shows the projected and potential thin film manufacturing worldwide through
2010 differentiated by technology:

W 2006 2007 2008 2009 2010
n
projected | projected | potential | projected | potential | projected | potential | projected | potential
EMergiNg o . 15 15| 123| 145| 223 290| 463 385
Organic)
CIS 5 37 93 138 433 286 940 451 | 1,393
CdTe 68 140 153 233 250 283 300 286 313
aSi 123 271 327 622 934 | 1,103 1,784| 1514| 2,478
Total 196 463 587 | 1,115 | 1,762 | 1,804 | 3314 | 2,714 | 4,568

Table8-12: Projected and potential thin film manufacturing worl dwide through 2010
[Prometheus 2007]



8.3.2 EurObserv’'ER: “Photovoltaic Energy Barometer 2007”

The Photovoltaic Energy Barometer is published by EurObserv’ ER in Cooperation with the
Systemsolaires — le Journal des Energies Renouvelables. Issue no 178 from April 2007 gives an
overview about the current and prospective situation of the PV market in Europe and worldwide.
The current situation of the PV market in the EU 25, with growth rates of the installed capacity of
about 36% from 2005 to 2006 and with a growth of 57% in the cumulative PV capacity in the same
time period, is dominated by the German PV market. The German contribution of the PV market in
the EU 25 in both annual ingtallation and in cumulative capacity is estimated at about 90-93%. The
growth rate of the worldwide photovoltaic cell production from 2005 to 2006 amounted to 40%.

A brief overview of the underlying data of these growth rates is shown in the following table:

2005 2006
Germany 866 MWp | 1,153 MW,
Installed PV capacity
EU 25 914 MWp | 1,239 MW,
PV Céll Production Worldwide 1,815MWp | 2,536 MW,

Table8-13: Installed PV capacity and Cell Production.

Furthermore the table shows that the German market continues to be the world leader for solar cells,
far ahead of the Japanese market (which is expected to remain at approximately 300 MWp in 2006)
and the American market (estimated at more than 120 MWp). The solidity of the German market is
explained by the stability of the incentive system, essentially based on the Renewable Energies Law
(EEG), which, since August 2004, obliges electricity suppliers to purchase photovoltaic electricity at a
predefined tariff.3*

The silicon shortage has put pressure on many European PV players that have had to adapt their
strategies as a result. The companies are trying to sign long term contracts with silicon producers
(Hemlock, Wacker, REC, etc.) or to become silicon producers themselves by creating joint ventures
with these same manufacturers. Certain industriaists are even trying to be more and more autonomous
by following a vertica type strategy, going from the production of the silicon up to the supply of the
photovoltaic modules. They also develop ever thinner crystaline silicon cells to reduce the raw
material requirement. Finally, more and more manufacturers are diversifying their activities into other
technologies like thin film PV (chalcopyrites- copper indium gallium selenide, in particular), which
consume less material and offer the prospect of a greater reduction of production costs than for
crystaline silicon. These different strategies for ensuring procurement security and reducing
production costs should permit the European industry to be able to compete with the Japanese and
Chinese indudtrialists on the gigantic world market that is emerging on the horizon.

For the performance of the market growth in the future two main influencing factors are nominated
» Theovercoming of the silicon shortage which will finaly alow industridists to fully use their
production capacity and supply to fully meet demand.

» The continued decrease of the priceof ingtdlation which will improve the sector’s competitiveness.

The outlook for the European PV Market is oriented to the two growth scenarios of the EPIA
scenarios. The pessmistic version does not foresee reinforcement in current incentive mechanisms.
The other, the policy driven scenario, foresees the introduction, the continuation and the reinforcement
of incentive systems in al of the European countries. The pessimistic vision will lead to a total

31 In 2006, the grid connected systems (around 97% of al PV Systems in Germany) benefited from a feed-in tariff varying
between 51.8 c€/kWh and 48.74 c€/kWh on a duration of twenty years, with a 5% per year degression. A 5 c€/kWh bonusis
added for building fagade integrated systems. The possibility of a modification of the EEG law is currently under discussion,
notably with regard to a possible increase of the annual degression to 10%.
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European power of 7905 MWp, while the voluntarist projection will bring total European installed
capacity up to 9921 MWp, i.e. very near to the symbolic benchmark of 10 GWp by 2010. But these
scenarios, established at the end of the year 2005, correspond only moderately to the results of the
survey that have been performed for the year 2006. The German market is largely underestimated in
2005 and 2006 and, conversely, the markets of the other EU countries are for the most part
overestimated (except for that of Spain). Taking into consideration the consequent re-evaluation of the
German market made by the Ministry of the Environment and the predictable acceleration in the
growth of the Italian, Spanish and French markets, an installed capacity of 8713 MWp by 2010 isa
realistic extrapolation of the current trend.

To reach this prospective market volume it is necessary to train more and more numerous
professionals (technicians and administrative staff), to permit connection to the power grid and to
build a network of distributors and installers. Furthermore the creation of riches and of qualified jobs
is an opportunity for society, of which the political decision makers must be persuaded.

[EurObserv’ ER 2007]
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