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Uberblicksbericht 2014

Forschungsprogramm
Photovoltaik

Messaufbau fiir CIGS Duinnschicht-Solarzellen an der EMPA Duibendorf (° 2014 Daniel Forster / NET Ltd.)

Bundesamt fur Energie BFE
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Einleitung

Die Photovoltaik hat in den letzten Jahren sowohl technologisch wie industriell und marktbezogen
enorme Fortschritte gemacht und wird heute weitverbreitet als eine der wichtigsten kiinftigen Energie-
technologien angesehen. Nebst den anhaltenden technologischen Entwicklungen ist die Photovoltaik
aufgrund ihrer Marktentwicklung vielerorts systemrelevant geworden. Diese Situation fihrt zu neuen
Herausforderungen sowohl technischer wie 6konomischer Art.

Forschung und Entwicklung bleiben in dieser intensiven Phase von zentraler Bedeutung und sind fir
die anhaltende Innovation und Marktflihrerschaft entscheidend. So hat die Dynamik auch an der tech-
nologischen Front weiter zugenommen und neue Erfolgsmeldungen treffen in verschiedensten Gebie-
ten immer rascher aufeinander.

In der Forschung geht es um die anhaltende Weiterentwicklung der bestehenden Photovoltaiktechno-
logien sowie die Entwicklung neuer Materialoptionen und Konzepte. Nebst dem Kerngebiet der ver-
schiedenen Solarzellen- und Modultechnologien beinhaltet die Photovoltaikforschung auch technolo-
giespezifische Themen auf der Systemebene, z.B. der Gebaudeintegration, der elektrischen System-
technik oder der Umweltindikatoren und des Recyclings. Mit der derzeit anhaltenden Kostenreduktion
bilden System-Ubergreifende Aspekte wie die Netzintegration, die Speicherung oder energetische
Konzepte im Gebaude immer wichtigere Themen der Forschung. Neue Erkenntnisse und Resultate
aus der Forschung werden mdglichst rasch in die Industrie Gbergefihrt.

Die Photovoltaik als wesentlicher Pfeiler einer nachhaltigen Stromversorgung hat in relevanten Szena-
rien inzwischen ihren festen Platz: Die im Jahr 2014 publizierte zweite Photovoltaik-Roadmap der
Internationalen Energie Agentur IEA [1] spricht bis 2050 von einem mdglichen Beitrag von rund 16 %
zur weltweiten Stromversorgung, deutlich mehr als die 10% in ihrer ersten Ausgabe von 2010 [2].

In den letzten 30 Jahren hat sich eine starke Schweizer Position in verschiedenen Gebieten der Pho-
tovoltaikforschung herausgebildet: Im Vordergrund standen lange fast ausschliesslich die Entwicklun-
gen von verschiedenen Dunnschicht-Technologien. In den letzten Jahren verbreiterte sich die For-
schung auf neue Konzepte mit kristallinen Solarzellen und neuen grundlegenden Konzepten. Es er-
folgte dazu eine deutliche Steigerung der Aktivitaten und eine Starkung der Forschungsinfrastruktur.
Heute findet neben der Forschung an Instituten und Hochschulen auch seitens der Industrie eine in-
tensive Technologieentwicklung statt, welche mittlerweile zu einer entlang der ganzen Wertschop-
fungskette der Photovoltaik bedeutenden Schweizer Industrie gefuhrt hat. Laufende Aktivitaten in For-
schung und Entwicklung sowie Projekte im Bereich von Pilot- und Demonstrationsanlagen umfassen
im Berichtsjahr 2014 rund 73 Projekte, wobei alle der Programmleitung bekannten Projekte mit einer
Forderung der offentlichen Hand beriicksichtigt sind. Nebst den durch das Bundesamt flr Energie
(BFE) geforderten Projekten und den Schwerpunkten einzelner Hochschulen und Forschungsinstitute
spielen Projekte mit Unterstiitzung der Kommission fir Technologie und Innovation (KTI) sowie zahl-
reiche EU-Projekte im Forschungsprogramm Photovoltaik eine tragende Rolle.

Programmschwerpunkte

Das Forschungsprogramm Photovoltaik des BFE verfolgt in der Periode 2013-2016 die folgenden
Ziele [3]:

Weiterentwicklung von Dunnschicht-Solarzellen (Effizienzsteigerungen und Kostenreduktion);
Entwicklung von Hocheffizienzzellen (z. B. HIT-Zellen, Photonenmanagement);

Materialoptionen fur neue Solarzellenkonzepte (z. B. organische Solarzellen);

Industrielle Fertigungsprozesse fiur verschiedene Diinnschichtsolarzellen (z. B. Silizium, CIGS);
Neue multifunktionale Produkte fur die Gebaudeintegration;

Optimierung der Einbindung von Solardéchern und —fassaden in die Gebaudetechnik;
Netzintegration von hohen Anteilen von Photovoltaikstrom;

Ubergreifendende Zusammenarbeit zur Optimierung der Energieerzeugung in Kombination mit
andern Erneuerbaren, insbesondere bezlglich Speicheroptionen und Verbrauchssteuerung.

Das Programm ist dazu in folgende finf Bereiche aufgeteilt (die in Klammern angegebene Klassifizie-
rung bezieht sich auf die Liste der Projekte, Seite 15 ff.):

Solarzellen (1a-e)

Verschiedene materialspezifische Ansétze zu Dunnschichtsolarzellen stellten bisher den wichtigsten
Schwerpunkt dar (Silizium, Verbindungshalbleiter, organische Materialien). Verstarkt werden Hocheffi-
zienz-Zellen mit Heterolbergangen zwischen Dunnschicht- und kristallinem Silizium vorangetrieben.
Organische und Polymersolarzellen, in den letzten Jahren vor allem auch die Forschung an
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Perowskitstrukturen, gewinnen als mdgliche langfristige Technologieoptionen an Bedeutung. Ausser-
dem werden in der Grundlagenforschung fortgeschrittene Konzepte mit Photonen-Management er-
forscht, z.B. fir Lumineszenz-Konzentratoren.

Module und Gebéaudeintegration (2a-e)

Neue Konzepte fur die Photovoltaik Gebaudeintegration stehen hier im Vordergrund. Zum Einen geht
es dabei um eine grossere Vielfalt von Lésungen und neue gestalterische Moglichkeiten, insbesonde-
re durch farbige Solarmodule. Zum Anderen wird die Integration in funktionale Gebaudeelemente (z.B.
Isolation, Wasserdichtigkeit) verfolgt.

Elektrische Systemtechnik (3)

Bei der elektrischen Systemtechnik steht die Qualitatssicherung von Modulen und Wechselrichtern im
Vordergrund, einschliesslich entsprechender Normen. Ein in Zukunft wichtiger werdendes Thema ist
die Wechselwirkung mit dem elektrischen Netz und die Integration der Photovoltaik ins Netz.

Begleitende Themen (4)

Zum Einen geht es hier um relevante technische und nicht technische Themen zur Marktentwicklung
(z.B. Hilfsinstrumente, Monitoring, Umweltaspekte). Andererseits sind hier auch auf andere Ener-
giethemen Ubergreifende Projekte (z.B. Gebaude, Mobilitat, Speicherung) angesiedelt.

Institutionelle internationale Zusammenarbeit (5)

Diese erfolgt einerseits projektbezogen auf allen Gebieten und andererseits im Rahmen des Imple-
menting Agreements Photovoltaic Power System Programme (PVPS) der Internationalen Energie-
agentur (IEA), der europédischen SOLAR-ERA.NET-Kooperation (ERA: European Research Area), der
Européischen Photovoltaik-Technologie-plattform, der Solar Europe Industry Initiative (SEII) im Rah-
men des SET-Plans und der Normen festlegenden Internationalen Elektrotechnischen Kommission
(IEC).

Ruckblick und Bewertung 2014

Gemessen an der Anzahl laufender Projekte mit dffentlicher Finanzierung und der gesamthaft gemel-
deten Forschungsprojekte [4] kann eine anhaltende Verstarkung der Forschungsaktivitaten beobach-
tet werden. Diese Erhdhung ist in erster Linie auf eine Zunahme von KTI- und EU-Projekten zuriickzu-
fuhren. Die zur spezifischen Férderung der Photovoltaik verfligbaren Forschungsmittel des BFE sind
im Jahr 2014 beschréankt aber konstant geblieben. Die Mittel fir Pilot- und Demonstrationsprojekte
konnten hingegen deutlich erhéht werden und umfassen vermehrt auch pilotméssige industrielle Pro-
zesse. 2013 ist mit Unterstiitzung des Staatssekretariats fur Bildung, Forschung und Innovation (SBFI)
das Photovoltaik-Kompetenzzentrum am Centre Suisse d’Electronique et de Microtechnique (CSEM)
operativ geworden. 2014 konnte dieses seine Tatigkeiten und Projekte weiter entfalten. Damit wird die
industrienahe Forschung in Hinsicht auf die Umsetzung deutlich gestarkt.

Inhaltlich sind programmubergreifend drei wesentliche Trends zu erkennen: i) die verstarkte Fokussie-
rung auf kurz- und mittelfristig relevante Fragestellungen der Industrie (anhaltende Kostensenkung
und Effizienzsteigerung, neue Prozesse und Produkte), ii) die wachsende Bedeutung von systemrele-
vanten Fragestellungen (z.B. Geb&aude- und Netzintegration, neue Loésungen) sowie iii) langfristige
Optionen in der Material- und Grundlagenforschung.

Ein nicht unwesentliches Element auf der nationalen Ebene ist der inzwischen auf mindestens 300
MW Jahreskapazitat geschéatzte Markt (total installierte Leistung Ende 2014 1060 MW), welcher sei-
tens der Marktakteure zu vermehrten Kooperationen mit Forschungsinstituten und Innovationen fihrt.
Insgesamt ist damit trotz Konsolidierung in der Industrie eine wachsende Industrietatigkeit zu ver-
zeichnen.

Ausblick

Die Schweizer Photovoltaik Forschungslandkarte (Figur 1) ist stark diversifiziert und gut verteilt, was
ihrer wachsenden Bedeutung grundsatzlich entspricht. Die Herausforderung der Schweizer Photovol-
taikforschung und —industrie fur die kommenden Jahre liegt deshalb darin, international, sowohl tech-
nologisch wie produktbezogen, an vorderster Front mithalten zu kénnen. Die Ausgangslage dazu ist
grundsatzlich weiterhin sehr gut: Die Schweiz hat in verschiedenen Forschungsgebieten weltweit wei-
terhin fuhrende Forschungsaktivitaten und konnte diese in den letzten Jahren deutlich verstarken. Die
Industrie ist trotz schwierigen Zeiten in Bezug auf die Innovationstétigkeit weiterhin stark prasent und
thematisch breit aufgestellt. Mit den verschiedenen Massnahmen zur Starkung von Forschung und
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Umsetzung entwickelt sich auch die Forschungsinfrastruktur weiter. Zusammen mit dem kontinuierlich
wachsenden Markt und der zunehmenden Wettbewerbsfahigkeit sind damit die Voraussetzungen fir
die weitere Entwicklung sowohl wissenschaftlich und technologisch wie industriell und marktbezogen
anspruchsvoll aber aussichtsreich.

Figur 1: Die Schweizer Photovoltaik Forschungslandschaft

Forschungsinstitute und Stossrichtungen der Forschung

Die Schweizer Photovoltaik Forschungskompetenzzentren zu einzelnen Schwerpunktthemen konnten
in den letzten Jahren ihre Forschungsaktivtaten vertiefen, neue Themen aufgreifen, die Industrieko-
operationen starken und allgemein die Forschungsinfrastruktur ausbauen.

PV-LAB, EPFL, und CSEM PV Technology Center, Neuchatel

Das PV-Lab an der EPFL und das CSEM PV Technology Center sind eng miteinander verbunden;
ersteres bearbeitet die mehr forschungsbezogenen Themen wéhrend letzteres sich mit industrienahen
Fragestellungen befasst. Thematisch stand tber rund 25 Jahre die Silizium Dinnschichttechnologie
im Vordergrund und das Labor gehért zu den weltweit fihrenden Gruppen auf diesem Gebiet. In den
letzten Jahren hat sich der Schwerpunkt der Aktivitaten auf Silizium-Heteroiibergdnge und hocheffizi-
ente Silizium-Solarzellen verschoben, welche gegentber den reinen Silizium Dinnschicht-Solarzellen
deutlich an Bedeutung gewinnen. Dennoch ist die Erfahrung aus dem Gebiet der Dunnschicht-
Solarzellen bzw. der entsprechenden, grossflachigen Depositionsverfahren hier wichtig und erfolgs-
entscheidend (Figur 2). Eine Reihe von Forschungsprojekten mit Unterstiitzung des BFE, des
Schweizerischen Nationalfonds, der KTI, der Europaischen Kommission, des SBFI sowie direkten
Industriemandaten befasst sich mit den neusten Entwicklungen betreffend Materialeigenschaften,
Fenster- und Zwischenschichten, Kontaktierung, strukturellen Aspekten zur Lichtfihrung in der Solar-
zelle oder Fragen zur Verpackung der Solarmodule. Die besten Laborwirkungsgrade von Silizium
Hetero Junction Solarzellen liegen hier mittlerweile zwischen 22 und 23%.

PV Lab und CSEM PV Technology Center entwickeln zudem nebst diesen neuen Solarzellentechno-
logien auch neue Konzepte fir die Photovoltaik Geb&audeintegration. Dabei konnte das CSEM 2014
neue Verfahren zur Farbgebung von Solarmodulen vorstellen, welche selbst weisse Solarmodule er-
mdglichen und dabei die Ertragseinbussen in Grenzen halten (Figur 3).
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Figur 2: Forschungsreaktor am CSEM Neuchatel, Figur 3: Vorstellung von neuen farbigen Solarmodulen des
(° 2014 Daniel Forster / NET Ltd.) CSEM Neuchatel, (Quelle CSEM.)

Institute of chemical sciences and engineering (ISIC), EPFL, Lausanne

Am ISIC an der EPFL ist die langjahrige Forschung im Bereich der Farbstoffsolarzellen angesiedelt
(Figuren 5 und 6). Diese hat in den letzten Jahren vor allem mit den neuen Entwicklungen rund um die
Perowskitstrukturen weltweit Schlagzeilen gemacht. Keine andere Solarzellentechnologie hat in so
kurzer Zeit so massive Fortschritte beim Wirkungsgrad erzielt wie diejenige der Perowskite. Inzwi-
schen wurde an der EPFL ein Laborwirkungsgrad von 21% erreicht. Auf dem Weg zur Umsetzung
dieser Konzepte stellen sich insbesondere Fragen der eingesetzten Materialien sowie der Stabilitat
der Solarzellen. Aktuelle Forschungsprojekte laufen hier vor allem mit Unterstitzung der Européi-
schen Kommission.

Figur 4: Laborarbeiten am ISIC der EPF Lausanne Figur 5: Farbstoff-Solarzellen vom ISIC der EPF Lausanne
(° 2014 Daniel Forster / NET Ltd.) (° 2014 Daniel Forster / NET Ltd.)

Empa, Dubendorf

An der Empa in Dubendorf haben sich in den letzten Jahren zwei Stossrichtungen zu Dunnschichtso-
larzellen prominent weiter entwickelt. Zum Einen sind dies die Solarzellen auf der Grundlage der 1I-VI
Verbindungshalbleiter CIGS und CdTe. Hier ist die Dinnfilm PV Gruppe an der Empa bei CIGS Solar-
zellen besonders erfolgreich. Ein Schwerpunkt liegt dabei auf CIGS Solarzellen auf flexiblen Substra-
ten (Titelbild), wo verschiedene Weltrekorde im Wirkungsgrad erzielt wurden, zuletzt ein Wert von
20.4%. Parallel dazu wird das Verfahren in Bezug auf die Flache hochskaliert und zusammen mit dem
Unternehmen Flisom industriell umgesetzt. Entsprechende Forschungs- sowie P+D-Projekte werden
vom BFE, der KTl und der Européischen Kommission unterstiitzt. Zum anderen betreibt die Empa
auch eine namhafte Entwicklung auf dem Gebiet der organischen Solarzellen und ist dabei fiir das
grosse EU-Projekt TREASORES verantwortlich.

Weitere Forschungsstellen

Das CSEM in Muttenz befasst sich ebenfalls mit der organischen Photovoltaik und fuhrt dazu das
grosse EU-Netzwerkprojekt Sunflower an. Mehr grundlagenorientierte Solarzellenforschung findet an
den Universitaten Basel und Fribourg sowie an der ETH Zirich und an der Empa in Thun statt. Dabei
geht es um grundlegende Aspekte der Licht Materie Wechselwirkung, neue Solarzellenkonzepte und
Lumineszenzkonzentratoren.
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Fachhochschulen

Die Qualitatssicherung hat seit vielen Jahren ihren festen Stellenwert in der Photovoltaik Forschungs-
landschaft. Lange Tradition in der Photovoltaik hat die Scuola universitaria professionale della Svizze-
ra italiana (SUPSI) in Lugano, wo man sich vor allem mit der Qualitdt und dem Verhalten von Solar-
modulen und der Photovoltaik Gebaudeintegration befasst. Dazu betreibt das Istituto Sostenibilita
Applicata allAmbiente Costruito (ISAAC) eine umfangreiche Laborinfrastruktur mit Prifstanden drin-
nen und draussen (Figur 6). Das SPF an der Hochschule Rapperswil erganzt diese Kompetenzen um
Messungen bezlglich Schneelast sowie zu Eigenschaften von PVT-Hybridkollektoren. Eine lange
Tradition hat auch das PV Labor an der BFH in Burgdorf, wo Wechselrichter und Systemtechnik im
Vordergrund stehen (Figur 7). Hier steht eine leistungsfahige Infrastruktur zur Ausmessung von
Wechselrichtern und PV-Anlagen. An der ZHAW in Winterthur wird ein Schwerpunkt Photovoltaik auf-
gebaut, welcher sich zum Einen mit der Systemtechnik, zum Andern mit Konzepten fir den Modulauf-
bau befasst. Erganzt wird diese Tatigkeit durch das IUNR an der ZHAW in Wadenswil, welche sich mit
anlagentechnischen und umweltbezogenen Fragestellungen befasst. An der HSLU steht die Schnitt-
stelle zum Gebaude und der Architektur im Vordergrund. Punktuelle Photovoltaik Forschungsaktivita-
ten verzeichnen ausserdem die HEIG-VD in Yverdon, die HEIV in Sion und das NTB in Buchs.

Figur 6: Teststand fur Solarmodule am ISAAC der SUPSI in Figur 7: Hochspannungslabor an der BFH in Burgdorf
Lugano (° 2014 Daniel Forster / NET Ltd.) (° 2014 Daniel Forster / NET Ltd.)

P+D-Projekte

Der Bereich der P+D-Projekte konnte in den letzten Jahren gestarkt werden und es finden vermehrt
anwendungsorientierte Projekte statt. Diese umfassen zum Einen den pilotméassigen Aufbau von neu-
en industriellen Prozessen, z.B. fur die Silizium Hetero Junction Solarzellen von Meyer Burger Rese-
arch (Swiss Inno HJT Projekt, Figur 8 und 9) oder fur CIGS Dinnschichtsolarzellen. Zum Anderen
werden neue Losungen und Produkte im Pilotmassstab gebaut und analysiert (Figur 10). Damit soll
auch die Photovoltaik Gebaudeintegration vorangetrieben werden (Figur 11).

Figur 8: Swiss Inno HJT Pilotlinie von Meyer Burger Research in  Figur 9: Meyer Burger CEO Peter Pauli mit Bundesratin
Hauterive (Quelle: Swiss Inno HJT) Doris Leuthard an der Einweihung der Swiss Inno HJT
Pilotlinie (Quelle: CSEM/Meyer Burger/Daniel Hager Photo-

graphy)
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Nationale Zusammenarbeit

Im Berichtsjahr wurde die vielfaltige nationale Zusammenarbeit in verschiedenen Projekten weiter
intensiviert. Die Schweizer Photovoltaik Kompetenzzentren arbeiten immer haufiger in gemeinsamen,
haufig themenubergreifenden Projekten zusammen, z.B. in Projekten des Kompetenzzentrum fir
Energie und Mobilitat (CCEM) sowie neuerdings im Rahmen der Swiss Competence Centres for
Energy Research (SCCERs). Damit hat sich der Austausch innerhalb der Schweizer Photovoltaik
Forschungsgemeinschaft deutlich verstarkt. Die Zusammenarbeit mit Industrieunternehmen konnte
ebenfalls ausgebaut werden, sowohl in neuen Projekten mit Unterstiitzung der KTI, als auch in der
Form von direkten Mandaten der Industrie an ausgewahlte Forschungsinstitute.

Auf Programmebene wurde die Zusammenarbeit mit vielen Stellen des Bundes, der Kantone und der
Elektrizitatswirtschaft weiter gepflegt. Mit dem Aktionsplan Koordinierte Energieforschung, der Nano-
Tera Initiative und den neuen Schwerpunktprogrammen NFP 70 und 71 des Schweizerischen Natio-
nalfonds, dem erwdhnten CSEM Photovoltaik Technologiezentrum mit Unterstutzung des SBFI und
der Erh6hung der BFE-Mittel fur P+D Projekte haben sich wesentliche Randbedingungen fir die be-
schleunigte Entwicklung und Umsetzung der Forschung positiv entwickelt.

Figur 10: PVT Hybridkollektoren auf der Lintharena in Nafels Figur 11: Photovoltaik Fassadenintegration bei Flumroc in
(Quelle: ZHAW Wadenswil) Flums (° 2014 Daniel Forster / NET Ltd.)

Internationale Zusammenarbeit

Die institutionelle Zusammenarbeit innerhalb der IEA, der IEC und der européaischen Netzwerkprojekte
wurde im Berichtsjahr kontinuierlich fortgesetzt. Auf der Projektebene konnte die Zusammenarbeit
innerhalb der EU in bestehenden und neuen Projekten erfolgreich fortgesetzt werden. Im Jahr 2014
waren es 19 Projekte im 7. Rahmenforschungsprogramm der EU bzw. 4 Grundlagen-Projekte mit
Unterstutzung des European Research Council. Die Beteiligung am Photovoltaikprogramm der IEA
(IEA PVPS) wurde im Berichtsjahr fortgesetzt, sowohl auf der Projektebene als auch im Executive
Committee (ExCo).

Die Firma Nova Energie vertritt die Schweiz in Task 1 des Implementing Agreements (IA) PVPS der
IEA, welcher allgemeine Informationsaktivititen zur Aufgabe hat. Im Berichtsjahr wurde ein weiterer
nationaler Bericht Uber die Photovoltaik in der Schweiz bis 2013 [5] ausgearbeitet. Auf dieser Grund-
lage wurde die 19. Ausgabe des jahrlichen internationalen Berichtes (Trends Report) Uber die Markt-
entwicklung der Photovoltaik in den IEA-L&ndern erstellt [6]. Im Rahmen der interdepartementalen
(SECO, DEZA, BFE) REPIC Plattform zur Forderung der erneuerbaren Energien und der Energieeffi-
zienz in der internationalen Zusammenarbeit [7] leistet das Beratungsunternehmen Entec den
Schweizer Beitrag zum |IA PVPS Task 9 uber die Photovoltaik-Entwicklungszusammenarbeit. Dieses
Projekt befasst sich mit der nachhaltigen Verbreitung der Photovoltaik in Entwicklungslandern und
thematisiert auch Aspekte der solaren Wasserversorgung. Treeze vertritt die Schweiz im IA PVPS
Task 12 zu Umwelt-, Sicherheits- und Gesundheitsaspekten der Photovoltaik. In diesem Projekt sollen
industriell moglichst aktuelle, relevante und international abgeglichene Informationen zu diesem be-
deutenden Thema aufgearbeitet und publiziert werden. TNC und das ISAAC vertreten die Schweiz im
IA PVPS Task 13 zu Performance und Zuverlassigkeit von Photovoltaikanlagen, welcher in der
Schweiz durch den IEA PVPS Pool (aktuell getragen von ewz., Gesellschaft Mont Soleil und Swisso-
lar) geférdert wird. Eine Arbeitsgruppe unter Leitung von Planair vertritt die Schweiz im IA PVPS Task
14 zur hohen Penetration von PV-Anlagen in elektrischen Netzen. Auch dieser Schweizer Beitrag
wurde durch den IEA PVPS Pool unterstitzt. Das Projekt gewinnt aufgrund des starken Wachstums
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der Photovoltaik in einzelnen Landern bzw. Regionen rasch an Bedeutung und stdsst damit auf gros-
ses internationales Interesse. Das Unternehmen Meteotest und die Groupe Energie an der Universitat
Genf erbringen zusammen den Schweizer Beitrag zum Task 46 Solar resource assessment and fore-
casting. Task 46 ist Bestandteil des IA Solare Warme und Kalte (SHC) der IEA [8], inhaltlich ist es
jedoch fir alle Solartechnologien relevant. Dementsprechend erfolgt eine Zusammenarbeit mit den
weiteren IA zur Solarenergie (IA PVPS und IA SolarPACES). In diesem Projekt werden die Auswir-
kungen von Strahlungsanderungen und Vorhersagen auf die solare Energieproduktion bei hoher Dich-
te von Solaranalgen sowie die Verfugbarmachung der entsprechenden Daten bearbeitet.

Basler & Hofmann vertritt die Schweiz im Auftrag von Swissolar im TC 82 der IEC zu Photovoltaik-
Normen [9]. Das neue EU-Projekt SOLAR-ERA.NET [10] hat im Berichtsjahr eine zweite gemeinsame
Ausschreibung (Joint Call) durchgefiihrt. Es umfasst nebst der Photovoltaik auch die konzentrierende
solarthermische Energie und soll die Umsetzung der Solar Europe Industry Initiative unterstiitzen. Das
Projekt fuhrt rund 20 nationale und regionale Forschungs- und Innovationsprogramme zusammen und
wird durch die Schweiz (Programmleitung Photovoltaik) koordiniert. Die Schweiz ist zudem im Steue-
rungsausschuss der Européischen Photovoltaik-Technologie-Plattform vertreten [11].

Referenzen

[1] IEA Technology Roadmap Solar photovoltaic energy, OECD/IEA (2014).

[2] IEA Technology Roadmap Solar photovoltaic energy, OECD/IEA (2010).

[3] Konzept der Energieforschung des Bundes 2013 bis 2016, CORE/BFE (2012).

[4] Energieforschungsstatistik 2012, BFE (2014).

[5] National Survey Report of PV Power Applications in Switzerland 2013, BFE (2014).

[6] Trends in Photovoltaic Applications, Survey Report of selected IEA countries between 1992 and
2013, IEA-PVPS T1-25 (2014) (www.iea-pvps.org).

[7] Interdepartementale Plattform zur Férderung der erneuerbaren Energien und der Energieeffizienz
in der internationalen Zusammenarbeit, REPIC (www.repic.ch).

[8] IEA SHC Task 46 Solar Resource Assessment and Forecasting (http://task46.iea-shc.org/).

[9] IEC TC 82 Solar photovoltaic energy systems (www.iec.ch).

[10] ERA-NET on Solar Electricity for the Implementation of the Solar Europe Industry Initiative
(www.solar-era.net).

[11] European Photovoltaic Technology Platform (www.eupvplatform.org).

14/288



Laufende und im Berichtsjahr abgeschlossene Projekte

CHEETAH - Cost-reduction through Material Optimisation and Higher EnErgy OutpuT of SolAr PHotovoltaic R+D 3.1.2
Modules

EPFL STI IMT-NE PV-LAB EU

Ballif Christophe christophe.ballif@epfl.ch 2014-2017

Developing new concepts and technologies for wafer-based crystalline silicon PV, thin-film PV and organic PV, resulting
in (strongly) reduced cost of materials and increased module performance. Also fostering long-term European
cooperation in the PV R&D sector. Accelerating the implementation of innovative technologies in the PV industry, by a
strong involvement of EPIA and KIC InnoEnergy in the program.

CONNECT-PV - Leitfahige transparente Elektroden: ein Kompetenzcluster fur hoch effiziente Dinnfilm-Solarzellen R+D 3.1.2
ZHAW - ICP BFE
Ruhstaller Beat ruhb@zhaw.ch 2014-2017

Development of highly conductive and transparent contact layers to be used in flexible thin film photovoltaics. These
layers are a central requirement for the realization of low production cost, flexible solar modules. The layer deposition
must be compatible with low-temperature and large-area techniques.

Thin Layers for High-efficiency Silicon Solar Cells through Ideal Coupling of Individual Components R+D 3.1.2
EPFL STI IMT-NE PV-LAB BFE
Ballif Christophe christophe.ballif@epfl.ch 2012-2014

The project focuses on the increase in efficiency of thin film silicon devices, and also contributes to developments that
can be implemented for high efficiency crystalline heterojunction solar cells. The final objective is to bring new findings tc
the research field that provides new routes for increased module efficiencies for similar costs, without impacting the

reliability.
Accelerated Development and Prototyping of Nano-technology-based High-efficiency Thin-film Silicon Solar R+D 3.1.2
Modules (FAST TRACK)

EPFL STI IMT-NE PV-LAB EU

Ballif Christophe christophe.ballif@epfl.ch 2012-2015

The main project goals are the development of innovative photovoltaic cell processes and their up-scaling to the level of
pilot lines. These goals should be reached in terms of stable device efficiency higher than 14% and a prototype module
with stable efficiency higher than 12%.

High Rate Deposition of Microcrystaline Silicon for Solar Cell Applications by Means of a Resonant Network RF R+D 3.1.2
Antenna

EPFL - CRPP KTI

Tran Minh Quang minhquang.tran@epfl.ch 2013-2015

Change from capacitively coupled plasma reactor to inductively coupled devices might reduce the cost and increase the
efficiency of thin film solar cells. In the project a plasma box reactor equipped with a resonant network RF antenna will be
constructed and PV related material will be aimed for. Additional equipment of the plasma reactor with a biasing
electrode will allow the ion bombardment of the substrate to optimize the material properties.

High Efficiency Triple Junction Thin Film Silicon Solar Cells Implementing Amorphous Silicon Germanium Alloy R+D 3.1.2
(TRIGGER)

EPFL STI IMT-NE PV-LAB KTI

Ballif Christophe christophe.ballif@epfl.ch 2012-2015

Advanced triple junction solar cell will be developed to further enhance the conversion efficiency of thin film silicon solar
cells. High quality silicon germanium alloys will be synthesized on textured substrates, and implemented in the triple
junction solar cells. Record devices will be developed on state-of-the-art substrates as well as on advanced electrodes.

Control of Traveling EM Waves in Large Area (VHF) PECVD Reactors for the Production of Competitive Solar R+D 3.1.2
Panels

NTB Fachhochschule Buchs KTI

Wirsch Christoph christoph.wuersch@ntb.c 2013-2014

This project evaluates alternative concepts for the Plasma Enhanced Chemical Vapour Deposition of silicon films
deposited over large areas substrates and sustained at very high frequencies. The scientific challenge consists in
avoiding the large non-uniformities of the electrical field uniformity generated by standing wave effects. Several concepts
will be numerically tested and the most promising will be validated by an experimental setup.

Feasibility Study for the Atmospheric Plasma Jet Deposition of Transparent Conductive Oxide for Thin-film Solar R+D 3.1.2
Cell Applications (JETCO)

EPFL STI IMT-NE PV-LAB KTI

Wyrsch Nicolas nicolas.wyrsch@unine.c 2012-2014

To investigate the possibility to use the atmospheric arc plasma jet technology developed by Swissnanocoat in order to
deposit transparent conductive oxide films to be used as thin film silicon solar cells front electrodes. These films should
be characterized by high transmission (above 85%), low resistivity (below 10-3 Ohm cm) and offer the possibility to
achieve surface texturation for light scattering in the solar devices.
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Development of Thin High-efficiency Large-area Interdigitated Back Contact Silicon Heterojunction Solar Cells for R+D 3.1.2
Mass Production (HET-IBC)
EPFL STI IMT-NE PV-LAB KTI
Ballif Christophe christophe.ballif@epfl.ch 2012-2014
The HET-IBC project aims at the development of an industrial process for the manufacture of high efficiency large-area
interdigitated back contact silicon heterojunction solar cells on thin Si wafers. This type of device is amongst the most
promising ones for ultra-high conversion efficiencies, low production costs and easier assembly into solar modules.

Entwicklung von kristallinen Silizium-Solarzellen und -modulen mit h6herem Wirkungsgrad und besserer R+D 3.1.2
Energieausbeute (NODHID)

EPFL STI IMT-NE PV-LAB Axpo Naturstrom

Ballif Christophe christophe.ballif@epfl.ch 2011-2015

Entwicklung von kristallinen Silizium-Solarzellen und -modulen mit héherem Wirkungsgrad und besserer
Energieausbeute

MIRROR: Development of a new PECVD Reactor for Efficient Production of High-quality Silicon Heterojunction R+D 3.1.2
Solar Cells

CSEM KTI

Despeisse Matthieu matthieu.despeisse@cse 2014-2015

Feasibility demonstration of a new type of PECVD system, specifically dedicated but not restricted to the production of
high-efficiency silicon heterojunction solar cells: the MIRROR reactor. Its design allowing ultra-homogeneous both sides
coatings of wafers without breaking the vacuum, the fastidious handling of the substrates would be simplified, leading to
higher production throughput and yield, reduced costs, to improved device performance.

High Efficiency Rear Contact Solar Cells and Ultra Powerful Modules - HERCULES R+D 3.1.2
EPFL STI IMT-NE PV-LAB EU
Ballif Christophe christophe.ballif@epfl.ch 2013-2016

To develop innovative n-type monocrystalline c-Si device structures based on back-contact solar cells with alternative
junction formation, as well as related structures including hybrid concepts (homo-heterojunction). These concepts are the
most promising technologies to reach ultra-high efficiencies with industrially relevant processes.

TACOS - Development and Integration of Alternative Transparent Conductive Oxides for Silicon Heterojunction R+D 3.1.2
Solar Cells

CSEM KTI

Nicolay Sylvain sylvain.nicolay@csem.ch 2014-2016

To further reduce the production cost (€/Wp) and the cost of electricity (€/kWh) of silicon heterojunction solar cells and
modules. Advanced transparent conductive electrodes will be developed to allow for decreased raw material costs and
for increased cell efficiency. Low cost electrodes, intelligent electrical contacts based on electronic band engineering and
solutions to decrease damage formation during electrode deposition will be developed.

CIGS Multi-Stage Inline Demonstration P+D 3.1.2
EMPA Dubendorf BFE
Tiwari Ayodhya N. ayodhya.tiwari@empa.ch 2012-2014

The goal of the project is to develop and demonstrate a CIGS deposition system where the innovative multi-stage co-
evaporation process developed in the lab for small area substrates in static positions can be scaled up for coating on in-
line moving large area substrates.

Roll-to-roll Manufacturing of High Efficiency and Low Cost Flexible CIGS Solar Modules (R2R-CIGS) R+D 3.1.2
EMPA Dubendorf EU
Tiwari Ayodhya N. ayodhya.tiwari@empa.ch 2012-2015

The aim of R2R-CIGS is to develop efficient flexible solar modules by implementing innovative cost-effective processes
such that production costs below 0.5€/Wp can be achieved in large volume factories with annual capacity of 500MWp in

future.
Flexible Photovoltaic Cells Optimized for High Conversion Efficiency from Indoor to Outdoor Illumination R+D 3.1.2
Conditions, used in New Wristwatch Products

EMPA Dubendorf KTI

Tiwari Ayodhya N. ayodhya.tiwari@empa.ch 2013-2015

Developing flexible CIGS photovoltaic cells optimized for high conversion efficiency from low (indoor) to high (outdoor)
illumination intensity, tailored for new generations of innovative wristwatch products. Includes the development of CIGS
PV dials for classic wristwatches & a second generation for solar wristwatches integrating highly flexible CIGS PV cells in
the bracelet with conversion efficiencies above 8% under low illumination intensity.
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Performance Stability of Flexible CIGS Solar Modules R+D 3.1.2

EMPA Dubendorf KTI

Tiwari Ayodhya N. ayodhya.tiwari@empa.ch 2013-2015

Development of flexible CIGS solar modules for high performance and low cost are essential for diverse applications.
Long term performance evaluation of encapsulated solar modules through accelerated tests and analyses of degradation
and failure mechanisms on microscopic and macroscopic levels are necessary for proving improved long term
performance stability and enabling market entry readiness.

Training for Sustainable Low Cost PV Technologies: Development of Kesterite Based Efficient Solar Cells R+D 3.1.2
EMPA EU
Romanyuk Yaroslav Yaroslav.Romanyuk@e 2012-2016

Creation of an ITN network for the structured interdisciplinary training of researchers in advanced thin film photovoltaic
technologies. Proposing the development of new technologies compatible with the cost, efficiency, sustainability and
mass production requirements that are needed to become a reliable and future alternative to conventional non renewable
energy sources. The project will focus on the development of kesterite based solar cells.

Chalcoaenide Based Photovoltaics (SCALENANO)

Development and Scale-up of Nanostructured Based Materials and Processes for Low Cost High Efficiency R+D 3.1.2
SUPSI ISAAC EU
Virtuani Alessandro alessandro.virtuani@sup 2012-2015

This project will exploit the potential of chalcogenide based thin film photovoltaic technologies for the development and
scale-up of new processes based on nano-structured materials for the production of high efficiency and low cost
photovoltaic devices and modules compatible with mass production requirements.

NovaZOlar R+D 3.1.2
EMPA Dubendorf BFE
Tiwari Ayodhya N. ayodhya.tiwari@empa.ch 2014-2016
To develop an innovative, low-cost process of in-situ monitored aqueous solution deposition of the ZnO-based buffer-
window combination for high-efficiency CIGS solar cells. The novelty is to use a single deposition technique — CBD — for
deposing the Cd-free window-buffer combination that should ultimately replace the present CdS buffer by CBD followed
by the sputtered i-ZnO/Al:ZnO window. A solar efficiency of > 20% is targeted.

Combining Macroscopic and Microscopic Characterization of Recombination Losses in High Efficiency CIGS Solar R+D 3.1.2

Cells
EMPA Dubendorf SNF
Tiwari Ayodhya N. ayodhya.tiwari@empa.ch 2014-2017
Recently our group at Empa reported a 20.4% conversion efficiency world record for thin film solar cells based on
Cu(In,Ga)Se2 (CIGS) light absorbing layers. This efficiency of flexible solar cell on polymer film surpasses the efficiency
of solar cells on glass and matches to the long back established benchmark efficiency of polycrystalline Si wafer based
solar cells.

Novel Environmentally Friendly Solution Processes Nanomaterials for Panchromatic Solar Cells R+D 3.1.2
EPFL ISIC-LPI EU
Graetzel Michael michael.graetzel@epfl.ch 2013-2015
To replace titania with a novel electron accepting nanoporous semiconductor with a bandgap suitable for optimized solar
harnessing and a very high absorption coefficient to allow total light absorption within 2 um across its absorption
spectrum. In addition the deposition of the nanostructured platform will employ processing below 2000C, compatible with
plastic, flexible substrates and cost-effective roll-to-roll manufacturing.

MESOLIGHT - Mesoscopic Junctions for Light Energy Harvesting and Conversion R+D 3.1.2
EPFL ERC
Graetzel Michael michael.graetzel@epfl.ch 2010-2015
Research will focus on the generation of electric power by mesoscopic solar cells. The target is to increase the
photovoltaic conversion efficiency from currently 11 to over 15 percent rendering these new solar cells very attractive for
applications in large areas of photovoltaic electricity production.

UPCON - Ultra-Pure Nanowire Heterostructures and Energy CONversion R+D 3.1.2
EPFL ERC
Anna Foncuberta i Morral anna.fontcuberta- 2010-2014

This project is devoted to the synthesis of ultra pure semiconductor nanowire heterostructures for energy conversion
applications in the photovoltaic domain.
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Transparent Electrodes for Large Area, Large Scale Production of Organic Optoelectronic Devices R+D 3.1.2

EMPA Dubendorf EU

Nuesch Frank frank.nuesch@empa.ch 2011-2015

TREASORES will demonstrate the production of large area organic electronics using high throughput manufacturing
technologies based on roll-to-roll (R2R) wet deposition processes.

Sustainable Novel Flexible Organic Watts Efficiently Reliable R+D 3.1.2
CSEM Muttenz EU
Nisato Giovanni giovanni.nisato@csem.c 2011-2015

Fassadenelemente

Organic PV provide a key opportunity for the EU to further establish its innovation base in alternative energies offering
the benefits of flexibility, low weight, and freedom of design. OPV operates under low light conditions and is shadow
tolerant. These advantages and the ease of handling in subsequent product-integration processes will enable the
development of consumer and portable electronics and building-integrated photovoltaic products.

Luminescent Solar Concentrators - Gewinnung elektrischer Energie aus Tonungen fur Fensterscheiben und R+D 3.1.2
Optical Additives GmbH BFE
Andreas Kunzmann andreas.kunzmann@opti 2013-2015

Mit dem Projekt soll das Konzept des Lumineszenzkonzentrators fur die Bedingungen in Aussenanwendungen,
insbesondere in Fenstern und Fassaden, weiter entwickelt werden. Dabei stehen lichtstabile Farbstoff-Zeolithen im
Vordergrund, welche eine angemessene Langzeitstabilitat erreichen.

Diamond: Discovery and Insight with Advanced Models of Nanoscale Dimensions R+D 3.1.2
ETH Zrich ERC
VandeVondele Joost joost.vandevondele@ma 2011-2016

The goals are providing and establishing new tools that will allow for the description of large multi-component/multi-
phase systems at experimental temperature and pressure with predictive power and controlled error.

Light-In, Light-Out: Chemistry for Sustainable Energy Technologies (LiLo) R+D 3.1.2
Uni Basel Institut fur Anorganische Chemie ERC
Constable Edwin Charles Edwin.Constable@uniba 2011-2016

The project is concerned with a coordinated approach to the development of of novel chemical strategies for light
harvesting by photovoltaic cells and light generation using light emitting electrochemical cells.

Systems for Ultra-high Performance Photovoltaic Energy Harvesting (SYNERGY) R+D 3.1.2
EPFL STI IMT-NE PV-LAB BFE
Ballif Christophe christophe.ballif@epfl.ch 2014-2017

This project aims to realize PV energy harvesting systems based on tandem solar cells with efficiencies beyond those
achievable with state-of-the-art industrial single-junction cells by combining the unique technological components —
record cells absorbing various parts of the solar spectrum — recently realized by Swiss research institutes.

Global Solar Spectrum Harvesting through Highly Efficient Photovoltaic and Thermoelectric Integrated Cells - R+D 3.1.2
GLOBASOL

EPFL ISIC-LPI EU

Graetzel Michael michael.graetzel@epfl.ch 2013-2016

GLOBASOL will develop new concepts, materials and devices for advanced light harvesting and light management for a
panchromatic collection of the solar energy and an unprecedented power conversion efficiency. This will be
accomplished by integrating in a single device three light-to-electricity converters, exploiting different regions of the solar
spectrum based on sensitized mesoscopic solar cells, photonic crystals, thermoelectric cells.

Neuentwickelte Festkdrper Solarzellen auf Sefar Prézisionsgeweben R+D 3.1.2
EPFL ISIC-LPI KTI
Graetzel Michael michael.graetzel@epfl.ch 2014-2015

EPFL and Sefar AG have developed a novel metal wire precision fabric electrode for the use in cheaper dye sensitized
solar cell modules, leading to high efficiencies of over 6%. Those modules employed a liquid electrolyte which is lacking
robustness important for the expected long lifetimes of these devices. The aim is to carry our technology over to more
robust solid state dye sensitized solar cell modules in the extension of this project.

18/288



Novel Production Equipment for Novel Photovoltaikc Module Designs Using New Encapsulants R+D 3.1.2

EPFL STI IMT-NE PV-LAB KTI

Ballif Christophe christophe.ballif@epfl.ch 2012-2014

The main target of this project is the development and the market launch of novel laminating lines optimized for the
production of PV modules based on novel module designs using new encapsulants.

SmartWire - Development of Multi-wire Module Design Technology and Production Equipment R+D 3.1.2
CSEM KTI
Despeisse Matthieu matthieu.despeisse@cse 2013-2015

The project goals are the development of a new generation of crystalline silicon (c-Si) solar cells interconnection
technology, the design of an associated module technology and the prototyping of dedicated high-end production
equipment, which can allow for modules with increased efficiency (> 5 % relative gain) and reduced manufacturing cost
(> 10 % relative reduction) for state-of-the-art as well as for high efficiency c-Si cell technologies.

CONSTRUCT PV - Constructing Buildings with Customizable Size PV Modules Integrated in the Opaque Part of the R+D 3.1.2
Buildina Skin

SUPSI ISAAC EU

Frontini Francesco francesco.frontini@supsi. 2013-2017

Produktentwicklung Solar Device

Cells, Modules and Systems

The final goal of Construct-PV is to obtain BIPV modules that are targeting the expected performances described in SEII
with respect to the module efficiency range and applicable to at least 80% of the buildings in a urban environment.

R+D 3.1.2
NTB KTI
Gutsche Martin martin.gutsche@ntb.ch 2010-2012

In diesem Projekt wird die Technologie der hocheffizienten textilen Photovoltaik bis zur Produktionsreife weiterentwickelt.
Diese Produktentwicklung wird die Markteinfiihrung von textiler Photovoltaik beschleunigen.

Swiss Inno HJT: Pilot Production and Demonstration of Innovative Hight Performance Silicon Hetero-junction PV P+D 3.1.2
Meyer Burger Research AG BFE
Strahm Benjamin benjamin.strahm@meyer 2013-2017

Eine innovative Produktionsanlage fur verbesserte PV-Zellen basierend auf der/einer Silikon-Heterojunction-Technologie
(HJT) wird installiert und demonstriert. Das Potenzial fir den Einstieg in den internationalen Markt von hochleistungs-
Silikon-Heterojunction-PV-Zellen, -Modulen und Systemen wird aufgezeigt.

SUNLITE - Colored Solar Tiles Based on Composite Structures for Cost-Effective Building Integrated Photovoltaics R+D 3.1.2
EPFL - IMX - LTC, Lausanne KTI
Manson Jan-Anders jan- 2014-2016

The objective of SUNLITE is to develop novel colored solar tiles for cost-effective building integrated photovoltaics with
reduced payback time. The new tiles (size 0.6 m x 0.4 m) will be based on high efficiency silicon cells, a new polymer
composite backing and an interferential colored front encapsulation glass. A pilot series of colored solar tiles will be
produced and installed on a roof demonstrator for 1 year monitoring.

Hub of Application Laboratories for Equipment Assessment in Laser Based Manufacturing - APPOLO R+D 3.1.2
EMPA Dubendorf EU
Tiwari Ayodhya N. ayodhya.tiwari@empa.ch 2013-2017

Elements - SMART-FLEX

The objective of the project is to establish and coordinate connections between end-users, which have demand on laser
technologies for (micro) fabrication; knowledge accumulated in the application laboratories of research institutes and
universities and the laser equipment manufacturers. To facilitate faster validation of the process feasibility and adaptation
of the equipment for manufacturing, as well as assessment of the production processes.

Demonstration at Industrial Scale of the FLeXible Manufacturing of SMART Multifunctional Photovoltaic Building R+D 3.1.2
SUPSI ISAAC EU
Frontini Francesco francesco.frontini@supsi. 2013-2016

To demonstrate the multi-functional glass/glass PV building element as plug & play AC device for safe and easy
installation into building electricity system. Demonstration of such device will cover both levels: (i) demonstration of
flexibility and adaptability of manufacturing the customised design PV building elements, allowing harmonious integration
in buildings and (ii) demonstration of such BIPV products in the building envelope.
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Integrierte Messplatform fiir OLED und Solarzellen R&D R+D 3.1.2

ZHAW - ICP KTI

Pernstich Kurt kurt.pernstich@zhaw.ch 2014-2015

To extend the Paios measurement system to be able to elucidate the physics of solar cells at cryogenic temperatures
and also at elevated temperatures for life-time studies. To integrate the simulation software and the measurement
hardware into a turn-key solution so that the various measurements performed with Paios can be simulated with Setfos
at the press of a button.

Optimization of Thin Film Module Testing and PV Module Energy Rating at SUPSI R+D 3.1.2
SUPSI ISAAC BFE
Friesen Gabi gabi.friesen@supsi.ch 2011-2014

This project aims to improve the measurment accuracy for thin film technologies throgh th definition of new test
procedures and the up-grade of the test equipment.

Tools for Enhanced Photovoltaic System Performance R+D 3.1.2
SUPSI ISAAC EU
Chianese Domenico domenico.chianese@sup 2012-2015

The Performance Plus project focuses on the PV system rather than on the component level. The main idea of the
project is to optimise the system as a whole rather than the separate components.

Caractérisation des modules photovoltaiques a colorant de I’entreprise g2e P+D 3.1.2
HEIG-VD BFE
Affolter Jean-Francgois jean- 2012-2014

A solar simulator for measuring the performance of solar panels based on dye sensitised solar cells is going to be
realized. The panels will be installed in real conditions and monitored over a complete year, in order to characterize and
have the necessary perspective on this new technology and product.

Photovoltaik im Verbund mit Dammstoff Foamglas P+D 3.1.2
Basler & Hofmann AG BFE
Eric Langenskitld eric.langenskioeld@basl 2010-2013

The scope of this project is the development and realisation of building integrated photovoltaic (BIPV) including the
feature of thermal insulation. A pilot plant with modules combined of photovoltaic modules and Foamglas insulation shall
be build.

Erzeuquna von erneuerbarer Eneraie erméalicht

Neuartiges Leichtbau Photovoltaik System, das die Doppelnutzung von Flachen im urbanen Bereich fiir die R+D 3.1.2
ZHAW IEFE KTI
Baumgartner Franz franz.baumgartner@zha 2013-2014

Entwicklung eines Leichtbau-Solarkraftwerks mit einerseits neuartigen Meteo Algorithmen zur Sicherstellung der
Robustheit und Minimierung der Ertragsverluste und andererseits Machbarkeitsabklarungen (einschliesslich
Konzeptsstudie) fir ein Leichtbau-Tragwerk unter Verwendung von Faserverbundkunstsoff Hybrid-Bauelementen.

Produktentwicklung PV/T Solarkollektor mit Installationssystem R+D 3.1.2
Hochschule fiir Technik Rapperswil HSR KTI
Rommel Matthias matthias.rommel@solare 2011-2014

perforiertem Metall

The project goal is to develop a low-temperature unglazed PV/T collector and a specially tailored installation system. The
starting points for the development are standard Meyer Burger PV modules for the collector and available market
components for the installation system. This product should be optimized for use in low-temperature building technology.

PV Fassaden - Entwicklung und Prufung von vorgehangten hinterlifteten Fassaden aus PV Modulen und R+D 3.1.2
HTA Luzern KTI
Wittkopf Stephen stephen.wittkopf@hslu.c 2013-2015

Im Rahmen dieses Projekts werden neuartige hinterliiftete Photovoltaik Fassaden Module (PV-FM) entworfen,
hergestellt und gestestet. Sie bestehen aus einer Kombination von PV-Modulen und Lochblechen zur Verwendung in
Fassaden und Steildachern. Ziel ist es, PV-FM zu entwickeln, die einen architektonischen Mehrwert bieten und so die
Akzeptanzbarrieren bei der Verwendung im &ffentlichen Raum tiberwinden.
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SmartGrid Eich (SGE) - Regelung von PV-Anlagen statt Netzausbau P+D 3.1.2

Basler & Hofmann AG BFE

Bucher Christof christof.bucher@baslerh 2014-2016

In der Uberbauung ,Eich* in Frenkendorf wurden rund 165 kWp PV-Anlagen gebaut. Das heutige Verteilnetz kann
jedoch nur 75 kVA aufnehmen. Als Sofortmassnahme wurden die maximale Einspeiseleistung aller Photovoltaik-Anlagen
statisch begrenzt. Dadurch resultiert ein jahrlicher Energieertragsverlust von ca. 6%. In dem Projekt ,SmartGrid Eich*
sollen die Photovoltaik-Anlagen dynamisch geregelt und der Ertragsverlust ohne Netzausbau reduziert werden.

PVT-Solarkraftwerk Lintharena-sgu: Strom und Warme vom Dach P+D 3.1.2
ZHAW Life Sciences and Facility Management BFE
Rohrer Jurg rohu@zhaw.ch 2014-2019

Auf dem Dach der Lintharena-sgu (Sportzentrum mit Hallen- und Freibad, Mehrfachturnhalle, Kletterwand, Restaurant,
Hotel, Sauna, Fitness, usw.) wird eine PVT- und eine PV-Anlage installiert. Der PVT-Teil der Anlage erzeugt neben
Strom auch Wérme. Diese Wérme wird zum Vorheizen des Grundwassers der Warmepumpen genutzt. Durch diese
Kombination erzielen die Solarmodule einen héheren Stromertrag und die Warmepumpen bendétigen weniger Strom.

Solarkraftwerke iber Schweizer Klarinfrastruktur: Realisierung Pilotanlage zur Klarbeckeniiberspannung ARA Chur P+D 3.1.2
IBC Energie Wasser Chur BFE
Thalmann Franco M. franco.thalmann@ibchur. 2014-2016

Die konsequente Doppelnutzung von Klarbeckenflachen zur Solarstromproduktion bietet sich im Rahmen der
Energieeffizienzoptimierung und der Erhdhung des Eigenstromproduktionsanteil auf ARA'’s an. Ein neues
Anlagenkonzept zur Uberspannung von Klarbecken soll im Rahmen dieses Projektes realisiert und dessen Integration in
den ARA-Betrieb erprobt werden.

einer Grossanlaae solar reaenerierter Erdsondenfelder

Potentialevaluation der Kombination Solarthermie und Warmepumpe und Betriebsoptimierung mittels Monitoring  P+D 3.1.2
Hochschule fiir Technik Rapperswil HSR BFE
Rommel Matthias matthias.rommel@solare 2014-2019

Ein Heizungssystem (Warmepumpe, Erdsondenfeld und PV/T-Niedertemperatursolaranlage) wird mit einem Mess- und
Monitoringsystem ausgestattet und ausgemessen. Im Projekt werden die Daten ausgewertet, die Systemintegration der
PV/T-Anlage in der Gebaudetechnik optimiert, Langzeiterfahrungen zur solarthermischen Regeneration von
Erdsondenfeldern gesammelt und die bestehende Gesamtanlage regelungstechnisch optimal abgestimmt.

Entwicklung von Tools zur Ertragsoptimierung von grossen Photovoltaikanlagen mit komplexer Geometrie R+D 3.1.2
ZHAW Life Sciences and Facility Management KTI
Rohrer Jirg rohu@zhaw.ch 2014-2018

Langzeit-Messung von PV-Anlagen

Entwicklung von Tools zur Winterstrom-Optimierung von grossen PV-Anlagen, bei denen die PV-Module stark
unterschiedliche Ausrichtungen und insbesondere steile Anstellwinkel aufweisen. Die Optimierung bericksichtigt neben
Albedo-Effekten auch die direkte Reflexion von z.B. Seen oder Schnee, den Anteil Morgen-/Abend- bzw. Winterstrom,
Sichtbarkeit der Anlage, Blendwirkung, usw.

R+D 3.1.2
BFH Burgdorf Diverse
Muntwyler Urs urs.muntwyler@bfh.ch 2012-2016

Das PV Labor fiihrt Langzeit-Messungen an unterschiedlichen PV-Anlagen durch und dokumentiert damit das
langerfristige Verhalten dieser Anlagen.

Prufstand fir Multistring Solarwechselrichter R+D 3.1.2
BFH Burgdorf BFE
Muntwyler Urs urs.muntwyler@bfh.ch 2013-2015

The goal of this project is the development and construction of a low EMI test bench for research and testing of
multistring PV inverters. The test bench shall be able to simulate three independent sub arrays with open circuit voltages
of up 1’000V and maximum power of 11.52kW each. The thermal stability of the generated I/V characteristics shall be
sufficiently high to allow measurements of the inverter's MPP tracking accuracy.

Photovoltaique et neige: Horizon des solutions pour I'installation sur les toits dans les régions enneigées P+D 3.1.2
Planair SA BFE
Perret Lionel lionel.perret@planair.ch 2011-2014

Seven different photovoltaic fields and three snow clearing solutions were implemented. Measures on different
parameters such as production and consumption of each field will occurre during the winters of 2012, 2013 and 2014.
The evaluation of the measures will enable to determine snow impact and compare different photovoltaic technologies
and snow clearing solutions.
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High Concentration Photovoltaic Thermal System using Low-Cost Innovative Materials R+D 3.1.2

Deicing von Photovoltaikanlagen

NTB Fachhochschule Buchs KTI

André Bernard andre.bernard@ntb.ch 2013-2016

Developing of a high efficiency cost-competitive High Concentration PhotoVoltaic Thermal (HCPVT) system able to
convert 80% of the collected solar energy in useful electrical and thermal energy at a Levelized Cost of Energy (LCOE)
between 0.07 and 0.1 $/KWh when industrialised. Such system will exploit novel materials in the field to attain a low-cost
very large dish-like concentrator and a high performance receiver suited for mass-production.

R+D 3.1.2
NTB Fachhochschule Buchs KTI
Egli Roland roland.egli@ntb.ch 2013-2014

Wegen der erhdhten Strahlungsintensitat ist Photovoltaik in den Alpen sehr attraktiv. Durch das Einschneien der
Anlagen kann jedoch nicht das gesamte Potential ausgeschopft werden. Mit der Entwicklung einer Losung zur
Schneeentfernung von Photovoltaikanlagen kann der Jahresertrag wesentlich erhoht werden. Zudem kann die Gefahr
von Dachlawinen sowie die Zerstérung von PV-Anlagen und Gebauden reduziert werden.

Akkreditierung des Solarwechselrichter-Testverfahren fur Forschungsplattform P+D 3.1.2
Berner Fachhochschule HTI BFE
Muntwyler Urs urs.muntwyler@bfh.ch 2014-2017

Der PV-Wechselrichterprufstand des PV LAB der BFH-TI wird ausgebaut und akkreditiert, um so in der Schweiz der
erste und einzige Wechsetrichterpriifstand dieser Art zu sein. Dadurch kdnnen auch in der Schweiz Dienstleistungen wie
Wirkungsgrad und EMV Prifungen angeboten und zudem mit Hilfe der Infrastruktur in Schulungen, Kurse usw. PV-
Wissen Ubermitteln werden. So wird die PV-Branche mit einem Kompetenzzentrum fiir PV-Systemtechnik unterstitzt.

Module Integrated Multi-MPP-Tracker Microinverter System (MMPPT-MI) R+D 3.1.2
Berner Fachhochschule HTI KTI
Muntwyler Urs urs.muntwyler@bfh.ch 2013-2015

A PV microinverter will be developed, optimized & tested. This microinverter uses a novel patented architecture in which
each of the 3 substrings of a PV module is tracked & converted separately. This leads to a better performance of the
inverter under conditions of partial shading. The inverter uses a new connector interface, it can be directly connected to
the back of the module without a junction box, enabling a simple to install AC PV-module.

Smart Energies: Next-Generation Leitsystemkonzept mit mobilen Informations-Technologien zur Einbindung R+D 3.1.2
dezentraler Erzeuaer erneuerbarer Eneraies wie Photovoltaik in Schweizer Eneraieverteilnetze

HTA Luzern KTI

Meier René rene.meier@hslu.ch 2014-2016

Schweizer Beitrag IEA PVPS Task 1

Erforscht ein innovatives Gesamtkonzept fur eine neue Generation von intelligenten Leitsystemen zur Einbindung
dezentraler Erzeuger erneuerbarer Energien (PV & Wind) in unsere Energieverteilnetze. Die aus dem Zubau
erneuerbarer Energien resultierende markant gestiegene Komplexitét der Verteilnetze soll durch verbesserte Effizienz
bei Arbeitsabléaufen durch Einsatz von richtungsweisenden intelligenten Informationstechnologien vereinfacht werden.

R+D 3.1.2

Nova Energie GmbH BFE

Husser Pius pius.huesser@novaener 2014
IEA PVPS Task 1 befasst sich mit Informationsaufgaben zum Stand der Photovoltaik in den Mitgliedlandern des IEA
PVPS Programms. Dazu leistet dieses Projekt den Schweizer Beitrag, insbesondere zur Entwicklung von Industrie und
Markt sowie des regulatorischen Kontextes.

Schweizer Beitrag IEA PVPS Task 12 - 2014 Okobilanzen von Solarstrom R+D 3.1.2
Treeze GmbH BFE
Frischknecht Rolf frischknecht@treeze.ch 2014

IEA PVPS Task 12 befasst sich mit Umweltaspekten der Photovoltaik ausgehend von Analysen in den Mitgliedlandern
des IEA PVPS Programms. Dazu leistet dieses Projekt den Schweizer Beitrag, insbesondere zur Lebenszyklusanalyse
(LCA) von PV-Systemen.

Schweizer Beitrag IEA PVPS Task 13 R+D 3.1.2
TNC Consulting AG IEA PVPS Pool
Nordmann Thomas nordmann@tnc.ch 2013-2014

IEA PVPS Task 13 befasst sich mit Performance und Zuverlassigkeit von PV-Kompenten und PV-Anlagen in den
Mitgliedlandern des IEA PVPS Programms. Mit diesem Projekt wird der Schweizer Beitrag zu diesem neuen
internationalen Vorhaben vorbereitet.
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Schweizer Beitrag IEA PVPS Task 13 - 2013/2014 - Performance and Reliability of PV Systems R+D 3.1.2

SUPSI ISAAC IEA PVPS Pool

Rudel Roman roman.rudel@supsi.ch 2014-2015

IEA PVPS Task 13 befasst sich mit Performance und Zuverlassigkeit von PV-Kompenten und PV-Anlagen in den
Mitgliedlandern des IEA PVPS Programms. Mit diesem Projekt wird der Schweizer Beitrag zu diesem neuen
internationalen Vorhaben vorbereitet.

Schweizer Beitrag IEA PVPS Task 14 - High Penetration of PV Systems in Electricity Grids (Swiss Contribution) R+D 3.1.2
Planair IEA PVPS Pool
Renaud Pierre pierre.renaud@planair.c 2010-2014

The main purpose of Task 14 is to analyze the role of grid connected PV as an important source in electric power
systems on a high penetratin level where additional efforts may be necessary to integrate the dispersed generation in an
optimum manner. The aim of these efforts is to reduce the technical barriers to achieve high penetration levels of
distributed renewable systems on the electric power system.

Solar Resource Assessment and Forecasting, IEA Solar Heating & Cooling Programme, Task 46 R+D 3.1.2
Meteotest BFE
Remund Jan jan.remund@meteotest.c 2011-2016

Normenarbeit fir PV Systeme

In the framework of IEA Solar Heating and Cooling (SHC) Task 46, Meteotest investigates the possibilities and quality of
global radiation forecast, the trend of recent global radiation data and distribution of atmospheric aerosols.

WTT 3.1.2
Basler & Hofmann AG BFE
Toggweiler Peter peter.toggweiler@basler 2007-

Normen sind ein wichtiges Instrument zur Qualitatssicherung sowie zum sicheren und zuverlassigen Betrieb von PV-
Anlagen. Das Projekt umfasst den Schweizer Beitrag zu den entsprechenden Arbeiten im IEC Technischen Kommittee
82.

SOLAR-ERA.NET: ERA-NET on Solar Electricity for the Implementation of the Solar Europe Industry Initiative R+D 3.1.2
NET AG EU
Nowak Stefan stefan.nowak@netenerg 2012-2016

internationalen Zusammenarbeit

A network that brings together more than 20 RTD & innovation programmes in the field of solar electricity technologies in
the European Research Area. The network of national & regional funding organisations has been established in order to
increase transnational cooperation between RTD and innovation programmes and to contribute to achieving the
objectives of the Solar Europe Industry Initiative (SEII) through dedicated transnational activities.

REPIC Interdepartementale Plattform zur Forderung der erneuerbaren Energien und der Energieeffizienz in der P+D 3.1.2
NET AG diverse
Nowak Stefan stefan.nowak@netenerg 2011-2017

Die Interdepartementale REPIC Plattform zur Férderung der erneuerbaren Energien und der Energieeffizienz in der
internationalen Zusammenarbeit pflegt den Informations- und Erfahrungsaustausch und fordert erfolgversprechende
Projekte in der internationalen Zusammenarbeit.

High Efficiency Perovskite Solar Cells R+D 3.1.2
EPFL SB ISIC LPI KTI
Nazeeruddin Mohammad mdkhaja.nazeeruddin@e 2014-2016

This CTI projects aims at developing a novel low cost thin film photovoltaic device: the perovskite mesoscopic solar cell.
This technology pioneered at the EPFL-LPI gives 15 % efficiency in the laboratory and uses extremely small amount of
active materials. The production process is based on printing technology, thus allowing for a exceptionally low cost
module competing with any other known solar cell technology (< 0.3 ?/Wp).

Modellbasierte Zustandsiiberwachung und Regelung fiir den hocheffizienten Waferschneidprozess R+D 3.1.2
FHNW, Hochschule fir Technik, Windisch KTI
Anderegg Roland roland.anderegg@fhnw.c 2015-2016

Die Waferschneidtechnik ist ein zentraler Prozess der Herstellung innovativer Solartechnologie. Im Rahmen des
Projektes wird eine innovative Prozessiiberwachungs- und regelungstechnik entwickelt, welche die nachhaltige und
ressourceneffiziente Waferproduktion erméglicht.
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Novel reflective layer allowing a control of the quality of the microcrystalline solar cell in thin film Micromorph R+D 3.1.2

devices
Haute école ARC, La-Chaux-de-Fonds KTI

Keppner Herbert herbert.keppner@he- 2011-2014
The project aims to create an innovative smoothening reflective layer SRL that will be inserted between the top and
bottom cell of a Micromorph tandem device deposited on as-grown thick highly textured LPCVD ZnO layer.
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ABSTRACT

This project is divided into six axes which all contribute to reaching higher efficiency thin film silicon
multi-junction solar cells, with parallel application of the new processes to high efficiency crystalline
Si cells. Key deposition parameters should be identified that permit to achieve high quality absorber
layers, while the interfaces should be improved by developing and testing new types of layers, with
e.g. innovative dopants. Furthermore, since the absorber layer thickness is typically below 3 um, an
efficient light management and opto-electrical coupling is necessary. The last axis is dedicated to
updating and improving the infrastructure park and setting up reliable characterization tools.

The last year, very high short-circuit current density were achieved in amorphous silicon solar cells
thanks to a detailed screening of the material properties undertaken the previous years. In micro-
crystalline silicon, the use of fluorinated precursors led to the development of a new type of absorb-
er layer microstructure, with larger grains and enhanced absorption in the near infrared. A clear
impact of excitation frequency on the microcrystalline silicon absorber layer quality and density was
demonstrated, offering further insights into a topic debated for years in the scientific community.

On the multi-junction level, further developments were undertaken to improve light management via
dedicated doped and buffer layers leading to reduced parasitic absorption, combined with an effi-
cient light trapping via optimum textures either at the front or at the back of the device. A world rec-
ord efficiency of 12.6% was achieved for a micromorph tandem, while 12.8% could be reached in
triple-junction configuration. First tests of quadruple junctions were also done providing insights on
the roadmap to follow to reach stabilized efficiencies above 14% with already available building
blocks.

In parallel several of the layers developed in this project were applied and tested in crystalline sili-
con heterojunction solar cells, including ZnO layers as electrode material. Efficiencies as high as
22.4% were achieved with the standard design, while back-contacted silicon heterojunction solar
cells demonstrated conversion efficiencies above 21%. Furthermore, alloyed buffer layers (SiOy)
showed a more favorable temperature coefficient than standard amorphous silicon, which makes
them appeling for elevated temperatures conditions, as can e.g. be reached in modules exposed
outdoor.
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Goals of the project

The primary goal of this project is to develop high-efficiency thin-film silicon solar cells and adapted
layers for high efficiency crystalline c-Si solar cells. For this purpose, improvements are required in: (i)
material deposition techniques, (ii) layers — but also interface — quality and (iii) light harvesting. How-
ever, this is not sufficient and an adequate coupling of the sub-cells in a multi-junction configuration is
also mandatory. Furthermore, two additional thematics also need to be addressed: the reliability and
characterization, which are the key bases of scientific progress, and regular update of the infrastruc-
ture to remain competitive. For the final year of the project, emphasis was on demonstrating the poten-
tial of thin-film silicon multi-junction cells to reach > 13% stable efficiencies.

Short project description

Before summarizing the project, we should mention that after a tremendous development of thin-film
silicon in the year 2007-2010, followed by a ramp-up phase the following 2 years, many companies
were then not able to compete with the very low selling price of crystalline silicon modules. Many com-
panies thus went bankrupt or stopped their thin-film silicon activities, including Flexcell and TEL Solar
in Switzerland. While the potential of thin-film silicon as low cost technology was demonstrated by
production costs low as 0.35 €/W,, the major limitation is the conversion efficiency (8-10% at module
level, versus 16-20% for crystalline silicon). Further increasing the conversion efficiencies, as ad-
dressed in this project, is thus a key point for this technology. The fact that it is possible was recently
demonstrated by TEL Solar (Truebbach) with certified full area stabilized efficiency of 12.3% (1.43 m2).
The structure of the project is summarized in Fig 1, with 6 work packages, all interacting together.

Figure 1: Summary of work packages of the SFOE-EPFL PV-Lab project

Work performed and results achieved in 2014

While the first 2 years of the project mainly focused on getting a better general understanding on e.g.
the link between the plasma processes and the material quality or on ways to improve light harvesting,
this third and last year mainly dealt with combining all developments together, with high efficiency
baselines for devices ranging from single-junction to triple-junctions solar cells. In particular, after the
world record obtained by PV-Lab end of 2012 for a single-junction microcrystalline silicon solar cell, a
certified record of 12.6% was achieved this year in micromorph tandem configuration. These outstand-
ing results have clearly benefited from the developments made within this project and which are pre-
sented hereafter.

1. Impact of plasma conditions on the quality of silicon thin films
1.1 Development of new a-Si materials and study of their stability

Following the study on the impact of process parameters (pressure, frequency, power) on the proper-
ties of intrinsic amorphous silicon layers, very high short-circuit current density a-Si:H solar cells could
be achieved. Figure 1 shows the external quantum efficiency (EQE) measurement of a single-junction
a-Si:H solar cell, incorporating a 300-nm-thick absorber layer, of 1.2 cm?. Such solar cells yield a
short-circuit current density (Jsc) of 18.2 mA/cm? with open-circuit voltage (Voc) and fill factor (FF)
values of 880 mV and 72%, resp. Similar structure with a 1000-nm-thick absorber layers provides an
even higher Je. of 19.51 mA/cm? and shows the potential to achieve more than 20 mA cm? by applying
a reverse bias voltage. More details on processes and developments can be found in [1].
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Figure 2. EQE and 1-reflectance (1-R) measurements of an a-Si:H single-junction solar cell with a 300-nm thick
intrinsic layer, providing a short-circuit current density of 18.2 mA/cm? with an anti-reflective coating (AR).

1.2 Realization of pc-Si:H layers with very high absorption

Use of fluorinated precursor during microcrystalline silicon deposition is seen as promising, based on
the work of e.g. J.-C. Dornstetter et al [2], to produce highly crystalline microcrystalline silicon layers
(> 90%) with large grains. Electron microscopy measurements indeed evidenced the presence of large
grains (of ~ 100 nm of width) but also that of structural defaults, such as porous zones and staking
faults within the grains. Even though solar cells V. values remained lower than expected, probably
because of these defaults, very high short-circuit current densities could be achieved with a remarka-
ble response in the near infrared part of the spectrum. This can be seen in Fig. 2, for example, which
shows the EQE of a micromorph tandem incorporating a fluorinated microcrystalline silicon bottom
cell.

Figure 3. EQE curves, and corresponding top (T), bottom (B), and total (Tot) current densities of two tandems with
a 250-nm-thick a-Si:H top cell, a 3.1-pum-thick, highly crystallized, bottom cell absorber layer deposited either from
SiH4 or SiFs-based plasmas with a 70-nm-thick IRL. The increased absorption in the near infrared, indicated by an
arrow, corresponds to a gain of 1.1 mA/cm?.

1.3 Effect of excitation frequency on material quality

We examined the role of the excitation frequency on pc-Si:H material quality in thin-film silicon solar
cells, by comparing VHF (40.68 MHz) and RHF (13.56 MHz). We demonstrated that this latter provides
better solar cells for moderate growth rates of around 5 A/s or less [3]. While both frequencies allow
for the growth of very good bulk material quality, as assessed by Fourier-Transform Photocurrent
Spectroscopy measurements, the efficiencies of the cells prepared using 40.68 MHz are, in the
range of our study, typically lower for growth rates up to 5 A/s. This observation clearly sug-
gests that another parameter besides the bulk material quality governs carrier transport in solar cells
prepared using VHF. Electron microscopy measurements indeed evidenced the fact that, for similar
bulk quality, the absorber layer deposited at 13.56 MHz is denser than that deposited at 40.68 MHz.
However, in turn, VHF sustains better material quality at larger growth rate on rough substrates (such
as a rough front electrode or, in the case of a tandem, after the a-Si:H top cell), leading to higher solar
cells efficiency. The general trend of the efficiency with absorber layer growth rate is schematically
depicted in Fig. 4.
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Figure 4. Schematic of the general trend for pc-Si:H single-junction solar cell conversion efficiency as a function of
growth rate, at 13.56 MHz (RF) and 40.68 MHz (VHF), when deposited on a substrate favorable to porous zones
creation. For low growth rates, RF provides both a high quality and dense material, while at higher growth rate
VHF sustains a better bulk quality, see detailed study in [3].

2. Novel doped and buffer layers
2.1 Buffer layers based on novel alloys (SiGe/C/N/O)

Silicon oxide buffer layers have been successfully incorporated in both a-Si:H [1, 4] and pc-Si:H solar
cells [5], and are used in state-of-the-art devices at the moment. In a-Si:H cells, a-SiC:H buffer layers
were also applied in cells incorporating a wide-bandgap absorber layer [6], as e.g. to be used as top
cell in quadruple-junction solar cells.

2.2 Sets of doped and buffer layers for the fabrication of record tandem and triple devices on
rough substrates

In tandem devices, virtually the same doped and buffer layers as in the corresponding single-junction
devices are used. Very important in tandem cells, however, is the application of a high-quality inter-
mediate reflector between the top and the bottom cell. As the top cell suffers from light-induced degra-
dation, it is of crucial importance to keep the absorber layer as thin as possible while still achieving a
high current density. A high-quality intermediate reflector can significantly help to this end. We have
fabricated such layers (n-type SiO,) with an excellent quality that were subsequently applied in tandem
devices [7]. The refractive index of the films can be varied in a very straightforward manner, namely by
varying the CO, flux only. In figure 5, the wavelength-dependent refractive index for three different 70-
nm-thick layers with varying CO, flow is shown.

Figure 5. SiOx-based intermediate reflector layers with varying refractive index [7].

Then, Figure 6 shows the EQE achieved for tandem cells incorporating these layers, plus a reference
without any intermediate reflector. The tandem device fabricated with the highest CO, flow in these
series had a stabilized, independently confirmed, conversion efficiency as high as 12.63% (Voc = 1.38
V; Jsc = 12.83 mA/cm?; FF = 71.3%), corresponding to a new world record [7]. This record was only
very recently overtaken by the National Institute of Advanced Industrial Science and Technology
(AIST) with a certified tandem efficiency of 12.8%, as announced at the last World PV Conference [8].
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Figure 6. EQE curves (initial) of tandem cells employing the intermediate reflector layers presented in figure 5.

For triple-junction cells in a-Si:H/uc-Si:H/uc-Si:H configuration [9], no specific intermediate reflector
was applied between top and middle cell. In this case, the top cell thickness is only 140 nm and both
middle and bottom cell absorber layers consist of pc-Si:H, which does not degrade upon light-soaking.
In a-Si:H/a-SiGe:H/uc-Si:H triple-junction cells, on the other hand, the use of an intermediate reflector
after the middle cell is crucial as the a-SiGe:H middle cell absorber significantly suffers from light-
induced degradation. Furthermore, the incorporation of an intermediate reflector allows (i) the use of
thinner middle cell absorbers as well as (ii) the use of a lower Ge-content, leading to higher Voc and
FFs. Our best Ge-based triple-junctions cell was achieved using the same intermediate reflector layer
type as in the record tandem cell, but with a thickness of 115 nm [10].

2.3 Application of doped and buffer layers to fabricate a-Si:H/c-Si heterojunction solar cells
with efficiencies exceeding 22%

a-Si:H/c-Si heterojunction solar cells with an efficiency of 22.4% were fabricated employing standard
a-Si:H doped and buffer layers [11]. However, alloyed buffer layers (SiO,) were demonstrated to have
a more favorable temperature coefficient [12], which makes them an appealing alternative for elevated
temperatures conditions (as typically achieved for modules in the field). Furthermore, back-contacted
silicon heterojunction solar cells with conversion efficiencies up to 21.5% were reported with a high
short- circuit current density close to 40 mA/cm? and an open-circuit voltage exceeding 720 mV [13].

3. Light trapping
3.1 Development of indium-free TCO layers

ZnSnO layers, deposited by rf-sputtering, were developed with the aim of achieving indium-free TCOs
with optimal opto-electrical properties for heterojunction-cell applications [14]. Also, since these layers
are amorphous with a smooth and conformal surface, we can envisage using them as font electrodes
in thin-film silicon solar cells by combining them with chemically-textured or nano-imprinted glass su-
perstrates. The optimized layer properties are presented in the following Table 1 for as-grown and
treated films (in an H, plasma).

Table 1: Summarized opto-electrical properties of the developed ZnSnO films

ZTO Absorption Transmission
Co-sputtered ’ (%) (%)

as-deposited 5 x 13 9x10° 110 4% 80%
10" (visible (visible range)
range)
+ H2 plasma 1.3 x 13 3.8x10° 263 ~5% 80%
treated 10%° (visible (visible range)
range)
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3.2 Mobility improvement of LPCVD-ZnO:B electrodes

Two approaches were adopted In order to improve the mobility of ZnO films. The first is based on
growing larger grains at nucleation, thereby allowing a reduction of electron scattering at grain bound-
aries. A clear understanding of the influence of growth parameters on grain size has been gained [15].
The second approach is related to post-deposition treatments, where a maximum mobility of 60
cm?/Vs was achieved for undoped ZnO treated by H,-plasma [16].

3.3 Front and rear electrodes optimized with respect to the developed Si layers

Further work was carried out on the implementation of metallic back reflectors in thin-film silicon solar
cells as alternatives to the traditionally used dielectric white-paint back reflector. A systematic study
was made regarding the impact of the back reflector design with respect to the front-electrode mor-
phology. We demonstrated that the fill factor value increases when replacing our conventional
5-um-thick ZnO/white-sheet back reflector by a thin layer of ZnO combined with silver [17]. Also, light-
trapping properties of thin-film silicon solar cells were improved with the latter back reflector design —
especially in the case of smooth front electrodes. While an efficiency gain from 8.9% to 9.4% was
achieved for 1.1-pm-thick pc-Si:H solar cells using the newly optimized combination of smooth front
electrode and silver back reflector, this increase was even larger for thicker absorber layers. Fig. 7
indeed illustrates the EQE boost obtained in the near-infrared spectral range for 2.3-um-thick cells
applying the modified back reflector. The corresponding I-V parameters are listed in Table 2 showing
an increase in conversion efficiency from 9.1% to 10.2% (for cells with no antireflective coating).

Figure 7: EQE of uc-Si:H cells with the conventional dielectric-based (solid line) and silver-based (dashed line)
back reflector scheme.

Table 2: |-V parameters of the corresponding pic-Si:H cells

Back reflec- Voc FF Efficiency
tor scheme (mV) (%) (%)
5-pum-thick

LPCVD-ZnO/ 25.1 535 68.0 9.1
white sheet

150-nm-thick

LPCVD-ZnO/ 26.5 534 72.0 10.2
Ag

3.4 Best TCOs for hetero-junction cells

While LPCVD-ZnO:B films are commonly employed as TCOs in thin-film silicon solar cells, ITO (tin-
doped indium oxide) and AZO (Al-doped zinc oxide) are those generally used in hetero-junctions de-
vices. However, ZnO was also tested in hetero-junction solar cells in order to (i) circumvent the possi-
ble damaging of the silicon layers induced by the sputtering process and (ii) take advantage of the
high deposition rate of LPCVD ZnO:B (~4 nm/s) as compared to sputtered TCOs (typically below
1 nm/s). Some of the results can be found in [18].
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4. Coupling in multijunction devices

4.1 Incorporation of best substrates and doped layers to realize stabilized efficiencies above
13.5% in tandem or triple-junction configuration

We have been so far able to fabricate tandem devices with an initial efficiency as high as 14.1% [19],
tandem devices with a stabilized efficiency of 12.6% [7] and triple-junction devices with an initial effi-
ciency of 13.7% and a stabilized efficiency of 12.8% (same cell) [ 9]. To go to even higher efficiencies,
several approaches have been tested, of which the use of novel textures has been the most promi-
nent, with textures ranging from 2-D periodic single textures to multi-scale textures for use as front
electrode in multi-junction solar cells. This approach has been motivated by the recent world records
obtained on the so-called “honeycomb” textures [8] and by the excellent results on double textures
[20]. For micromorph tandem solar cells, we showed that 2-D gratings with the proper geometric pa-
rameters can provide cell efficiencies as high as those obtained with our state-of-the-art ZnO. We also
highlighted the complementary roles of 2-D gratings and ZnO in double textures: similar results as
those achieved with our state-of-the-art front electrode were obtained for significantly reduced ZnO
layer thickness. Finally, by combining sub-micrometer ZnO layers with an optimized “U”-shaped modu-
lated textured glass superstrate provided by Delft University of Technology (TU Delft), we were able to
surpass the efficiency provided by our standard front electrode. The beneficial effect of this novel tex-
ture is ascribed to its smooth, growth-friendly surface morphology — granting excellent electrical prop-
erties — and also to its outstanding light-trapping ability (as revealed in the EQEs of Fig. 8). For triple-
junction devices, similar tests are currently being performed.

Figure 8: EQE of micromorph tandem cells deposited on the double-textured front electrode (red) and on our
state-of-the-art 2.3-um-thick ZnO front electrode (black).

4.2 Final integration with 15.5% initial and 13.8% stable efficiency and demonstration of the
potential to reach 15% stable with multi-junctions devices

Use of multi-junctions with at least 3 sub-cells is one of the keys to achieve stabilized efficiencies over
14%. While AIST recently reported a stabilized efficiency of 13.7% for triple-junction devices [8], we
demonstrated a roadmap for quadruple-junction cells to obtain stabilized efficiencies above 14% with
building blocks currently available in the lab [10, 21]. Exchanges with other laboratories, permitting to
combine the best building blocks available in the world, would then be necessary to go one step fur-
ther.

5. Reliability and Characterization
5.1. Metastability of micromorph tandems

Dark degradation of microcrystalline cells was already identified in 2012 as one of the main issue for
long-term stability of this material. Water vapor ingress is responsible for this metastability and tests
were performed in Damp Heat (DH) conditions (85°C, 85%) as accelerated procedure. Similarly, mi-
cromorph tandems were put in DH and we demonstrated that the metastability of the device is clearly
linked to the density of the microcrystalline silicon absorber layer. In case of high density pc-Si:H ma-
terial, such as achieved at RF frequency and low growth rate, the micromorph cell does not show a
significant performance degradation with DH conditions [3]. However, we should mention that part of
the metastability can also arise from the intermediate reflector layer and this latter must also be dense

[7].
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5.2 Water ingress as a function of encapsulant material

Reliability of photovoltaic modules and components is a topic of high interest in the community, since
modules are expected to stay outside for more than 20 years with limited power loss. The impact of
moisture ingress on long-term performance is, in particular, a key point. Different parameters contrib-
ute to the possible failure of modules with humidity: the type and formulation of the encapsulant mate-
rial, the module design (e.g. either glass/glass or glass/backsheet) and the climate corresponding to
the location where the module is set. We could in particular simulate, with 2-D finite element method
(FEM) the water ingress as a function of encapsulant type in a glass/glass module located in a cool
and humid climate such as Neuchétel, see also [22]. Fig. 9 shows the expected water concentration
as a function of time, for a one year period, in a module encapsulated with three different materials:
two Ethyl Vinyl Acetate (EVA) of different formulations and one polyolefin-based encapsulant material.

Figure 9. 2-D FEM simulations of water concentration as a function of encapsulant material within a glass/glass
module: for two Ethyl Vinyl Acetate (EVA) of different formulations (EVA#L and EVA#2) and one polyolefin-based
(PO#1) encapsulant material.

Fig. 9 shows that the polyolefin-based encapsulant presents a much lower (almost none) simulated
moisture ingress as compared to both EVAs. Still, the water concentration within the module encapsu-
lated with EVA#1 is also lower by a factor ~2 as compared to that of the module encapsulated with
EVA#2, demonstrating the crucial role of encapsulant formulation on water barrier properties.

5.2 Accelerated degradation with 3-sun illumination system

As already mentioned in a previous report, a 3-sun (and even up to 5-suns) illumination system, based
on LEDs only, has been designed and fabricated for accelerated degradation purpose. Indeed, amor-
phous silicon suffers from the well-known Staebler-Wronski effect, which corresponds to performance
degradation upon light-soaking. The advantage of this set-up is its higher intensity (typical degradation
set-ups work at 1 sun illumination) and the use of different LED types which offers flexibility in the
spectrum range from 400 to 750 nm. Furthermore, the simulator is completed with an | (V ) measure-
ment setup and a temperature controlled sample stage that allows for standard characterization but
also for performance tracking during light soaking. Further details on this set-up can be found in [23].

6. Brief infrastructure overview

Following the move of PV-Lab offices to a new building (Microcity) end of 2013, all the characterization
and deposition equipments were momentarily stopped in February and gradually set back in service.
An intense activity has taken place to restart the laboratory with upgrade facilities (new scrubber, gas
boxes, chemical hoods, ...). During the long-ramp up times, support was provided by CSEM PV-center
for TCO’s and metallic coating preparation, as well as for based PECVD processes, both for thin film
Si cells and heterojunction solar cells.

National and international collaborations

Regular academic contact/scientific and sample exchanges were maintained both with national and
international entities (ETH Zurich, Zarich University of Applied Sciences, CSEM Neuchéatel, EMPA,
Forschungszentrum Julich, Helmoltz Zentrum Berlin, Academy of Science Prague, University of Delft,
Energy Research Center Netherlands, Berkeley University and National Laboratories, Caltech,
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National University of Singapore, AIST Japan. Strong exchanges now also take place with the newly
created CSEM PV-center, for TCO and crystalline silicon based solar cells developments, as well as
regarding module reliability, where the fundamental aspects are studied at PV-Lab.

PV-Lab is involved in several European projects (Fast Track, Flex-o-Fab, Pliant, Hercules, CHEETAH,
Next Buildings) as well as national projects (CCEM Connect-PV, Nanoterra, SNF projects). Further-
more, two NRP project started end of this year: the first one, PV 2050, addresses the topic of multi-
junctions solar cells based on various combination of thin films (chalcogenides, perovskites, novel dye
sensitized devices) or including a bottom crystalline cells with the potential to reach conversion effi-
ciencies close to 30%. The second one, Active Interfaces, tackles the main obstacles that have so far
limited the full deployment of PV integrated in the building environment

A strong synergy exists between most of these projects and this running SFOE project. In addition,
collaborations with industrial partners have been ongoing, either in the frame of CTI projects or
through direct mandates, e.g. with TEL Solar, Roth & Rau Research AG, Meyer Burger, Indeotec, Air
Liquid, Pasan.

Perspectives for the next months

In the next 3 months, preceding the end of this project, PV-Lab will focus on further combining all the
know-how and developments of the last years to push thin film silicon and crystalline based silicon
solar cells efficiency to their limit. On the level module, studies will continue on water ingress with the
aim to correlate outdoor measurements and simulations.
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ABSTRACT

Since decades, the PV market has been dominated by wafer-based crystalline silicon (c-Si) solar
cells with record efficiencies of 25.6%. As these values are already close to the theoretical limit of
single-junction c-Si cells, further improvements will not be possible by incremental technological inno-
vation. One of the most promising approaches to overcome this limit is to combine two single-junction
cells with different optical band gaps to form tandem solar cell systems. This concept has so far only
been successfully employed for either very expensive or low-efficiency PV systems. Highly efficient
tandem cells involving c-Si or copper indium gallium selenide (CIGS) bottom cells have not been suc-
cessfully realized yet, mainly due to the difficulty to find a suitable wide-band gap top cell that delivers
the necessary photocurrent while exhibiting excellent electrical properties. Recently, the situation
drastically changed with the emergence of highly efficient wide-bandgap solar cells based on pero-
vskite or 1I-VI absorbers. In addition, narrow-band gap cells based on CIGS compounds have recently
reached efficiencies beyond 20%, thus are nearly as efficient as the best c-Si cells. In parallel, hete-
rojunction c-Si solar cells with record efficiencies in the infra-red have been demonstrated. The
Synergy project aims to combine these technologies to tandem solar cells with efficiencies beyond
30%, enabling ultra-high performance photovoltaic energy harvesting systems with the potential to
provide both the terawatts of sustainable energy needed for future generations as well as ubiquitous
wearable and electronic applications with integrated power source.
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Introduction/Aims of the project

This project aims to realize photovoltaic energy harvesting systems based on tandem solar cells with
efficiencies beyond those achievable with state-of-the-art industrial single-junction cells by combining
the unique technological components — record cells absorbing various parts of the solar spectrum —
recently realized by Swiss research institutes. These novel multi-junction cells will open opportunities
for tomorrow’s electricity power plants and for consumer electronic applications, including e.g. watches
and powering of low-consumption electronics.

The project plan foresees work on the following tasks during the period covered by this scientific
report:

Task 1: c-Si bottom cell adaptation for c-Si/perovskite-sensitized tandem cell integration
Task 2: CIGS bottom cell adaptation for CIGS/perovskite-sensitized tandem cell integration
Task 3: Perovskite-sensitized solar cell with transparent rear electrode

Task 6: Up-scaling and mini-module fabrication of perovskite-sensitized cells

During the period covered by this scientific report (until 30. November 2014, i.e. Month 7 of the pro-
ject), no tasks have to be completed.

Description of the project

Photovoltaic energy harvesting systems based on highly-efficient tandem solar cells will be developed.
These tandem devices consist of combinations of several PV technologies, including a-Si/c-Si hetero-
junction cells (to be used as a bottom cell, developed by EPFL PV-lab), monocrystalline c-Si cells
(bottom cell, CSEM), Copper Indium Gallium Selenide cells (bottom cell, EMPA), and perovskite-
sensitized cells (top cell, EPFL LPI and EMPA). Each partner of the project consortium will provide its
world-leading expertise in at least one of these PV technologies, which will be integrated into tandem
systems in various combinations. These tandem-based energy harvesting systems can be employed
for various applications, with main focus on large area PV power plants and energy scavenging for
mobile electronic devices. Both require ultra-high efficiency, low-cost PV systems with performances
beyond those of today’s industrial single-junction technologies: the former to compete with fossil fuels,
the latter to power mobile electronic devices with extremely limited exploitable surface area and con-
stantly increasing functionality and thus energy consumption. These two potential applications and the
requirements for the energy harvesting systems developed in the frame of the SYNERGY project are
illustrated in the following figure:

Ubiquitous energy
scavenging

Large area electricity generation
« Ultra-high efficiency

« Instant adaptation to
environment

* Intermediate life time

« Ultra-high efficiency, low-cost PV
* Very large area
« High reliability and life time
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Work carried out and results achieved
Task 1: c-Si bottom cell adaptation for c-Si / perovskite tandem cell integration
T1.1 Highly reflective rear contact for c-Si cell (EPFL PV-Lab)

The rear contact of Si heterojunction solar cells has to be highly reflective near the bandgap of crystal-
line Si, i.e. in the 1000-1200 nm wavelength region. A major source of parasitic absorption is the
plasmonic absorption in the Ag back reflector, strongly reducing its reflectance. By lowering the refrac-
tive index of TCO layers in close proximity of the Ag back reflector, these plasmonic losses can be
strongly reduced. EPFL PV-Lab developed a co-sputtering process to develop ZnO:SiO, layers, with
significantly reduced refractive index compared to the ZnO TCO used in baseline Si heterojunction
cells. The effect of ZnO:SiO, layers on the reflectance of the rear contact is shown in Figure 1. It clear-
ly demonstrates that the co-sputtering approach significantly enhances the reflectance of the rear con-
tact. With increasing SiO, content, the reflectance is slightly improved. EPFL PV-Lab is currently opti-
mizing the sputtering processes to obtain highly conductive ZnO:SiO, layers even with high SiO, con-
tents. In the next months, complete Si heterojunction devices with ZnO:SiO, layers will be fabricated to
evaluate the influence of these layers on cell performance.

Figure 1: Reflectance of rear contacts for Si
heterojunction solar cells. ZnO:SiO; layers,
obtained by co-sputtering, lead to improved
reflectance compared to back contacts
containing a pure ZnO layer (0% SiO,). The
inset shows the layer stack used for these
reflectance measurements.

T1.2: Transparent conductive layers with high NIR transparency (EPFL PV-Lab)

Transparent conductive oxide (TCO) layers are required in solar cells to conduct charges laterally
towards metal contacts, e.g. front side screen-printed metallic fingers. To this purpose, a TCO sheet
resistance (Rgh) < 45 Q/sq is needed to minimize losses within the device. Ry, can be reduced by
either increasing the carrier density or the mobility of the TCO. However, an increased carrier density
leads to more severe near-infrared free-carrier absorption in the TCO. Therefore, mobility tuning is the
preferred approach to reduce Rg,. During the first months of the project EPFL PV-Lab has been
investigating alternative TCOs to the standard ITO films used in Si heterojunction solar cells. In
particular, indium zinc oxide (1ZO) layers have been developed. In Figure 2 the total transmittance and
absorbance of 1ZO and ITO layers with approximately the same sheet resistance and thickness are
compared. The carrier density is almost three times lower and the mobility is three times larger in the
1ZO film. As a result, the ITO sample has a higher absorbance, especially in the long wavelength
region. These results show that IZO is a highly interesting material for the use as TCO layer in tandem
solar cells.

39/288
Synergy, C. Ballif, EPFL PV-Lab



100 — " T " T " T " 100

Figure 2: Total transmittance (solid
curves) and absorbance (dashed
curves) spectra of ITO and 1ZO films
deposited on glass. Both films have a
thickness of 120 + 5nm and sheet
resistances of 30 + 3 Q/sq. They would
thus yield similar ohmic losses in solar
cells.

—ITO, 320/sq

—— 120, 270/sq

Total transmittance (%)
Absorbance (%)

N -
IR, - 4=~

0 -
400 80

1 " 1 " O
1200 1600 2000
Wavelength (nm)

Using this highly-transparent TCO layer, a-Si/c-Si heterojunction solar cells with 1ZO as the front TCO
material were fabricated by EPFL PV-Lab. As shown in Figure 3, they exhibit higher IR response than
those with ITO. The high infrared quantum efficiency obtained with the 1ZO electrodes is a direct
consequence of the reduced parasitic absorption in the infrared, whereas at short wavelengths the
spectrum almost overlaps with the ITO cell.
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Task 2: CIGS bottom cell adaptation for CIGS/perovskite-sensitized tandem cell integration
(EMPA)

For optimum use as bottom cell in tandem structures, CIGS solar cells with improved NIR efficiency
are being developed by EMPA. One way to improve NIR efficiency is the replacement of the
commonly used ZnO:Al (AZO) front contact layer by the high mobility TCO In,O3:H. In,O3:H layers with
mobility of 138 cm?/Vs have been developed, which is significantly higher than the value of 27 cm?/Vs
of the AZO reference layer. Figure 4 shows the transmittance of these TCO layers on glass substrate.
The IR transmittance is significantly improved in In,O3:H layer compared to the reference. In the next
step the compatibility with the CIGS process has to be proven.
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Figure 4: Total Transmittance of an
In,O3:H and an ZnO:Al layer on glass
substrate.

Another way to improve the NIR efficiency of CIGS devices is to reduce the energy band gap of the
absorber by reducing Ga content. Figure 5 shows the external quantum efficiency measurements of a
state-of-the art high-efficiency CIGS solar cell with an energy band gap of 1.15 eV and of a CIS solar
cell with a reduced band gap. The latter cell shows significantly higher spectral response in the NIR
region. The targeted 85% quantum efficiency at 1000 nm is achieved with this device, however, the
V. and FF have to be further improved for an overall efficiency gain in tandem solar cells.

Figure 5: EQE measurements of CIGS and CIS
solar cells.

Task 3: Perovskite-sensitized solar cell with transparent rear electrode (EPFL LPI, EPFL PV-lab)

High-efficiency perovskite solar cells are commonly prepared as a layer stack comprising a
transparent conducting oxide electrode on glass coated with either a planar or a scaffold-structured
charge (electron or hole) transport layer, the perovskite absorber layer, the second charge transport
(hole or electron) layer, and a metal rear electrode. Light enters the solar cell through the glass
substrate, such that the metal rear electrode acts as a back reflector to boost photocurrent. EPFL PV-
Lab has developed a perovskite cell with high infrared transparency by replacing the metal rear
electrode by a transparent TCO electrode. The cell structure, shown in Figure 6, comprises fluorinated
tin oxide (FTO) as TCO on glass, which is coated by a mesoporous TiO, (m-TiO,) electron transport
material. After a 2-step preparation of the perovskite layer [1], 2,2',7,7'-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9'-spirobifluorene (spiro-MeOTAD) is spin-coated and serves as hole
transport material.

Recently, efficient hole-collectors for a-Si:H/c-Si heterojunction [2] and perovskite [3] solar cells were
realized based on thin layers of evaporated molybdenum oxide (MoO,). The MoO,-based hole
collectors were proven to provide a remarkably high transparency without inducing sputter damage in
the active layers underneath [2].
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Inspired by these results, we tested here similar electrodes as transparent hole collectors for
perovskite solar cells, consisting of a thin MoOy layer capped with 100 nm indium tin oxide (ITO) to
provide lateral conductivity. With this design, rectifying properties were obtained both in the dark and
under illumination as shown by the current-voltage (IV) curves in Figure 7, resulting in a remarkable
conversion efficiency of 6.2 % with an active area of 0.25 cm®.

This result was achieved with a 30 nm MoO, buffer layer, yielding an open-circuit voltage (Voc) of
821 mV, a short-circuit current density (Jsc) of 14.5 mA/cm?® and a fill factor (FF) of 51.9 %. Figure 7
also shows the IV curves of a reference cell, which was co-processed with the IR-transparent cell but
received an evaporated Au electrode instead of the sputtered ITO. This cell exhibits a decent
performance (Jsc = 18.51 mA/cm?, Voc = 938 mV, FF = 67 %) with an efficiency of 11.6 %. The
discrepancy between the cell with ITO instead of the Au back electrode can most likely be explained
with the sputter-induced damage from the ITO deposition process known from a-Si:H/c-Si
heterojunctions [4] being insufficiently shielded by the MoO, layer.

Figure 7: Current-voltage curve of the IR-
transparent perovskite solar cell with
transparent MoOx/ITO back contact and
of a reference cell with MoOx/Au back
contact.

EPFL LPI chose an alternative approach and realized a transparent rear electrode for a four terminal
tandem configuration using metal grids provided by the company Sefar. Several fabrics have been
tested, showing different roughness, supporting material, and mesh sizes. As the grid is mechanically
pressed onto the perovskite solar cells with the hole transport material as top layer and an overall
thickness smaller than 1 micron, shunting turned out to be an issue. The best device performance was
achieved with a newly developed grid showing a roughness of only 1 to 2 microns, a spacing of 1 mm,
and consisting of embedded copper coated silver wires. The transparency of this fabrics is 90 % in the
overall visible range. As the J-V characteristics in Figure 8 (right image) reveal, this cell showed
excellent power conversion efficiency of 11.6 % (Vo = 1.02 V, Jsc= 5.4 mA/cm?, FF = 0.61, at an
illumination intensity of 30 mW/cm?). In particular, the open-circuit voltage does not suffer indicating
that shunting is not a problem. However, a thin Au layer had to be used to guarantee good contact
between grid and solar cell. In order to further improve device performance, in particular the fill factor,
we are currently applying smaller wire spacing fabrics as well as carbon nanotube coated fabrics in
order to decrease the series resistance.
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Figure 8: Left: Device stack of the perovskite solar cell. Right: J-V characteristics at around 30 mw/cm?
illumination, giving a power conversion efficiency of 11.6 %.

Task 6: Up-scaling and mini-module fabrication of perovskite-sensitized cells (CSEM, EPFL LPI)

The best efficiency achieved at CSEM with solution-processed perovskite cells with a small area i.e.
0.25 cm? was 13.7% under AM1.5G full sun, while the efficiency decreased to 12.8 and 8.15% as the
active area increased to 1 and 4 cm?, respectively. In detail, the small cell yielded a Js. of 20 mA/cm?,
a Vo of 1010 mV, and a FF of 67.7%, whereas the large cell (4 cm? area) yielded a Js. of 17.4
mA/cm?, a V,. of 839 mV, and a FF of 55.9%. Although this result is the highest value for a cell with an
area above 1 cm? to the best of our knowledge, the large losses in the various cell parameters are
critical. There is a large change in open-circuit voltage, which likely indicates a shunting issue which is
confirmed with the drop in Re.. The series resistance is also higher because of the larger cell area. A
drop in current might be associated to not only the recombination but also inhomogeneous perovskite
film formation. It has been evidenced from previous studies that engineering of the morphology of the
perovskite film and its interfaces to the charge transport layers are key factors to determine the
photovoltaic performance.

Building on these results, CSEM developed mini-modules based on perovskite solar cells. To produce
a mini-module, the perovskite solar cells deposited on the glass substrate are electrically connected
serially; in the field of thin film solar cells, it is called monolithic interconnection. This interconnection
scheme is based on a first isolation pattern (P1) on the blocking TiO, layer/ transparent conductive
oxide (TCO), a second interconnection pattern (P2) through the TCO by the ablation of the perovskite
layer/mesoporous TiO, layer and hole transport layer and a third isolation pattern (P3) of the
perovskite layer/mesoporous TiO, layer, the hole transport layer and the metallic back contact. P1 is
achieved with a UV nano-second pulsed laser, P2 and P3 with a green nano-second pulsed laser. An
isolation scribe is eventually done around the whole module. The picture of a module is presented in
Figure 9.

Figure 9: Picture of a 6 segment mini-
module realized by laser scribing. The
active area of the module is of approxi-
mately 5.4 cm?.
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The reference cells for the mini-module had an efficiency of 9%. The best mini-module yielded an
efficiency of approximately 6.6% with an active area of 5.4 cm®, which is a reasonable value at this
stage of the project. The cell to module decrease of efficiency is related to the dead area between P1
and P3, the possible non-uniformities of the perovskite layer and the interconnection scribe P2. This
last point is probably the most delicate step, since to get a good connection of the back contact to the
front TCO, the TiO, blocking layer, which is transparent to the green laser used for P2, has to be
removed by it as well. To the best of our knowledge it is the first time that a perovskite mini-module is
made by full laser scribing technique.

National cooperation

e EPFL PV-Lab sent a-Si/c-Si heterojunction cells to EMPA and EPFL LPI for preliminary tests of
TiO, electron transport layer deposition on the surface of the heterojunction cells by means of
low-temperature TiCl; chemical bath deposition (EPFL LPI) and sputtering (EMPA) for monolithic
tandem integration.

e EPFL LPI sent perovskite and TiO, layers to EPFL PV-Lab for optical characterization.

e CSEM had first discussions with Meyer Burger to evaluate the potential of perovskite-based en-
ergy harvesting systems.

Evaluation 2014 and Outlook 2015

Substantial progress has been made for all tasks. Specifically, the adaptation of both bottom cell tech-
nologies (c-Si and CIGS) has led to cells with high near-infrared quantum efficiencies (Tasks 1 and 2).
Perovskite top cells with highly transparent electrodes suited for tandem integration have been real-
ized with two different approaches (Task 3). These achievements will allow the project consortium to
begin the development of tandem devices (Tasks 4 and 5) in 2015, as foreseen by the project re-
search plan. Also, first perovskite mini-modules have been realized, which will be further up-scaled
and optimized in 2015 to reach high uniformity on 25 cm? substrates, necessary to complete D6.1.

Two peer-reviewed papers have been published:
e S.De Wolfetal., J. Phys. Chem. Lett. 5, 1035 (2014).
e P.Loperetal., IEEE J. Photovolt. 4, 1545 (2014).
Several presentations have been given at international conferences:

e F. Fu et al, “Organometal Trihalide Perovskite Planar Heterojunction Solar Cell in a Tandem
Structure with Cu(in, Ga)Se2”, EUPVSEC 2014, Amsterdam, Netherlands.

e T. Jager et al., “Hydrogenated indium oxide window layers for high-efficiency CIGS solar
cells”, E-MRS Fall meeting 2014, Warsaw, Poland.

e F. Fuetal, “On the anomalous hysteresis effect of Organic-inorganic hybrid perovskite based
solar cells and the potential of CIGS/perovskite tandem structures” E-MRS spring meeting
2014, Lille, France.

e B. Niesen et al., “Optical absorption edge of organometallic halide perovskites and its implica-
tions for device performance”, poster, Conference on Hybrid and Organic Photovoltaics
(HOPV) 14, Lausanne, Switzerland.

e P. Loper et al., “Si-based Tandem Solar Cells with Organometallic Lead Halide High-band
Gap Top-cells”, WCPEC-6, Kyoto, Japan.

e S.J. Moon et al., “Organometallic Perovskite Toward High Performing and Upscale Solar Cell”
WCPEC-6, Kyoto, Japan.
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ABSTRACT

Thin film silicon solar cells make use of surface textures in order to enhance light absorption in the
device by light scattering at the interfaces. The FastTrack project is devoted to the development of
novel light management schemes and also to their industrialisation. The image below illustrates the
surface morphology of solar cells towards the end of the process chain before the deposition of the
back-contact metallization. The difference between panels a) and b) is the application of a plasma
treatment that removes the fine structure. Parasitic losses in the subsequent metallization are drasti-
cally reduced in case of the smooth interface.
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Project goals

The project FastTrack is part of the theme “Energy” within the 7" Framework programme of the Euro-
pean Union. The main project goals are the development of innovative photovoltaic cell processes and
their up-scaling to the level of pilot lines. These goals should be reached in terms of a stable device
efficiency higher than 14% and a prototype module with stable efficiency higher than 12%.

International cooperation

The project consortium consists of 19 partners; among these are 6 universities, 4 research institutes
and 7 companies. The work is organized in 9 work packages devoted to novel material, solar cell pro-
cessing, processes for high deposition rates, and characterization. The remaining work packages ad-
dress industrial aspects like up-scaling, module integration, cost analysis, and dissemination.

Work in reporting period

Two main subjects were addressed during the reporting period. First, the integration of solar cells on
nano-pillars in collaboration with Institute of Physics Prag (IPP), Secondly, parasitic losses of the back-
electrode were assessed and successfully reduced with a surface treatment.

NANO-PILLAR SUBSTRATES

Cells with radial junction around a central nano-pillar comply ideally to the combination of weak ab-
sorption and poor charge transport found in thin film silicon. For this geometry, light can enter the
structure parallel to the axis of the nano-pillar and gets absorbed along its whole length. At the same
time, the generated charge-carriers do not need to travel the whole length of the nano-wire because
they are collected over a short distance along the radial direction.

Nano-pillars shown in Figure 1 were fabricated at IPP by hydrothermal growth if ZnO on a hexagonal
array defined by e-beam lithography.' ZnO was chosen because it is transparent and conducting and
serves thus not only as growth template, but also as front electrode.

2um EHT=10.00 kV Mag=5.00 kX 2um EHT=10.00 kV Mag=5.00 kX
e WD=7 mm Signal A=InLens —_— WD=7 mm Signal A=InLens

Figure 1: SEM images of ZnO nano-pillars used for fabrication of amorphous single junction cells (left) and tan-
dem solar cells (right).

The external quantum efficiencies of cells on a nano-pillar array with two different pitches as well as
two types of reference are shown in Figure 2. Whereas the cell on the nano-pillars performs better
than the flat reference, they do not reach the level of the cell on a textured ZnO front contact. Meas-
urements of the total absorption shows that the upper limits of the undulation of the nano-pillar cell are
at the same level as the cell on textured ZnO. Since this is not the case for the EQE, we are lead to
conclude that the nano-pillar design suffers from stronger parasitic absorption [2].

! Neykova, Neda, et al. "Arrays of ZnO nanocolumns for 3-dimensional very thin amorphous and microcrystalline
silicon solar cells." Thin Solid Films 543 (2013): 110-113.
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Figure 2: External quantum efficiency of cells on textured ZnO (bullets), on nano-pillar arrays with pitch of 900 nm
(squares) and 1400 nm (circles), and on flat substrate (Triangles).

PARASITIC ABSORPTION IN THE BACK REFLECTOR

Two back reflector designs were compared on microcrystalline solar cells deposited on a textured ZnO
front electrode deposited by LP-CVD. The first design corresponds to the standard design at EPFL
and consists of a 2 ym thick ZnO film grown under the same conditions as the front contact. The sec-
ond design combines a thin ZnO film of 150 nm deposited by the same process with a metallic reflec-
tor made from sputtered silver [3, ii].

Figure 3: AFM images of the zinc-oxide buffer layer at the back of solar cells before deposition of the metalliza-
tion, before (left) and after (right) applying a smoothing plasma surface treatment.

ZnO deposited by LP-CVD develops a natural surface texture which is desired for light scattering front
electrodes. However, the AFM images in Figure 3 show the natural texture is also developed on the
thin buffer layer at the back interface. At this interface, texture is undesired because the subsequent
application of the metallization yields a rough metallic interface that is prone to parasitic absorption by
the excitation of surface plasmon resonances [4, i]. Consequently, a smoothing plasma treatment has
been introduced.
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TABLE 1 illustrates that the reduction of parasitic losses with increasing treatment time translate direct-
ly into a gain of short circuit current. An added advantage of the silver back reflector with is its higher

conductivity which yields systematically better FF because of reduced series resistance.

Table 1: parameters of solar cell with different types of back reflector

Type Voc FF Jsc Efficiency
(mV) (%) (mA/cm?) (%)

Thick ZnO + white paste 543 66.4 24.1 8.9

Thin ZnO + Ag (no treatment) | 531 68.2 22.0 8.1

Thin ZnO 5’ treatment + Ag 535 69.8 24.5 9.3

Thin ZnO 10’ treatment + Ag 536 69.8 24.6 9.3

Modulated front textures

In collaboration with the project partner TU Delft, the performances of modulated textures were tested
in tandem cells. In this case, a texture with large but shallow features is etched into the glass substrate
and then combined with a textured ZnO electrode. In this combination the texture of the ZnO can be
chosen smaller than on flat glass. Figure 4 shows cross sections through tandem cells on different
front electrodes. The left and middle panels show 1 and 2.5 ym thick ZnO films. The small texture of
the former is not sufficient for adequate scattering of near infra-red absorbed in the 3 ym thick bottom
cell (here at the top of the images) whereas the latter can be problematic of cell operation because of
defective zones formed above V-shaped valleys of the texture (illustrated by arrows). The third panel
shows the combination of the 1 um thick zinc oxide with a texture etched into the underlying glass

substrate.?

Figure 4: Cross sections through tandem cells on Zinc oxide with small (left) and medium texture (middle), and on
zinc oxide with small texture but applied on textured glass (right).

Figure 5: Current-voltage characteristics (left) and external quantum efficiency (right) of the tandem cell on the

modulated texture (results in initial state).

2 H. Tan et al. “Modulated textured front electrodes for high-efficiency multi-junction thin-film silicon solar cells”,
presented at the 6" World PVSEC, Kyoto (2014)
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The performance of tandem solar cells with 300 nm thick top cell, 100 nm thick intermediate reflector
and 2.7 ym thick bottom cell is shown in Figure 5. With anti-reflection coating at the front, this device
shows an initial efficiency of 14.8%.

Publications in Journals

[1] E. Moulin et al. “2-D Periodic and Random-on-Periodic Front Textures”, IEEE Journal of Photovol-
taics, 4(5), p1177, (2014)

[2] N. Neykova et al. “3-dimensional amorphous silicon solar cells on periodically ordered ZnO nano-
columns” to be published

[3] R. Khazaka et al. “Silver versus white sheet as a back reflector for microcrystalline silicon solar
cells deposited on LPCVD-ZnO electrodes of various textures”, Progress in Photovoltaics,
DOI:10.1002/pip.2542

[4] F.-J. Haug, C. Ballif “Light trapping thin film solar cells”, Invited review article, Energy and Envi-
ronmental Science, to be published

Presentations at Conferences

[i] F.-J.Haug et al. “Parasitic absorption effects in metallic electrodes with surface texture”, 40" IEEE
PVSC Denver (2014)

[iil E. Moulin et al. “Silver versus white sheet as back reflector for thin-film silicon solar cells ", 29" EU
PVSEC Amsterdam (2014)
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ABSTRACT

HERCULES (High Efficiency Rear Contact solar cells and Ultra powerful moduLES) is a project
sponsored by the European Commission. This project links together world-class EU companies and
institutes with experience in the field of crystalline silicon solar cells. The guiding principle of this pro-
ject is to develop new and innovative n-type monocrystalline silicon (c-Si) device structures based on
back-contact solar cells with alternative junction formation, as well as related structures including
hybrid concepts (homo-heterojunction). These concepts are the most promising silicon-based tech-
nologies to reach ultra-high efficiencies with industrially relevant processes. The HERCULES strategy
is to transfer the developed processes to the industrial scale by considering all major cost drivers of
the entire manufacturing process chain of modules. The concepts developed in HERCULES will
demonstrate 25% efficiency at cell level, for above 340 W, modules produced in the partners pilot-
lines, and pave the way to ultra-high efficiencies for the next generation of c-Si based solar cells de-
vices.
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Introduction

The European photovoltaics (PV) market still represents the predominant share of worldwide installa-
tions and electricity generated from PV is becoming increasingly competitive, with an average level-
ised cost of energy (LCOE) estimated to be between 0.10 — 0.16 €/kWh in 2011. This constant reduc-
tion of LCOE means that the European industry can only regain its competitiveness with (i) a concomi-
tant reduction of production and investment costs (current net price level ~0.8 — 1.0 €/ W, today) in
Europe in order to face the strong price competition of emerging countries (China and Taiwan), (i)
investment in novel “advanced” industrial processes allowing for high efficiencies and low-cost device
production, (iii) the development of high-end tools and processes which are more difficult to master
and duplicate, securing a technology leadership. These conditions are necessary to ensure sustaina-
ble PV technology production in Europe and the construction of a robust European PV industry able to
beat international competition. However, ultra-high-efficiency PV devices require manufacturing pro-
cesses that are increasingly complex, which results in an increase in the related investment and fabri-
cation costs. Given that the market still requires a reduction of the technology price, we are left with a
paradox, and we must find ways to produce high-efficiency devices with competitive industrial pro-
cesses.

Goals of the project
The key objectives of the HERCULES project are:

1. To develop ultra-high efficiency modules at the pilot scale (mean power conversion efficiency n >
21%)

2. To reduce production/investment complexity and demonstrate costs down to 0.7 €/W, at the pilot
scale

To increase the durability of modules up to 35 years

4. To demonstrate ultra-high efficiency solar cells with n > 25%

Brief description of the project (2013-2016)

The HERCULES project will develop ultra-high-efficiency devices and transfer processes along the
entire manufacturing value chain from the laboratory to an industrial pilot line. At the core of the project
lies the combination of the best use of silicon materials, of a reduced usage of costly material, which
all requires a unique expertise in mastering of advanced processes and advanced production technol-
ogies, but still with a potential for high productivity and low cost.

Processing and manufacturing wise, the HERCULES project will encompass the entire process chain
from wafer to cell and from cell to module. The following strategies will be developed in order to stimu-
late industrial take-up of the developed processes and achieve ultra-high-efficiency industrial modules
at the pilot scale:

- Wafer production quality and costs will be assessed.

- New industrially compatible processes will be developed for layer deposition (front surface field,
emitter and back-surface field)—including ion implantation, laser doping and hetero-emitter for-
mation—with the goal of reducing the number of process steps and avoiding wet chemistry.

- Metallization and contacts: The use of low-silver content pastes will be promoted as well as the
replacement of the expensive silver metallization with copper and the use of PVD processes
(evaporation or sputtering) to deposit non-noble metals for silver-free cells. High performance in-
dium TCOs and indium-free TCOs for HJT cells will be investigated.

- Interconnection and encapsulation: The impact of these strategies on module performance, cost
and reliability will be evaluated.

PV-Lab contributes to the overall goal by further developing the silicon heterojunction (HJ) solar cell
design with the aim at fabrication record efficiency devices. In particular, PV-Lab is involved in several
tasks throughout the entire process chain from wafer to cell:

- c-Si substrate: Evaluation and study of the influence of wafer resistivity and impurities on the ulti-
mate performance of heterojunction solar cells.
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- Heteroemitter fabrication: Development of electron and hole collecting passivating structures
based on amorphous silicon with high quality passivation properties, low optical absorption, and
ideal band alignment to allow for high FF values.

- Contact formation: Investigation of the TCO/metal contact and TCO/a-Si:H contact with special
attention to contact resistivity to determine internal resistive losses of the heterostructure and
formulate solutions to improve the FF to values well above 80%.

- Fabrication of high-efficiency prototype solar cells, where PV-Lab is also leading and coordinating
the work.

Work performed and results achieved in 2014

During 2014 major efforts were put by PVlab on the development of improving the fill factor, short-
current density and open-circuit voltage of our devices. In the following, we highlight for each of these
topics a specific development.

1. Copper-Plated Grid Electrodes for Silicon Heterojunction Solar Cells

Front metallization is of critical concern in high-efficiency low-cost approaches, as such metallization
should yield low resistive and shadowing losses, and should be also cost-effective. For this purpose
we investigated copper electroplating and compared it with common silver printing techniques for the
front metallization of silicon heterojunction solar cells (see Figure 1). We achieved smaller feature
sizes by electroplating, significantly reducing optical shadowing losses and improving cell efficiency by
0.4% absolute. Interestingly, a detailed investigation of series resistance contributions reveals that, at
maximum power point, a significant part of the lateral charge-carrier transport occurs inside the crys-
talline bulk, rather than exclusively in the front transparent conductive oxide. This impacts the optimi-
zation for the front-grid design of high-efficiency silicon heterojunction solar cells, enabling the use of
TCO electrodes with higher transparency. We also investigated with advanced electron microscopy,
the inner structure of copper-plated fingers and their interfaces. Finally, a cell efficiency of 22.4% is
demonstrated with copper-plated front metallization, see also Figure 1 for the detailed solar cell pa-
rameters. For further details, please refer to Ref. I.

Figure 1. I-V characteristics under 1-sun illumination.

2. New window layers for lowered parasitic absorption.

Mitigating absorption losses in the blue and red parts of the spectrum, in both amorphous silicon and
transparent conductive oxides is an important route towards ultimate heterojunction solar cell perfor-
mance. For this purpose, we have investigated a number of different silicon-based alloys, including
silicon oxide, to replace the intrinsic and doped front amorphous silicon stacks. By using stacks of
intrinsic amorphous silicon and amorphous silicon oxide as front intrinsic buffer layers, we could show
that this increases the short-circuit current density by up to 0.43 mA/cm? due to less reflection and a
higher transparency at short wavelengths (see Figure 2). However, we find that the gain in current is
more than offset by losses in fill factor. Aided by device simulations, we link these losses to impeded
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carrier collection fundamentally caused by the increased valence band offset at the amor-
phous/crystalline interface, see also Figure 2. Consequently, it may be preferable to collect electrons
at the a-SiOx:H buffer layer side, as the larger VB offset should not impede electrons. In that case, the
cell architecture should be redesigned towards a rear-emitter cell (when using n-type wafers). For
further details, please refer to Ref. Il.

Figure 2. Output solar cell characteristics as a function of the front (i) a-SiOx:H layer thickness.

3.Improved understanding of surface passivation properties

Thin hydrogenated amorphous silicon (a-Si:H) films offer excellent surface passivation of crystalline
silicon (c-Si) surfaces. Such interfaces are as a consequence also sensitive probes for the bulk elec-
tronic properties of a-Si:H. To gain insight in the precise microstructural changes of amorphous silicon
during low-temperature annealing we probed the response of such films in terms of passivation and
microstructure. We observed that during annealing the electronic improvement of the interfaces fol-
lows stretched exponentials as long as hydrogen evolution in the films can be detected. Once such
evolution is no longer observed, the electronic improvement occurs much faster. This implies that for
annealing induced changes in surface passivation, long time constants point at microstructural chang-
es in the a-Si:H films. Interestingly, during subsequent light-soaking of such interfaces, we do not ob-
serve microstructural changes occur. These findings prove that (initial) post-deposition annealing of a-
Si:H/c-Si interfaces is not a mere “fool’'s” trick where initial gains would be completely offset by subse-
quent degradation under light exposure. Rather, such post-deposition annealing can be beneficial for
the overall long-term performance of silicon heterojunction solar cells. For further details, please refer
to Ref. 1.

National and international cooperation

In order to meet its objectives, the HERCULES partnership gathers the leading European Research
Institutes and Industries in crystalline silicon solar photovoltaics committed to reinforce the competi-
tiveness of the EU PV industry. The HERCULES set of expertise presents synergies both on the R&D
side, with a diverse set of competences and experimental techniques that are available to the consor-
tium, as well as through the whole industrial value chain, from the silicon feedstock to the module.

HERCULES partners include Research centers such as the National Institute for Solar Energy (INES)
— Commissariat a I'Energie Atomique et aux Energies Alternatives (CEA), Fraunhofer-Institut fir So-
lare Energiesysteme (ISE), International Solar Energy Research Center Konstanz (ISC), CSEM, Insti-
tut fir Solarenergieforschung Hameln (ISFH), Helmholtz-Zentrum Berlin fir Materialien und Energie
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(HZB), Centre National de la Recherche Scientifique (CNRS), and industrial partners such as Meyer
Burger, Roth & Rau, Norsun or Electricité de France amongst others.

Evaluation 2014 and perspectives

2014 has been the first year of this project. PV-Lab has met deliverables, milestones and internal
goals during this period. Critical scientific insight has been obtained for boosting all solar cell parame-
ters (FF, Jsc, and Voc) to the values required for obtaining the longer-term goals set in the HERCU-
LES project.
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ABSTRACT

CHEETAH is a European integrated project (IP) financed by the 7™ framework program. It combines
collaborative project (CP) and coordination and support action (CSA) and aims to solve specific R&D
issues in the EERA (European Energy Research Alliance) -PV Joint Research Program and to over-
come fragmentation of European PV R&D and intensify the collaboration between R&D providers and
industry to accelerate the industrialization of innovations. The consortium of 34 partners from 16
countries is led by ECN (Netherlands). It comprises also 2 Swiss partners: EPFL and EMPA.

The CHEETAH project is directly linked to the EERA-PV Joint Research Program, which aims to in-
crease the effectiveness and efficiency of PV R&D in Europe, and to contribute to the R&D-needs of
the Solar Europe Industry Initiative (SEII). Most of the EERA-PV members and associates are repre-
sented in CHEETAH. The CHEETAH's objectives are threefold:

1. Developing new concepts and technologies for wafer-based crystalline silicon PV (modules
with ultra-thin cells), thin-film PV (advanced light management) and organic PV (very low-cost
barriers), resulting in (strongly) reduced cost of materials and increased module performance

2. Fostering long-term European cooperation in the PV R&D sector, by organizing workshops,
training of researchers, and stimulating efficient use of infrastructure;

3. Accelerating the implementation of innovative technologies in the PV industry, by a strong in-
volvement of EPIA and KIC InnoEnergy in the program.

Within CHEETAH, EPFL activities are concentrated on the development of next generation thin-film
Si based solar cells and their related characterization and modelling, the development of passivation
contacts for ultra-thin c-Si based solar cells and the development and testing of innovative encapsula-
tion schemes for modules based on those cell technologies. Note that these research activities are
done jointly with other related research projects.
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Project goals

CHEETAH project is directly linked to the EERA (European Energy Research Alliance) -PV Joint Re-
search Program. This program aims at

e Overcome bottlenecks in PV technology identified in the EERA Joint Program

e Reinforce the collaboration between PV R&D centers in Europe, started in EERA

e Contribute to implementation of developed PV technologies in the European industry
e Strengthen the competitiveness of European PV industry on a global scale

e Prepare trained scientists and engineers for the next wave of PV technology.

CHEETAH project focus and objectives are summarized in the figure below:

Technical objectives / Use of less and cheaper

Strategic orientations environmentally benign, Increase of overall

for the first 4 years of abundantand non-toxic performance
the program materials

4 main topics:

o 3 secondary topics:
- Silicon wafers and cells y1op

Topics - Thin-films - BIRV
. - Concentrated PV
- Organic PV - Novel Technologies
- Module g
Research Activities Fostering long-term Accelerating the
Activities =>technological European transfer to PV

developments cooperation industry

Fig. 1: Focus of the CHEETAH program during the first 4 years.

Description of the project

The CHEETAH consortium comprises 34 partners from 16 countries including 2 Swiss partners (EPFL
and EMPA). The project is organized in 10 work packages: beside management work package, 4 tar-
geting coordination activities to reinforce mobility, education and cooperation and 5 work packages
dealing with research activities. These latter comprised:

1. Ultrathin wafer development
2. Cell processing on ultrathin wafers
3. Module development for x-Si cells and thin-films
4. Advanced light management for thin-film PV
5. Very low cost OPV,
Within the project, EPFL is mainly involved in 3 the following research topics (or work packages):

1. Cell processing on ultrathin wafers: On this topic EPFL is working mostly on heterojunctions
structures. EPFL is contributing to the development of specific emitter with low blue wave-
length absorption adapted to front side nanostructures as well as advanced passivation layer
for these nanostructures. EPFL is also working on metallization using printing and plating
techniques. Objective of this topic is to achieve 23.5% efficiency with 20 to 80 um thick wafer
at a cost of <0.3 €/Wp.

2. Module development for x-Si cells and thin-films: Main activities of EPFL will be on reliability
testing of thin-film modules, including design of interconnection scheme for new thin-film de-
vice architecture and low-cost encapsulation sheme. Obijective of this task (related to thin-film
modules) is to reduce encapsulation costs by 20% as compared to state-of-the-art.
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3. Advanced light management for thin-film PV: Activities of EPFL are concentrated on the fur-
ther improvement of thin-film Si cell efficiency by improving light-trapping scheme and better
use of the solar spectrum. This should be achieved by a reduction of the parasitic light absorp-
tion, development of device architectures for optimum growth of the active layers (reduction of
defects induced during material growth by the device morphology) and development of multi-
junction device with up to 4 junctions. A stable efficiency of at 14.5% is sought with a cost re-
duction per watt of 20%.

Work done and results
Thin-film silicon cells

To complementary paths are followed in Cheetah to improve efficiency. The first one is based on the
further development of device architecture where the material quality is not affected during manufac-
turing by the presence of light scattering features. A successful example of such approach is shown
using “flat diffactive” structures as presented in Fig. 2.

Fig. 2: Schematics of pc-Si:H solar cells grown on a) a flat light-scattering substrate with a defect-free pc-Si:H
layer, and b) a standard solar cell grown on a textured substrate which results in a pc-Si:H layer that contains a lot
of cracks. Valleys in the TCO material are thus filled with an inactive material with high contrast in the index of
refraction with a subsequent polishing step to create flat diffractive structure.

The second path to improve is based on the use of multiple junctions to optimize device conversion
efficiency. The combination of the two approaches resulted in achieving 13% stable efficiency for a a-
Si:H/uc-Si:H/ucSi:H solar cell deposited on flat light scattering substrate (Fig. 3) [1]. Such approach
should be further followed in Cheetah. One objective is also to increase the number of junctions aim-
ing at reducing the cell thickness of the component cell and thus to improve cell stable efficiency. A
first example with a quadruple junction device (a-Si:H/a-SiGe:H/pc-Si:H/ pc-Si:H) in presented in Fig.
4, exhibiting an outstanding V. of 2.57 V. Its efficiency is limited to 10.1% due to the non-optimized
current matching in this device.

Fig. 3: External quantum efficiency (EQE) spectrum and electrical parameters of a triple-junction a-Si:H/uc-
Si:H/ucSi:H solar cell on a flat light-scattering substrate with a UV nano-imprinted anti-reflective coating exhibiting
a stable efficiency of 13%.
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Fig. 4: J-V curve (left) of a thin-film Si quadruple junction solar cell and (right) EQE spectra of the thin-film Si
quadruple junction solar cell. The values in parentheses refer to the respective sub cell current densities

Crystalline silicon cells

The objective of this work-package is to develop a process for the preparation of the next generation
of silicon solar cells based on ultra-thin monocrystalline wafers (40 to 80 um) with 23.5% efficiency, 2
g Si/W, and <0,3 €/W.. For this, the partners, including EPFL, work on an advanced solar cell struc-
ture dedicated to ultra-thin wafers, with a focus on the issues of light trapping, high surface passivation
level and advanced metallization. The aim of this work-package is to address main technological chal-
lenges and to prove some new optical and electrical improvement on ultra-thin silicon SINTEF refer-
ence substrates as well as lift-off ultra-thin wafers.

Specific to these tasks, EPFL develops carrier selective passivating contacts based on silicon hetero-
junction technology. For such thin wafers, excellent passivation of the wafer surfaces becomes of ex-
treme importance. This can be achieved with silicon heterojunction technology. Earlier, EPFL demon-
strated by using such contacts, which are based on amorphous silicon layers, that indeed very good
passivation can be obtained, yielding efficiencies as high as 21.1 % on wafers as thin as 80 micron
(200 cm?). These cells featured open-circuit voltages as high as 747 mV [3].

In the Cheetah project, we develop further processes for high-efficiency ultra-thin silicon solar cells.
Here, EPFL pays specific attention to low (parasitic) blue wave length absorption. For this purpose,
layers under study are amorphous silicon oxides [4], to replace the intrinsic buffer layer in silicon het-
erojunction solar cells, and doped microcrystalline silicon and metal oxides layers, such as MoOy [5].
All these layers feature either increased bandgaps or lower absorption coefficients, lowering the para-
sitic absorption in the blue. Notably, all these layer depositions rely on low-temperature processes, full
compatible with thin wafers.

Another task in this WP relates to new metallization schemes compatible with thin wafers. For silicon
heterojunction solar cells, the current standard is the screen printing of low-temperature silver pastes
for front grid definition. This process may however not be very optimal when applied to thin wafers, as
it involves mechanical stress during the screen printing step. In addition, it is difficult to achieve narrow
lines, which result in undesired shadow losses. Finally, the silver consumption may be unacceptably
high, when aiming at an economical processing technology. For this reason, EPFL has developed a
copper plating process, resolving all these issues (see Fig. 5) [6]. With this process, cell efficiencies as
high as 22.4% have been achieved so far.

Fig. 5: (a) Secondary-electron SEM image of a
Ni/Cu finger FIB cross section (in lens detector).
(b) EDX maps of copper (using the K, X-ray
energy), nickel (Kg), and indium (Lg). (c) Magni-
fied view of two different kinds of defects ob-
served at the ITO/Ni interface
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Module encapsulation

It has been shown in the past that specific non-encapsulated thin-film Si modules could sustain damp
heat test conditions longer than encapsulated ones [2]. If thin-film modules without encapsulation can
sustain damp heat or atmospheric conditions without detrimental effect on the performance, a much
cheaper encapsulation scheme could be used aiming at just mechanically protecting the module.

To get more insight a test campaign was initialized to study the effect of atmospheric conditions on the
performance of several similar thin-film silicon modules comprising either ZnO or SnO, layer for the
transparent conductive oxide layers. A special module design was developed featuring three identical
modules on the same substrate isolated from each other. Modules were deposited by Julich For-
schungszentrum and further encapsulated by EPFL. The segments of the three modules were left
unprotected from the atmosphere (while protected from the rain or water splash), while for two of them
the contact tabs were further encapsulated. A reference module with the same architecture was en-
capsulated with EVA and a back glass sheet. A picture of the fabricated special module is shown in
Fig. 6.

Fig. 6: Schematic view of the module design (left) and back view (center) and front view (right) of the fabricated
module.

Modules were measured before and after encapsulation for their (V) characteristics as well as by
electroluminescence to insure that no damage was introduced during the encapsulation. The modules
are now being monitored in outdoor conditions by the University of Ljubljana (associated to Jilich For-
schungszentrum).

National and international collaborations

This Cheetah project allows to continue existing collaborations (for example with Jilich For-
schungszentrum, ECN, the Helmholtz-Zentrum Berlin or ENEA) but also to foster new ones as many
EU institutes active in PV are members or EERA and partners of Cheetah.

Evaluation for year 2014 and future perspectives

Only very few deliverables or milestones were due in 2014. For the time being the work is progressing
as planned. Several new results were presented in 2014 by EPFL during the EU Photovoltaic Confer-
ence in Amsterdam and at the 6™ World Conference on Photovoltaic Energy Conversion in Kyoto.
Several publications are in preparation (on Si heterojunction and thin-film silicon solar cells) and
should be published early 2015.
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ABSTRACT

The “HET-IBC” project is a two-year CTI project between the PV-Lab of the Ecole polytechnique
fédérale de Lausanne (EPFL) and Meyer Burger Research SA (formerly Roth & Rau Research AG),
with the support of the PV-Center from CSEM SA. Final goal of the project is to develop back-
contacted silicon heterojunction (BC-SHJ) solar cells with efficiency over 21.0 % using mass produc-
tion compatible techniques.

In this report we present the results obtained during the last year of the project. We firstly describe the
use of wet-etching and plasma-etching techniques to pattern the a-Si:H layers at the rear side of our
BC-SHJ devices. These techniques are meant as alternatives to the in-situ shadow masking pattern-
ing developed during the first year of the project.

In the second part of this report, we describe how the shape of the rear a-Si:H fingers and the cover-
age of the TCO/metal electrodes influence the final performances of the BC-SHJ cells. We therefore
developed a tailor-made technique to accurately measure the shape of the a-Si:H fingers. This tech-
nique is based on Raman scattering and is presented in the third part of this report.

In the fourth and fifth parts, we report a champion cell with 21.5 % efficiency, which is the European
record to date for such device and ranks 3™ worldwide. We analyse the main current losses and pro-
pose routes to mitigate them, aiming at reaching even higher efficiency.

Finally, we summarized the main achievements of the HET-IBC projects in 2012-2014. Even though
the HET-IBC project ended 01.08.2014, we are truly convinced there is still room to improve our BC-
SHJ devices, and soon reach > 24.0 % efficiency. Works towards this aim will thus we carried out in
2015.
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Introduction

The combination of the amorphous/crystalline silicon heterojunction technology with the back-contacts
design (hereafter referred to as BC-SHJ devices) has long been identified as the most promising ar-
chitecture to reach over 25.0 % efficiency for single junction solar cells on crystalline silicon wafers.
Such devices indeed feature the high short-circuit current density (Js.) allowed by the back-contact
design (no shading at the front side) together with the impressive open-circuit voltage (V) of the het-
erojunction cells, owing to the outstanding passivation properties of the amorphous silicon (a-Si:H)
layers. In 2014 Panasonic, Japan [1], and Sharp, Japan [2], released BC-SHJ devices featuring effi-
ciencies over 25.0 %, hence validating the potential of the BC-SHJ technology to reach very high effi-
ciencies.

In spite of these excellent results, a cost-effective process flow for BC-SHJ devices, compliant with the
mass production requirements of yield and throughput, is still to be demonstrated. In this regard, find-
ing the suitable techniques for the patterning of the rear side of the device is especially challenging.
Besides, on the scientific side, a complete understanding of the device physics is still sought for. In
particular, the keys in reaching high fill-factor (FF) on such devices are still under investigation. Last
but not least, an accurate assessment of the current losses in BC-SHJ devices is mandatory to take all
the benefits of the back-contacted design, hence reaching Js. > 42.0 mA/cm?.

Project goals and description (2012-2014)

The HET-IBC project aims at fostering the spread of the BC-SHJ technology by developing an indus-
trial-compliant process flow to manufacture high-efficiency, large area interdigitated back-contacted
silicon heterojunction solar cells on thin wafers. As final project goal, efficiencies over 21.0 % are tar-
geted. More specifically, the HET-IBC project consisted in six workpackages, namely:

e WHP1: device simulation and definition. This workpackage aims at using numerical simulations
to get insights into the BC-SHJ device physics and define critical parameters (emitter/BSF ratio,
pitch...), and to optimize the overall cell architecture (anti-reflection coatings, passivation layers).

e WP2: patterning feasibility. In the frame of this WP, several techniques for a-Si:H and
TCO/metal patterning are developed. Especially, shadow masking, dry- and wet-etching will be
considered for a-Si:H patterning, while inkjet printing will be used for TCO/metal.

e WHP3: implementation of the HET-IBC core. This WP aims at establishing a suitable process
flow for the manufacturing of BC-SHJ devices with > 21.0 % efficiency.

e WP4: front surface passivation and anti-reflection coatings. This WP aims at developing
high-bandgap, passivating layers to be used at the front side of BC-SHJ devices, both for pas-
sivation and anti-reflection purposes. The main target here is to maximize the cells Js..

e WHP5: contacting scheme for module integration. In this WP, preliminary tests are carried out
to define suitable strategies to encapsulate BC-SHJ devices.

e WP6: mass production feasibility. Based on the outputs of WPs 1 to 5, this WP will evaluate
the Cost of Ownership for the mass production of BC-SHJ devices.
In 2014, the focus has been set on:

e Continuous improvement of the BC-SHJ process flow, aiming at steadily increasing the cells effi-
ciency;

e Development of alternatives to the shadow masking for the a-Si:H patterning, namely by develop-
ing wet- and dry-etching techniques;

e Characterization of the patterned rear layers and their optimization;

e Assessment of the current losses in BC-SHJ devices and routes to mitigate them.

Work performed and results achieved in 2014
1. Alternative a-Si:H layers patterning techniques

In the 2013 OFEN report, we presented an a-Si:H layers patterning scheme based on shadow masks
placed onto the substrates during the PECVD deposition steps. Though we obtained excellent results
with this technique, its upscaling to larger devices and its robustness both appeared questionable. We
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thus sought for alternative patterning techniques that are compatible with mass-production require-
ments.

Firstly, we investigated the wet-etch patterning of a-Si:H layers, using an HF:HNO3;:CH3;COOH solu-
tion. We control the etch rate of the a-Si:H layer by changing the HF content of the solution. We thus
obtained etch rates between 0.1 A/s and 1.1 A/s, as illustrated in Fig. 1. Then, we deposited an etch
mask using inkjet printing and etched the regions in-between the masked area. As a result, sharply
defined a-Si:H patterns were obtained, as can be seen in Fig. 2. We also obtained promising pas-
sivation levels on these etched layers.

60
ki -@---__
E‘SO > \._ -__.___' i S S
£ . solution 2
@ 40 s . etch rate 0.1 Als
S 30 solution1 ™
i etch rate 1.1 A/s m,
& 20
©
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0 100 200 300 400
etching time [s]
Fig. 1. Etch rates of a-Si:H layers using different Fig. 2. Patterned a-Si:H layers using the wet etching
HF:HNO3;:CH3;COOH solutions. technique.

Secondly, we developed a dry etching technique for the a-Si:H patterning. This technique is based on
the use of an H, plasma that etches away the a-Si:H. To obtain local patterns, a shadow mask is re-
quired (see Fig. 3). Tuning the plasma conditions (pressure, power and gas ratios), we obtained an
etch rate of 2.1 nm/min. This allows to efficiently pattern a-Si:H layers on large areas, as illustrated in
Fig. 4. However, obtaining good passivation levels with this technique appears challenging.

Overall, the two techniques investigated above feature both pros and cons. Even though good pas-
sivation results were obtained using the wet-etching scheme, we think this technique is not cost-
effective due to the high price and the large volumes of chemicals needed at mass-production level.
Therefore the plasma etching technique could be more promising, provided good passivation levels
are reached.

1. Target layer deposition
—uu—uu—
|

2. Dry etching through shadow mask

3. Patterned layer

Fig. 3. Process flow for the patterning of a-Si:H layers  Fig. 4. Patterned a-Si:H layers using H, plasma dry
using the H, plasma dry etching technique. etching.
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2. Progress on rear-electrodes optimization

In BC-SHJ devices the TCO/metal electrode must be precisely aligned on top of the doped a-Si:H
layers. The accuracy of the employed alignment technologies determines therefore also the minimum
gap distance that must be maintained, while designing the back-electrode, in-between the edge of the
doped a-Si:H fingers and the edge of the TCO/metal electrode fingers (indicated with the parameter
“d”in Fig. 5).

P P iy

Fig. 5. Gap “d” between the edges of the doped a-Si:H fin-
gers and the TCO/metal electrode.

This minimum distance should be always maintained in order to avoid any undesired direct contact
between the TCO and the intrinsic a-Si:H layers covering the whole c-Si back surface. Previously re-
ported results [3] were associating detrimental effects on overall device performances to a reduced
back-electrode coverage of the p-type a-Si:H layer. Therefore, we decided to investigate possible ef-
fects of an increased distance “d”, also in our BC-SHJ devices, and to assess the suitability of the
developed processing technology. As reported in Fig. 6, we observed instead, unexpectedly, degrad-
ing FF, V.. and overall solar cell conversion efficiencies for increasing back-electrode coverages. The
same detrimental effects were shown to appear, for a fixed back-electrode geometry, for decreasing
deposition times of the p-type a-Si:H layer. We linked these effects to the layer thickness tapering
induced by patterning via in-situ shadow masking. The observation and the magnitude of this tapering
effect are more extensively illustrated in Section 3. From this analysis, we could conclude that, in our
technology, the employed a-Si:H layer patterning method is a more critical factor than the layer align-
ment accuracy.
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Fig. 6. Variation of solar cell electrical parameters with changing metallization coverage of the emitter region (i.e.
changing distance “d” between edge of TCO/metal and p-type a-Si:H fingers) in our BC-SHJ devices.

3. Accurate measurement of the patterned a-Si:H fingers

To improve the BC-SHJ cells results, it is mandatory to be able to control the shape of the patterned a-
Si:H fingers. We thus developed a method to measure the height and width of the a-Si:H fingers. The
patterns under test are illuminated by a laser with a wavelength of 442 nm and a spot size of 2 ym.
The Raman scattering peak of the c-Si substrate is attenuated due to the absorption of the laser light
on the a-Si:H fingers above. Hence, we can calculate the a-Si:H thickness from the attenuation of the
¢c-Si Raman peak (see Fig. 7). Repeating this measurement at different positions on the a-Si:H fingers
allows to realize an accurate mapping of their shape. A typical height profile is plotted in Fig. 8. As can
be seen, the a-Si:H finger features a strong thickness tapering at its edges. As described in Section 2,
several experimental evidences suggest that this tapering is detrimental for the BC-SHJ cell results. It
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especially can lead to severe V,. and FF losses. We thus adjusted accordingly our a-Si:H deposition
parameters to mitigate this tapering.

As a conclusion, this Raman-based technique proved very useful in providing insights into the shape
of the a-Si:H fingers and how to control it.
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Fig. 7. Principle of the measurement of patterned a-Si:H  Fig. 8. lllustrative example of the height profile of an a-
layers thickness using Raman spectroscopy. Si:H finger patterned using in-situ shadow masking.

4. BC-SHJ devices processing

As a reminder, the BC-SHJ structure and its process flow are depicted in Fig. 9 and 10, respectively.
In 2014, this process flow has been continuously improved. As a major achievement, a champion
cell featuring an efficiency of 21.5 % has been obtained. Its IV curve and parameters are plotted in
Fig. 11. This excellent result is the European record to date for such a device, and ranks 3™ world-
wide, as can be seen from the state-of-the-art for BC-SHJ devices given in Table I.

Fig. 9. Architecture of our BC-SHJ device.
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Fig. 10. Process flow for the BC-SHJ devices de- Fig. 11. IV-curve of the best BC-SHJ device produced
veloped within the frame of this project. during this project.
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Table |. State-of-the-art of BC-SHJ devices with efficiency > 19.0 %.

Affiliation and ref. n [%] Voc [MV] Joc [MA/cm?] Voc [MV] FF [%]
Panasonic, Japan [4] 25.6 740 41.8 740 82.7
Sharp, Japan [2] 25.1 736 41.7 736 81.9
EPFL, Switzerland [5] 21.5 724 39.9 724 74.5
LG, Korea [6] 20.5 716 375 716 76.4
HZB, Germany [7] 20.2 673 39.7 673 75.7
CEA-INES, France [8] 19.0 699 34.6 699 78.5

5. Analysis of Js. losses in BC-SHJ devices

Even though our champion cell currently features a Js. close to 40.0 mA/cm?, further J. improvements
are mandatory to reach higher efficiency. We hence aimed at (i) identifying the origins of the Js. losses
in our BC-SHJ devices, (ii) calculating the resulting Js. losses breakdown, and (iii) mitigating these
losses.

The Js losses are calculated by integrating the area between the external quantum efficiency (EQE)
and the absorption curves, as proposed in [9], [10], where further details can be found.

Fig. 12 plots the Js. losses breakdown of our current best BC-SHJ, as well as the projection for a fu-
ture, Jsc-optimized device. Looking at the current best device, it is noticeable that the most significant
contributions to the overall Js. losses are the UV and IR losses, closely followed by the reflection loss-
es and long-wavelength light escaping at the front. In contrast, bulk losses and light escaping at the
back are less significant.

Fig. 12. Js losses breakdown of our current best BC-SHJ device and projec-
tion for a future Jsc-optimized device.

Below are some routes that are currently under investigation to mitigate the Js. losses and reach Jq
values > 42.0 mA/cm?:

e UV losses: a complete re-design of the BC-SHJ front side is needed to minimize the UV losses.
We are currently developing high-bandgap passivating layers that will eventually allow to keep
UV losses < 0.1 mA/cm? while featuring excellent passivation.

o Reflection losses: we developed a SiN,/SiO, double-layer anti-reflection coating. We obtained a
gain of 0.4 mA/cm? compared to the previous single-layer ARC.

e Light escaping at the back: we demonstrated that a large coverage of the metal electrodes on
the a-Si:H fingers helps mitigating the amount of light escaping at the back.

Strategies to mitigate the IR losses and long-wavelength light escaping at the front are ongoing. A
paper with further details will be published soon [11].

6/8
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Evaluation of 2014 and perspectives for 2015

In 2014 the BC-SHJ cells process flow has been steadily improved and resulted in a champion device
featuring an efficiency of 21.5 %. This is the European record to date for such a device, and ranks 3
worldwide. We also investigated wet-etching and H, plasma dry etching as alternatives to the shadow
masking for the a-Si:H patterning. Further work is needed to bring these techniques to maturity. Be-
side cells processing, we also obtained interesting insights into the device physics. Especially, we
calculated the breakdown of the Js. losses in BC-SHJ devices and identified their origin. We then pro-
posed several ways to mitigate them, showing that reaching Js. > 42.0 mA/cm? is feasible in the mid-
term. Regarding characterization, we developed a technique based on Raman scattering to accurately
measure the height profile of the patterned a-Si:H fingers. With this technique we identified the fea-
tures in the a-Si:H fingers shape that could be detrimental to the cell result, and we thus accordingly
adjust our processing parameters.

The CTI project ended 01.08.2014. It is rated as very successful by both the research and the indus-
trial partners. All milestones and deliverables were fulfilled in due time. Besides, we published several
papers in the frame of this CTI project [5], [12], [13], [14], [15].

We are truly convinced that there is still room to improve our BC-SHJ devices. We established a clear
roadmap towards > 24.0 % efficient devices. Developments to reach this target will thus go on in 2015.
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ABSTRACT

This project deals with the realization of high-efficiency silicon heterojunction solar cells. For this pur-
pose, new techniques related to advanced metallization and patterning of films of these devices are
investigated.

First, advanced characterization of electrodeposited nickel-copper metallization has been done by
using electron microscopy. Such metallization is used as front grid. As a result, macro- and nano-
metric voids have been detected at the nickel/ indium tin oxide interface which results to a lower ad-
hesion of the metallic finger.

To overcome this issue, during the past year, a hew process based on an evaporated seed-layer of
copper has been successfully developed. With this new process, the finger adhesion has been signif-
icantly improved and the metallization process has been simplified.

Finally, a better understanding of the charged carrier flow in the device has been obtained by measur-
ing the voltage distribution at the indium tin oxide surface. By measuring this, the current density in
the front transparent conductive oxide layer can be extracted. As a result, a significant part of the
current generated by the solar cell is laterally flowing through the wafer instead of exclusively in the
front transparent conductive oxide when the cell is operated at its maximum power point.
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Introduction

Recently, silicon heterojunction (SHJ) solar cells established the new record efficiency for crystalline
silicon solar cell with an efficiency of 25.6 % demonstrated [1]. This high energy-conversion efficiency
is enabled by the remarkable surface passivation provided by the hydrogenated amorphous silicon (a-
Si:H) buffer layers. Next, a-Si:H p- and n-doped are deposited to form the emitter and the back surface
fields, acting as hole and electron contacting layers, respectively. Lateral transport of charged carrier
is ensured by the transparent conductive oxide (TCO) layers and by an electrical front-grid commonly
done by screen-printing of a low-temperature silver paste [2].

Project goals

In the framework of the NODHID project (NOvel cell and module Designs for High energy Density
PhotoVoltaics), the photovoltaic and thin-film electronic laboratory of the institute of microengineering
of the EPFL (IMT-PVLab) is developing new cell architectures in order to further increase the energy-
conversion efficiency of SHJ solar cells. This project is financially supported by the AXPO Naturstrom
Fonds. During the year 2014, the main objectives of the NODHID projected have been as follow:

e Advanced characterization of the interface properties in a Ni/Cu electrodeposited contact.
o Development of new processes to improve further the reliability of electrodeposited contacts.

e Cell performance analysis of devices with Ni/Cu electrodeposited contact.

Work carried out and results achieved
Advanced charaterization of front-metallization made by Ni-Cu electrodeposition

Due to the relatively low electrical conductivity of the low temperature silver paste used in the SHJ
metallization and to the variable price of silver, copper electrodeposition contact is often presented as
a reliable alternative to standard screen-printed contacts. Since adhesion between copper directly
electrodeposited on indium tin oxide (ITO) is difficult to obtain, we demonstrated earlier a reliable pro-
cess based on a first deposition of a ~1um thick nickel layer to promote the adhesion followed then by
~14 um of copper [3]. However, due to their narrow width (~15 pm), these metal lines are more sensi-
tive to thermal stress than their silver printed counterpart and can peel-off more easily. To understand
better why the adhesion is lower than for the screen-printing cells, we carried out advanced character-
ization with electronic microscopy. First , focused ion beam (FIB) cross-section of a Ni-Cu metal finger
has been prepared and observed by using scanning electron microscopy (SEM). As displayed in Fig.
1 a), the nickel adhesion layer doesn’'t show uniform coverage on the ITO layer and macroscopic
cracks are observed [Fig. 1 (c)]. To investigate further the nickel-ITO interface, a FIB-lamella has been
prepared and observed by using transmission electron microscopy (TEM).

Fig. 1. (a) Secondary-electron SEM image of a Ni/Cu finger FIB cross section. (b) EDX maps of copper, nickel,
and indium. (c) Magnified view of two different kinds of defects observed at the ITO/Ni interface. From [3].
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Fig. 2. (a) Bright-field TEM observation of the entire Si/ITO/Ni/Cu stack and (b) EDX map of the image displayed
in (a). (c) Dark-field image of the Ni/Cu interface, with the corresponding EDX map in (d). Arrows indicate contrast
features spanning across the Ni/Cu interface in (c). (e) High-angle annular darkfield image of the Si/ITO/Ni inter-
faces along with an intensity profile across the ITO/Ni interface, with arrows indicating porosity. (f) EDX map of
the image displayed in (e). From [3].

Figure 2 (a) and (b) shows respectively the bright-field TEM image of the ITO/Ni/Cu stack and its en-
ergy dispersive x-ray maps. We observe that the layers do not present any voids in the middle of the
bulk of the layers. A very good interface quality is observed between the nickel and the copper [Fig. 2
(c)] with even the presence of crystal expitaxy of copper on the nickel layer. As a consequence, a very
good adhesion between the nickel and the copper layers was observed. However, as shown in Fig. 2
e), hanometric voids are revelated by the high-angle annular darkfield image (HAADF). This, linked
with the macroscopic voids observed by FIB/SEM in Fig.1 (a) and (c) explains why ahesion may be
critical between the ITO and the nickel layers. As a consequence, growth rate and final thicknesses of
the metal layers must be carefully controlled in order to reduce as much as possible the internal stress
contained in the metallic finger to prevent its peel-off.

Development of new processes to improve further the reliability of electrodeposited contacts.

In order to further improve the adhesion of metallic fingers, another metallization process has been
developed. In this process, the nickel plating on the ITO, which induces nano- and macroscopic de-
fects, is replaced by evaporation of a copper seed-layer on the ITO. Next, photolithography is carried
out for the patterning and copper plating is done to locally thicken the copper. Finally, the photoresist
is removed and the copper seed-layer between the fingers is back-etched. Figure 3 presents a sum-
mary of this metallization process.
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Fig. 3. Metallization process with the copper seed-layer deposition, the photolithography, the copper electrodepo-
sition and the seed-layer back-etching.

By using this process, better finger adhesion have been observed compared to the former nickel-
copper process with similar and even better cell performances. Moreover, this process removes the
nickel electroplating and reduces the overall complexity of the metallization process. [4]

Cell performance analysis of devices with Ni/Cu electrodeposited contact.

In order to better understand how carriers are collected by the front-electrode, voltage scanning of the
front—-TCO has been made. As seen on Fig. 4 (b), at the short-circuit condition, the current flowing
laterally through the TCO produces a voltage drop. By measuring the magnitude of this drop and by
knwowing the sheet resistance of the front-TCO, the ammount of current passing in the front TCO can
be measured. For the short-circuit condition this correspond exactly with the Jsc current. As a
consequence, we can deduce that the entire part of the current is following through the front-TCO
when the cell is at the short-circuit condition. However, the magnitude of this voltage drop is
significantly reduced when the cell is operated at its maximum power point [Fig.4 (a)]. By comparing
the current deduced by this technigque with the current extracted from the cell at this operation point,
we have found that more than the half of the current is flowing throuh the wafer and not exclusively in
the front-TCO .
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Fig. 4. Voltage scan of the front-TCO of a SHJ cell operating at its: (a) maximum power point (b) at the short-
circuit condition. From [3].

National cooperation

For the metallization of SHJ solar cells presented here, a collaboration between the Centre Suisse
d'éléctronique et de microtechnique (CSEM), the Centre interdisciplinaire de microscopie
éléectronique (CIME) de I'EPFL et le laboratoire de photovoltaique (PV-LAB) of EPFL has been
established.

Evaluation 2014 and Outlook 2015

The work achieved during the year 2014 enabled the manufacturing of SHJ solar cells with more relia-
ble electrodeposited copper front-grid. In addition, the overall process for the metallization has been
simplified by removing the nickel adhesion layer.
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As an outlook, more experiments and characterizations of such contacts will be made on other TCO
than indium tin oxide. By successfully merging new TCOs with better optical and electronical proper-
ties with the copper electrodeposition, efficiencies of SHJ solar cell will be further increased.
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ABSTRACT

The main goal of the CTI-Trigger project is to fabricate thin-film silicon triple-junction solar cells with
stabilized efficiencies exceeding 13%. Two device configurations are targeted. The first with an
amorphous top tandem of a-Si:H and a-SiGe:H, combined with a pc-Si:H bottom cell, the other with
an a-Si:H top cell in combination with two stacked pc-Si:H cells that represent a bottom tandem. The
first configuration offers the advantage of thin cells and thus faster deposition times, but it can poten-
tially suffer from stronger light induced degradation. The second approach needs thicker films and
thus longer deposition time, but will exhibit a better stability. Therefore, one aspect of the project is
also to study the most cost-effective option for industrial production.
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Project goals

The main goal the demonstration of thin-film silicon triple-junction solar cells with stabilized efficiencies
exceeding 13%. In the original description of work of the project, this efficiency was targeted with an
amorphous silicon (a-Si:H) top cell, an amorphous silicon-germanium (a-SiGe:H) middle cell and a
microcrystalline silicon (uc-Si:H) bottom cell. The motivation was a result reported by United Solar on a
triple-junction cell with silicon-germanium alloy as middle cell exceeding 16% efficiency (initial).

Status

At PV-lab, high-quality a-Si:H and uc-Si:H single-junction devices and combined tandem cells were
already available before the start of the project. No research had been conducted on a-SiGe:H, how-
ever, so the main focus in the first two years of the project was to develop high-quality a-SiGe:H sin-
gle-junction devices. We mostly investigated Ge-content and hydrogen dilution related to material
quality and stability. Furthermore, we thoroughly investigated which is the ideal band gap grading pro-
file of the absorber layer, and modified the p-type layer compared to standard a-Si:H devices. Hydro-
gen dilution values close to the amorphous/(micro)crystalline transition were found to lead to the most
stable material. A band gap grading profile of the absorber layer with a high band gap at the interfaces
(avoiding band offsets) and the lowest band gap relatively close to the p/i interface clearly gave the
best results.

For the p-layer, an a-SiC:H layer led to too severe band offsets, thereby hindering charge transport.
When this layer was replaced by a standard a-Si:H p-layer, the FF showed a considerable increase,
albeit that a loss in current density was found due to the reduced band gap of this film. The most im-
portant and tunable parameter is the Ge-content, which enables the fabrication of devices with differ-
ent band gaps. These results are presented below.

Work during the reporting period

In Table 1, an overview of the relevant device parameters (open circuit voltage (Voc), fill factor (FF),
short-circuit current density (Jsc) and efficiency) is shown for different GeH,/SiH, gas flow ratios, lead-
ing to different Ge contents in the absorber layers. Higher Ge contents lead to higher (infra)red re-
sponses, but also to reduced Voc and FF values The efficiencies of these a-SiGe:H-based single-
junction cells are similar to the best ones that can be found in the literature [1,2].

Table 1: Device performance of single-junction a-SiGe:H cells.

GeH,/SiH, Voc (MV) FF Jsc (MA/cm®) Eff (%)
flow ratio
10% 795 0.71 17.9 10.1
11% 783 0.69 18.3 9.9
12% 766 0.65 19.0 9.5
13% 751 0.65 19.4 9.5

The two devices with the highest GeH,/SiH, gas flow ratios (i.e. 12% and 13%) were subsequently
implemented in a-Si:H/a-SiGe:H/uc-Si triple-junction cells. The main device parameters of these triple
junction cells are shown in Table 2. The EQE curves (both initial and after 1000 h of light soaking) of
the best device are shown in Figure 1.

Table 2: Overview of all relevant solar cell parameters for the two best triple-junction devices fabricated so far.
Both initial and light-soaked results are presented.

12% 13% 12% 13%
Initial Initial Light-Soaked Light-Soaked
Jsc (MA/cm?) 9.1 9.2 8.9 8.8
Voc (V) 2.09 2.05 2.00 1.96
FF (%) 71.4 69.5 63.5 61.6
Eff (%) 13.6 131 11.3 10.6
74/288

CTI project “Trigger”, J-W. Schiittauf, PV-Lab

2/3



3/3

Figure 1: EQE curves (initial, right and stable, left) of our best a-Si:H/a-SiGe:H/uc-Si:H triple cell.

The best triple-junction device has an initial efficiency of 13.6% and a stabilized efficiency of 11.3% [3].
With triple-junction cells in a-Si:H/uc-Si/uc-Si:H configuration, however, we have been able to fabricate
a device with a similar initial efficiency (13.7%), but a considerably higher stabilized efficiency of
12.8% thanks to a very low light-induced degradation. This low light-induced degradation was obtained
by using thin a-Si:H top cells, and highly stable pc-Si:H middle and bottom cells. These results were
already obtained and described in progress reports in 2013, and published in 2014 [4].

After having compared the results and performed cost calculations, we have decided to continue with
the a-Si:H/pc-Si/uc-Si:H device configuration in the remainder of the project. In order to obtain even
higher efficiencies, the incorporation of a top cell with a higher band gap seems to be indispensable.
Furthermore, the quality of the pc-Si:H material should be further improved by using modified plasma
conditions that allow for the fabrication of denser material. Improved intermediate reflector layers, es-
pecially after the middle cell, as well as a modified back contact are also expected to lead to better cell
results. More transparent front electrodes with sophisticated surface morphologies will also be tested
in these devices.

Finally, first tests on quadruple-junction devices have been performed. A device with an open circuit
voltage as high as 2.57 V has been fabricated. Its efficiency, however, was limited to 10.1% due to
non-optimized current matching. With building blocks currently available in the lab, quadruple-junction
devices in a-Si:H/a-Si:H/uc-Si:H/uc-Si:H configuration with stabilized efficiencies exceeding 14%
should be within reach. A detailed roadmap has been presented in Ref [3]. Briefly said, this device
should employ (i) very transparent front electrodes, (ii) a high-gap a-Si:H top cell with an open circuit
voltage around 1 V [5], (iii) a low-gap a-Si:H second cell leading to an excellent current density for this
material [5], (iv) an excellent in-house intermediate reflector that has already shown its merits in record
tandem devices [6], (v) a high-Voc pc-Si:H third cell [7], and (vi) a high current pc-Si:H bottom cell [4],
possibly fabricated using an SiF, plasma chemistry to obtain even higher current density in the future

[7].
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ABSTRACT

The aim of the “NovaZOlar” project within the European SOLAR-ERA.NET program is to develop an
innovative, low-cost process of in-situ monitored aqueous solution deposition of the ZnO-based buff-
er-window combination for high-efficiency CIGS solar cells. The novelty is to use a single deposition
technique — CBD - for deposing the Cd-free window-buffer combination that should ultimately replace
the present CdS buffer by CBD followed by the sputtered i-ZnO/Al:ZnO window. A solar efficiency of
> 20% is targeted, which is comparable to that for best cells with CdS buffer and should translate into
CIGS module efficiency of 14-16%.

Besides the scientific and technological impact for developing the innovative low-temperature solution
deposition for the transparent conducting oxide (TCO) and testing a new CIGS solar cell architecture,
the main commercial impact will be on i) cost reductions by avoiding expensive vacuum sputtering of
ZnO and toxic Cd waste disposal, and ii) simplified TCO equipment making turn-key CIGS production
lines more cost competitive. Reliable techniques for process monitoring and quality control at both in-
situ and on-line levels will improve fabrication yield, and hence also contribute to reduction of manu-
facturing costs. Cost analysis and technical assessment of transferability of the developed solution
techniques will be done by CIGS-manufacturing companies from Switzerland, France and Germany
in this industry-driven project.
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Introduction and Project Goals

The Cu(ln,Ga)Se, (CIGS) thin film solar cell technology has made a steady progress within the last
decade by raising the conversion efficiency to 21.7% on laboratory scale [1], thus exceeding the high-
est efficiency for polycrystalline silicon cells [2]. Champion CIGS modules achieve efficiencies of up to
17.4% as mini-modules [3] or 15.9% for standard size [4], whereas commercially available CIGS mod-
ules are typically 11-12% efficient [5]. A state-of-art CIGS solar cell has the configuration substrate/Mo
contact/CIGS absorber/CdS buffer/i-ZnO/Al:ZnO window/metal grid. The CdS buffer layer is deposited
by chemical bath deposition (CBD), and the transparent conductive oxide (TCO) layer of i-ZnO/Al:ZnO
is deposited by vacuum sputtering. Both the CdS buffer and sputtered TCO layer are considered as
bottlenecks of the current CIGS technology because of environmental concerns and the need of ex-
pensive vacuum equipment, respectively. Alternative Zn(O,S) or In2S3 buffers obtained by CBD,
atomic layer deposition, sputtering or ILGAR could yield efficiencies comparable to CdS buffers but
sputtered ZnO:Al contacts were usually employed [6],[7] The Japanese company Solar Frontier is the
only one offering Cd-free CIGS modules with the record efficiency of 13.5% [2] and cells up to 20.9%
[8], whereas EU industries are lagging behind.

Project partners have recently shown encouraging results on the way of replacing the CdS buffers and
achieving non-vacuum TCO contacts. This includes the high-rate CBD of the zZn(O,S) buffer demon-
strated by ZSW enabling the fabrication of small area (0.5 cm?) solar cells cell with up to 19.1% effi-
ciency and full size modules with 13.1% [9]. The proprietary electrodeposition of conductive ZnO:Cl
was developed at IRDEP and successfully applied for co-evaporated CIGS solar cells with efficiencies
of up to 15.8% [10]. Finally, a novel solution approach for highly conductive ZnO:Al without the need of
conducting substrate has recently been disclosed by Empa and the first application of the AZO layers
as TCOs in CIGS cells showed a promising efficiency of 14.8% [11].

The overall project goal is to develop a combination of Cd-free buffer and TCO layers by scalable
solution processing which would translate in the reduction of CIGS module costs, lower the equipment
complexity, and increase material utilization. The buffer-TCO combination will be realized on one ma-
terial — ZnO — where the Zn(S,0) buffer will be followed by a solution deposited ZnO:Al TCO contact.
The two subsequent depositions will be ultimately integrated into one CBD processing step.

The Swiss sub-project of Empa and Flisom AG is focused on the solution deposition of the ZnO-based
transparent front contact for in CIGS cells and modules.

Work and Results
Chemical bath deposition of transparent and conductive Al-doped ZnO

Chemical bath deposited Al-doped ZnO (CBD AZO) layers are grown on a seed layer (i-ZnO, 50 nm,
sputtered on borosilicate glass) from an aqueous ammonia solution saturated with ZnO and heated at
around 90 °C. A non-vacuum seed layer obtained by spin- or dip coating of ZnO solution or ZnO na-
noparticle dispersion is also feasible [12] and will be implemented once the CBD-AZO is established.
The solution also contains ammonium citrate as a structure directing agent and ammonium nitrate as
a buffer [11]. Aluminium is incorporated into the film as a dopant by her from dissolving aluminium
nitrate in the deposition solution or by gradually adding a solution of ammonium citrate and aluminium
nitrate during the deposition [12]. The layers are then exposed to UV radiation (Hg lamp with UVA,
~50 mW/cm?) for 10 minutes.

Fig. 1: Processing sequence of CBD AZO layers.
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Results during M1-M6
Development and optimization of the CBD AZO base line

To establish a reproducible CBD AZO baseline and explore the matrix of deposition parameters, sev-
eral process optimization series were performed in a vertical CBD reactor by varying the deposition
temperature and the chemical composition of the solution.

Fig.2 shows the thickness and the resistivity of CBD AZO layers as a function of the deposition tem-
perature. A continuous increase in thickness with the increase in deposition temperature indicating a
thermally limited growth is observed. Layers deposited at temperature higher than 90°C show one
order of magnitude lower resistivity. This could be attributed to either a better incorporation of the Al
dopant or a better crystal quality for the films grown at higher temperature.

Fig. 2: Thickness (left) and resistivity deduced from Hall measurements (crosses) and from sheet resistance
measurements (full circles) (right) as a function of the deposition temperature.

Fig.3 shows the resistivity of CBD AZO layers as a function of the citrate concentration in the solution.
One can observe an optimum in resistivity for the layers deposited with a concentration of citrate
around 1.5 mM. We assume that increasing citrate concentration up to 1.5 mM helps to achieve a
compact layer growth, which results in the reduced thickness and improved conductivity. At citrate
concentrations higher than 1.5 mM the growth rate does not change but additional carbon species can
be incorporated in the layer, and specifically along the grain boundaries, resulting in the increased
resistivity.

Fig. 3: Thickness (left) and resistivity deduced from Hall measurements (crosses) and from sheet resistance
measurements (full circles) (right) as a function of the concentration of citrate in the solution at the beginning of
the deposition.
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These optimizations works lead to reproducible 5x5 cm? CBD AZO layers with a sheet resistance of
~50 Qg4 and a visible transmittance higher than 80%. Table 1 summarizes the properties and process
parameters of the best CBD AZO layer obtained so far.

Deposition parameters

Time 60 min
Temperature 90 °C
Citrate concentration 1.25 mM
Doping solution AI(NO3); concentration 100 mM
Layer properties

Thickness 1200 nm
Sheet resistance 48 Qsquare
Resistivity 5.810° Q.cm
Free carrier density 1.5 10% cm®
Free carrier mobility 7 cm®.V'isec®
Visible transmittance >80 %

Table 1: Deposition parameters and properties of the 5x5 cm2 CBD AZO layer on the i-ZnO seed deposited by
sputtering.

National / international cooperation

The NovaZOlar project within the SOLAR-ERA network foresees a close collaboration between all
project partners:

EMPA - Swiss Federal Laboratories for Materials Science and Technology Switzerland
Flisom AG Switzerland
CNRS - Centre national de la recherche scientifique France
EDF France
NEXCIS France
ZSW - Zentrum fur Sonnenenergie- und Wasserstoff-Forschung Germany
Manz CIGS Technology GmbH Germany
IREC - Fundacio Privada Institut de Recerca en Energia de Catalunya Spain

Conclusions 2014 and Outlook 2015

A reproducible baseline process was established yielding CBD AZO layers with a sheet resistance of
~50 Qg4 and a visible optical transmittance higher than 80%. During next year the focus will be to i)
set-up the tunable UV-irradiation system to identify the mechanism of the UV post treatment, ii) to
implement AZO CBD into CIGS solar cells for performing stability tests to prove the intrinsic stability of
solution-grown AZO, and iii) to achieve a nucleation onto solution-processed i-ZnO seed layers and
Zn(0,S) buffers in cooperation with other NovaZOlar partners.
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ABSTRACT

Recently our group at Empa reported a 20.4% conversion efficiency world record for thin film solar
cells based on Cu(ln,Ga)Se, (CIGS) light absorbing layers. This efficiency of flexible solar cell on
polymer film surpasses the efficiency of solar cells on glass and matches to the long back established
benchmark efficiency of polycrystalline Si wafer based solar cells.

Despite the achievement of high efficiency (>20%) CIGS solar cells on glass or polymer film sub-
strates, these values remain significantly lower than the theoretically predicated efficiency around
33% for this technology. Since only little is known about the major loss mechanisms in such devices it
is evident that a deeper understanding of the electronic transport mechanisms is required to find what
limits the efficiency, and how to close the efficiency gap between the practically developed devices
and the theoretical Shockley-Queisser limit.

During this research project it is aimed to obtain a deeper understanding of the electronic transport in
CIGS solar cells, such that new strategies to overcome the present limitations can be developed.
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Introduction and project objectives
Concept

Highest efficiency Cu(ln,Ga)Se2 solar cells are grown in a so called three stage process where
through consecutive co-evaporation of the metals in Se atmosphere a chalcopyrite crystal is formed.
Through the introduction of a post deposition treatment with KF (KF-PDT) by our group in 2013 a
series of new CIGS record efficiencies were achieved and most recently a new record of 21.7 % was
reported by ZSW, Germany [1]. Despite a vast amount of literature, the factors that limit the cell effi-
ciency, especially the detailed nature of recombination is not well understood. In this project we ad-
dress this fundamental question on highly efficient cells.

Overall project objectives

This project combines micro- and macroscopic optical and electronic characterization methods to
correlate the — deficiencies of the - fundamental PV parameters (short circuit current density Jsc,
open circuit voltage Voc, fill factor FF and finally efficiency) to the underlying physical mechanisms.
Thereby two main questions are addressed:

a) By which mechanism does the KF post deposition treatment improve the device?

b) Which are the remaining dominant loss mechanisms in high efficiency polycrystalline CIGS solar
cells?

In this first part of the project the focus was placed on question a). Initial investigations on KF treated
samples showed that the CIGS surface region — a few tens of nm - was Cu depleted but Cd enriched
[2]. Based on temperature dependent |-V measurement we proposed a model that assumed an in-
verted n-type CIGS surface layer [3]. Such a layer would prevent minority carrier transport in the vi-
cinity of the imperfect junction region, and could thus effectively decrease recombination. This can
explain the typically observed increase in Voc and FF in case of KF-PDT treated samples as com-
pared to the conventional NaF PDT.

Specific research objectives in this year

The first year of this project aims to answer the question whether a buried junction (n-type CIGS) in
absorber is present. First, “electron beam induced current” EBIC technique was applied to check for a
significantly shifted junction position away from the CIGS surface. In a second step, a novel beam
induced current based system has been developed for further investigation. It is based on injection of
He" ions and would potentially increase the lateral resolution as compared to EBIC. This in turn would
allow probing for an extremely shallow buried junction.

Methodology

Electron beam induced current (EBIC) denotes a methodology that allows to laterally resolve the car-
rier collection probability in a pn-junction on sub micrometer scale. Here investigations have been
performed on samples that were cleaved, therefore this technique also allows accessing the collection
throughout a cross section of the solar cells, see Fig. 1.

Fig 1: lllustration of the beam induced current working principle. An incoming beam of particles generates charge
carriers which are separated in the pn-junction region of a solar cell. This current is recorded by a digitizing sys-
tem and finally used as imaging contrast.

High energy patrticles up to 30 keV as available from SEM columns are used to locally generate ex-
cess electron-hole pairs. Due to the internal field and diffusion these carriers can be collected if the
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sample is electrically contacted inside the microscope. After amplification this current can be recorded
on each pixel. If this is repeated for every pixel in usual SEM scanning mode one can built up an im-
age where the contrast indicates the measured current i.e. the carrier collection probability. The lateral
resolution of this technique is defined by the volume in which electron hole pairs are generated by the
excitation beam [4].

This is the reason why the EBIC signal does only represent a convolution of excitation volume and
collection probability. We estimated the generation volumes of injected electrons as a function of their
energy (CASINO [5] simulations). This is a rough estimate, but it makes clear that only lowest beam
energies allow probing of features/changes of only a few tens of nm size.

Performed work and results

By means of EBIC the region close to the metallurgical junction between CdS and CIGS was investi-
gated. We compare the case of absorbers with and without KF PDT. A NaF-PDT was applied in both
cases.

Because of the limited resolution obtained with standard EBIC we developed an EBIC like technique
that uses He ions instead of electrons as probing particles, so called He" ion beam induced current
IBIC, for better resolution. The increased particle mass is expected to cause He to be scattered at
lower angles i.e. reducing the width of the excitation volume as estimated from SRIM [6] simulations.
Therefore IBIC can potentially increase the lateral resolution as compared to EBIC. This technique is
currently developed at EMPA Dubendorf which is one of the few institutions in Europe having a highly
focused He ion source as provided by the ZEISS Orion Helium ion microscope (HIM) [7].

In contrary to the EBIC case, the FWHM of IBIC profiles only show weak energy dependence. Re-
markably IBIC allows high resolutions already at highest beam energies. In principle this promises
high resolution at good SNR as the current scales with energy. For a full assessment of possible ad-
vantages also the gain defined as “measured/injected-current” needs to be considered. It is apparent
that either the generation- or collection-efficiency is somewhat reduced in case of IBIC. In conclusion,
for similar gain e.g. an SNR of 100 the corresponding FWHM values are 500 nm and 150 nm in cases
of EBIC and IBIC respectively. This indicates potential advantage of IBIC.

National cooperation

The IBIC technique is developed in collaboration with Fabio La Mattina from the Laboratory for Relia-
bility Science and Technology at Empa Dubendorf.

Conclusions 2014 and Outlook 2015

Research and development work for a deeper understanding of the mechanisms causing reduced
current gain and the necessity of pre-scanning for good signal quality will be addressed. Eventually we
aim to use IBIC to gain deeper knowledge about the nm scale nature of carrier collection in CIGS solar
cells.
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ABSTRACT

Thin film solar cells with Cu(In,Ga)Se2 (CIGS) compound semiconductor as absorber material show
excellent efficiency and with proper encapsulation long term performance stability. CIGS solar module
technology on rigid glass substrate is already mature and industrial companies are producing
hundreds of MWp each year. Bringing flexible CIGS solar modules to industrial maturity will yield the
next breakthrough for further cost reduction by taking into account the inherent advantages of thin film
technology, e.g. high throughput and large scale coating with less energy and material consumption.
Within this project efficiencies above 19% have been achieved for lab-scale flexible CIGS solar cells
on polymer substrate with front and back interface properties of the CIGS controlled on nanoscopic
range. The project R2R-CIGS will contribute to industrial large scale production of flexible high effi-
ciency CIGS solar cell devices based on processes for roll-to-roll manufacturing. The aim is to devel-
op efficient solar modules by implementing innovative cost-effective processes such that production
costs below 0.5 €/Wp can be achieved in large volume factories with annual capacity of 500MWp in
future.
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Introduction and project goals

The project R2R-CIGS will contribute to industrial large scale production of flexible high efficiency
CIGS solar cell devices with roll-to-roll manufacturing processes. The aim is to develop efficient solar
modules by implementing innovative cost-effective processes such that production costs well below
0.5 €/Wp can be achieved in large volume factories with annual capacity of 500MWp in future. This
ambiguous target will be achievable when the efficiencies of flexible solar cells are comparable to
those based on glass substrates and high throughput process with less energy and material consump-
tion are implemented.

An important objective for meeting this target is to achieve 20% cell efficiency and to develop 16%
module efficiency on flexible substrate in order to demonstrate the technical potential and to reach
comparable performance to CIGS technology on glass. On large area solar module level the roll-to-roll
(R2R) manufacturability of monolithically interconnected cells has to be demonstrated for achieving
high efficiency modules with long term performance stability.

For cost-effective manufacturing some of the bottleneck problems have to be solved including but not
limited to: Chemical bath deposition (CBD) of CdS should be substituted by a deposition method for
Cd-free buffer layer which is more compatible to R2R production. Moisture barrier coatings for efficient
and low-cost encapsulation should be developed to overcome the problems of efficiency degradation
due to corrosion of electrical contacts. Improvements in the current state-of-the-art will be achieved by
implementing the concepts of nanotechnology in terms of modification in the structural, chemical, and
electrical characteristics on nano-scale range for improving the CIGS absorber, buffer layer, TCO and
encapsulation. Control of properties of surfaces and interfaces on nano-scale will be the most
important aspect for achieving high efficiencies and stable performance of solar cells. These concepts,
especially of buffer-, barrier-, and TCO- layers have already shown encouraging results for technolo-
gies based on rigid glass, however, some of them need further development for roll-to-roll manufactur-

ing.
A key advantage of thin film solar cells is the monolithical interconnection, successfully implemented
on glass but still a challenging task for flexible substrates. Although preliminary results are shown,

further development is needed for improving the patterning technique and reducing the losses due to
laser-material interactions.

The knowledge gained in this project, based on some innovative concepts that have shown promising
results, will be transferred to pilot line scale and for industrial production.

The main objectives of Empa in this project are:

o Flexible solar cells on polymer film with 20% efficiency and mini-module with 16% efficiency by
control of composition gradient, surface, and interface properties on nano-scale

e Transfer of innovative buffer layer process for roll-to-roll manufacturing and replacing CBD-CdS
by higher yield processes such as ultrasonic spray

e Scale-up of static multi-stage CIGS deposition process from laboratory scale towards inline R2R
compatible processes

e Implementation of the up-scaled multi-stage CIGS deposition process into pilot lines yielding flex-
ible CIGS modules with 14% efficiency from R2R manufacturing

The consortium of this project includes 4 European research institutes and 6 European indus-
tries and SMEs:

1. TNO (Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek),
Netherlands

Empa (Swiss Federal Institute for Materials Science and Technology), Switzerland

Manz CIGS GmbH, Germany

Flisom AG, Switzerland

ZSW (Zentrum flr Sonnenenergie- und Wasserstoff-Forschung Baden-Wiirttemberg), Germany

CPI (Centre for Process Innovation), UK

N o g~ w DN

Isovoltaic GmbH, Austria

85/288
R2R-CIGS, Stephan Buecheler, Empa

2/4



3/4

8. Beneq Oy, Finland

9. Left the project

10. Mondragon Assembly Coop., Spain

11. VDL Enabling Technologies Group Eindhoven, Netherlands

Work and results

DC and pulsed DC sputtering of doped ZnO from rotatable targets

Empa investigated the effect of different AZO window layers deposited from a rotating target and their
influence on the solar module stability during accelerated stress tests.

The module properties that are mainly influenced by the TCO quality are the short circuit current (by
the light transmission) and the fill factor through the series resistance (by the TCO sheet resistance).
Since both of these properties are depending on film thickness, solar modules with AZO thicknesses
between 450 to 1400 nm were produced by changing the speed of the in-line movement of the sub-
strate relative to the target. Two series with 4 modules on flexible substrates each were fabricated.
The first series covered TCO thicknesses between 450 and 900 nm. Although the thickness changes
are considerable, almost no influence in the JSC can be observed. The improved electrical properties
on the other hand are clearly visible in the fill factor. None of the samples reached the corresponding
RF reference module #1 with n=13.8%. In the second series samples with TCO thicknesses between
1000 and 1400 nm were produced. In this range the PV properties do not change much. Variations in
fill factor, especially of the 1200 nm sample, are probably due to problems in the module fabrication.
All those samples show efficiencies similar to the RF reference #2 of 13.0 %.

As a result, the best combination of deposition time, material usage and properties lies between a
TCO thickness of 1000 and 1200 nm.

Flexible CIGS solar cell with nano-scaled compositional grading

In order to facilitate the transfer of the multistage co-evaporation process from a static setup to a R2R
setup better understanding of the evolution of the CIGS microstructure during the growth process is
necessary. CIGS depositions were stopped at different stages (end of 1st and 2nd stage) and ana-
lysed in view of their grain morphology and nano-scaled compositional grading. Further experiments
were made in order to gain more insights on the different influences of Na and K addition during or
after CIGS growth. It was found that the addition of alkali elements in a post-deposition treatment
should be preferred because it avoids the formation of electronic defects that limit the solar cell
efficiency.

Additional material characterization of the CIGS layers subjected to NaF and KF PDT was performed
in order to determine the amount of alkali elements added onto the CIGS layer and the actual amount
remaining in the final device, as well as their influence on the electronic properties. Careful control of
the amount of evaporated KF is necessary for highest efficiency devices.

The KF PDT developed by our group was applied to fabricate mini-modules (area of ca. 10 cm2) and
to show the homogeneity of the process and its potential for scale-up. Externally certified efficiency of
16% was measured for a mini-module on flexible polyimide film consisting of 8 cells monolithically
interconnected by laser patterning at Flisom. Further process and stack optimization enabled
achieving 16.9% efficiency (in-house measurement).
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Appraisal 2014 and Outlook 2015

Influences of Na and K-post-deposition treatment methods on the properties of low-temperature grown
CIGS have been identified. Flexible CIGS mini-modules with efficiency > 16% by static multi-stage
co-evaporation process are achieved.

In 2015, further investigation of the interplay between Na and K addition is planned, especially in view
of the ion exchange process that typically leads to a partial removal of Na in absorbers treated with K.
The amount of Na in CIGS absorbers is usually thought to be linked to the carrier density in the final
solar cell, and should be maximized for highest efficiency. Based on this assumption, different strate-
gies will be pursued in order to optimize the charge carrier density in absorbers. Furthermore,
additional studies will be conducted in order to support the transfer of the static alkali addition process
to the alkali addition process on a moving substrate. Especially, the influence of the sequence of inci-
dent evaporation flux as well as the influence of the substrate temperature during deposition will be
assessed. Together with project partners these findings will be transferred to R2R deposition equip-
ment aiming for a final implementation in pilot lines.

87/288
R2R-CIGS, Stephan Buecheler, Empa

4/4



Eidgendssisches Departement fur
Umwelt, Verkehr, Energie und Kommunikation UVEK

Bundesamt fur Energie BFE

FLEXIBLE PHOTOVOLTAIC CELLS OPTI-
MIZED FOR HIGH CONVERSION EFFICIENCY
FROM INDOOR TO OUTDOOR ILLUMINATI-
ON CONDITIONS, USED IN NEW WRIST-
WATCH PRODUCTS

Annual Report 2014

Author and Co-Authors Fabian Pianezzi, Stephan Buecheler and Ayodhya N. Tiwari
Institution / Company Laboratory for Thin Films and Photovoltaics, Empa
Address Uberlandstrasse 129, 8600 Diibendorf

Telephone, E-mail, Homepage +41 58 765 6107, stephan.buecheler@empa.ch,
www.empa.ch/tfpv

Project- / Contract Number KTl 15166.1

Duration of the Project (from —to) 01.10.2013 - 30.09.2015

Date 09.12.2014
ABSTRACT

The goal of the project is to develop flexible CIGS photovoltaic (PV) cells optimized to yield high con-
version efficiencies under low (indoor) to high (outdoor) illumination intensities, tailored for new gen-
erations of innovative wristwatch products. Device processing will be optimized to meet the stringent
requirements of high performance under low illumination conditions.

88/288




Introduction

Thin film solar cells based on Cu(In,Ga)Se, (CIGS) absorber layers yield excellent device performance
under approximately 1 sun illumination intensity. Highest record efficiency of 20.4% on flexible polyi-
mide substrate has been demonstrated under AM1.5G standard test conditions. However, the solar
cell efficiency is known to depend on illumination conditions, e.g. under an illumination intensity that is
100 to 1,000 times less intense than the standard 1 sun, most of the standard CIGS solar cells exhibit
disproportionately lower conversion efficiency. For several applications, especially under indoor or low
illumination conditions, high conversion efficiency, exceeding 10%, is highly desired, which in general
is not the case with thin film solar cells. The goal of the project is to improve the device efficiency at
low light illumination intensity by applying innovative device modification at the CIGS/CdS/ZnO inter-
faces.

Description of the project
Develop and validate indoor illumination testing techniques

It is assumed that white light LED will be the relevant illumination source for future indoor lightning. A
test setup with a large area LED light source was developed to measure the PV performance of the
CIGS solar cells under various light intensities ranging from 100 Ix up to 10’000 Ix. For even higher
illumination intensities it is assumed that the solar AM1.5G spectrum is relevant as typical indoor light-
ning is below 1000 Ix. Therefore, solar cells were tested under LED and AM1.5G spectrum.

Reduce the leakage current in the CIGS photovoltaic cells

Leakage current in solar cells becomes critical for the device performance as soon as this current that
flows in the circuit at a voltage close to the maximum power point is comparable to the generated pho-
tocurrent. Therefore, under low light condition (100 or even 1000 weaker) where the photocurrent is
small, the leakage current becomes even more critical as compared to standard operating condition.
The theoretical dependence of the open circuit voltage (Voc), fill factor (FF) and efficiency on the illu-
mination intensity for different parallel resistances Rp is shown in figure 1.

Figure 1: Theoretical dependence of Voc, FF and efficiency on illumination intensity for different parallel re-
sistance.

In order to improve the parallel resistance of state-of-the-art ZnO:Al/i-ZnO/CdS/CIGS/Mo solar cells
the processing parameters were modified. The thickness of the i-ZnO layer was identified as one the
critical parameters influencing Rp. In figure 2 the Rp dependence on the i-ZnO deposition time is
shown. With increasing i-ZnO layer thickness (=longer deposition time) Rp improves. This is also re-
flected in the low light performance of the resulting solar cells, as shown in figure 2b and 2c. Especial-
ly, in the region below 1’000 Ix (relevant for indoor application) the performance is improved for the
device with longer i-ZnO deposition time.
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Figure 2: Rp dependence on the deposition time of the i-ZnO layer (a) and the influence on Voc (b) and FF (c)
at different illumination intensities.

Solar cell geometry for wristwatch products

To use the developed solar cells for wristwatch products in the future the cell geometry had to be
adapted. Not only the optimum design for PV performance of the cell had to be taken into account but
also the aesthetics, such as for example uniform optical appearance, was important. As a result also
the conductivity of the transparent conducting oxide as well as the metal grid geometry were optimized
for the specific cell design.

National and international cooperation

This is a collaborative project between the Laboratory for Thin Films and Photovoltaics at Empa,
Asulab and ETA at Swatch Group and Flisom company.

Evaluation 2014 and Outlook 2015

The project is well on track and the defined milestones have been met. The leakage current could be
reduced in CIGS solar cells and thereby the low light performance improved. Additional optimization of
the CdS/CIGS junction formation is expected to further improve the low light performance and is sub-
ject of the activities during the next year. Proper encapsulation of the cells to protect the cell against
moisture is another important aspect which will be addressed during the next year.
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ABSTRACT

Development of flexible CIGS solar modules for high performance and low cost are essential for di-
verse applications. Long term performance evaluation of encapsulated solar modules through accel-
erated tests and analyses of degradation and failure mechanisms on microscopic and macroscopic
levels are necessary for proving improved long term performance stability and enabling market entry
readiness. Long term performance evaluation of encapsulated solar modules through accelerated
tests and analysis of degradation and failure mechanisms on microscopic and macroscopic levels are
conducted in this project. Analytical methods and tools to optimize CIGS solar module designs for
specifically targeted applications are developed. The final project goal is to certify the modules of
Flisom according to the IEC standards 61646:2008 and 61730:2004 and fulfill even stricter extended
test conditions which will be defined during this project.
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Goals of the project

Main objectives of this project are the development of flexible solar modules ready for certification,
analysis and minimization of failure and degradation mechanisms as well as the formulation of a deg-
radation model.

The project is structured in 3 work packages (WP). The chosen strategy to reach the project targets is
an iterative approach as illustrated in Figure 1. A close interaction between the modeling efforts, nu-
merical simulations, the experimental characterization and the product design should lead to a rapid,
target-oriented product development cycle.

Figure 1: lllustration of interdependency of WPs in the iterative product development strategy. Also shown are the
main deliverables of the project: (i) Product demonstrators which proof the marketability for targeted applications,
(i) Product development ready for module certification and (iii) validated

Description of the project

Thin film solar cells have emerged as one of the most promising options for highly-efficient and cost-
effective solar electricity generation with a potential of reaching grid parity on short term also in central
Europe. Compared to rigid solar cells on wafers or glass substrates high performance flexible and
lightweight CIGS solar modules offer even better potential for the reduction of production costs as well
as overall system costs for enabling economical solar electricity.

Thin film solar cells with CIGS compound semiconductor as absorber material show excellent efficien-
cy and with proper encapsulation long term performance stability as proven on glass substrate. CIGS
solar module technology on rigid glass substrate is already mature and industrial companies are pro-
ducing hundreds of MWp each year. However, the field of flexible CIGS solar cells is an emerging field
of immense potential and importance, the field is still in early stage of R&D as well as in industrializa-
tion.

In the scope of this project the design of the flexible solar modules will be optimized for long term per-
formance stability. This includes the single cell and module geometry for reducing resistive losses, the
interconnection principle for adjusting output current and voltage, and the electric circuit design for
reducing cell failure and shading losses. The optimization of the design of the flexible solar modules
will yield improved initial device performance, however, for maximum energy harvesting the perfor-
mance stability over time is of great importance. For power generation in the field a performance sta-
bility of >20 years is desired".

In consumable electronics performance stability over 2-5 years is sufficient in most cases.

Prototype samples of different sizes intended for diverse applications are developed and performance
stability tests of monolithically interconnected and encapsulated solar modules are measured and
analyzed. Comparison of small size mini-modules of Empa (with characteristics of high performance
processed on research lab type machines) and Flisom (with characteristics of devices processed un-
der industrial conditions) provide valuable information on the impact of processing condition differ-
ences and potentials of the technologies for various applications. Components of the solar module

' The PV performance of a solar module is called stable if the output power is greater than 90% of the initial value
after twenty years of operation in the field.
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including the layers, substrates, interconnects, encapsulation can cause performance stability degra-
dation when the solar module is exposed to solar light and various environmental conditions of tem-
perature and humidity cycles.

The developed models based on the separated external conditions are cross-checked under com-
bined tests as well as real outdoor conditions.

PV module certification according to the IEC standards 61646:2008 and 61730:2004 is mandatory for
placing flexible solar modules on the international market. Within this project the first very important
steps and proofs are planned towards long term performance stability and identifying the encapsula-
tion materials and procedures. Measurements of such mini-modules and modules as well as models
for long term performance stability and failure analyses are developed.

The overall goals of the project can be summarized as follows:

1. Availability of methods and tools to optimize CIGS solar modules structure grown on flexible sub-
strate for long time performance stability (>20 years).

2. Better understanding of CIGS solar module aging and failure mechanisms through measure-
ments and models in order to match solar module designs to requirements for cost-efficiency and
reliability.

3. Proven design and performance data on different prototype solar module samples and demon-
strators.

The mechanisms which cause degradation of the PV performance are related to corrosion of electrical
contacts due to moisture penetration on the one hand and to elemental diffusion as well as phase and
structure alteration in the active layers induced by illumination and/or heating of the device on the oth-
er hand. Furthermore, different structure and microstructure of cells and layers can exhibit different
degradation characteristics. The impact of the external factors moisture, illumination and heat on the
performance are investigated by using two different test setups, a climatic chamber with controllable
relative humidity and temperature as well as a light soaking chamber with controllable illumination,
temperature and gas mixture. The influence of the internal factors (microstructure, layers and interfac-
es) are analyzed by using well defined cell structures from Empa-TFPV laboratory as reference sam-
ples.

Selected equipment of EMPA and Flisom

The equipment used in this project includes chambers to test the solar cell under damp heat condi-
tions and under the influence of illumination combined with heat. Such chambers are shown in figure
2. Further special equipment dedicated for this project has been set up including a tool to measure
electro luminescence emission from solar modules for failure analysis. This instrument is shown in
figure 2b.

a b

Figure 2: Picture of Empa equipment for illumination stresstest a) and electro luminescence failure analysis b).
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Work carried out and results achieved

2014 all tests and measurements were performed on modules produced at Flisom. Comparison with
Empa mini modules has been finished in 2013. For comparison few Flisom modules were finalized
with Empa CdS and or Empa TCO to study influences of heat and mechanical stress during roll-to-roll
deposition.

More than 50 mini-modules have been exposed to an accelerated stress test operating at 80°C in
maximum power point (MPP) conditions for at least 100h. No degradation of the CIGS absorber or
contact layers was observed. Degradation of CIGS modules under such test conditions has been re-
ported in literature mainly connected to sodium diffusion from glass substrates. As Flisom's polyimide
substrates do not contain alkali metals and sodium is introduced by a well-controlled process such
instability was not expected for Flisom modules. These expectations could now be confirmed. Howev-
er, in some cases failures connected to shunts forming on scribe lines have been observed. These
were analyzed by infrared (IR) imaging, electroluminescence imaging (EL) and electron beam induced
current mapping (EBIC).

3D focused ion beam cutting SEM imaging in combination with EBIC and TEM revealed that such
shunts can be correlated with mechanical stress. The origin of the mechanical stress was identified
and measures have been elaborated in order to avoid this during manufacturing.

Three main groups are distinguished for further tests: climate tests, illumination stress tests and hot
spots / shading.

Climate tests are a very important part of the IEC standards to demonstrate that the encapsulated
modules can withstand ingress of humidity and temperature variations during operation. So far, cli-
mate tests have been performed under four different conditions. The most critical one for CIGS mod-
ules is generally said to be the damp heat test. The modules are exposed to a temperature of 85°C
and relative humidity of 85% for 1000 hours. The encapsulated modules did show a good stability
under these harsh conditions. Several modules are always exposed to test conditions simultaneously
in order to acquire statistically relevant test data. A second climate test is the thermal cycling, where
the temperature in the chamber cycles between -40°C and 85°C, whereas the humidity is not con-
trolled. This test is especially harsh for the encapsulation build-up as the different materials have dif-
ferent thermal expansions and the cycles can lead to mechanical stress and finally to delamination of
the different layers. The third test, called humidity freeze, is combined with thermal cycling. After un-
dergoing 50 temperature cycles, the modules stay in damp heat conditions at 85°C and 85% relative
humidity for 20 hours and then are cooled down fast to -40°C and are kept there for about 1h. This
cycle is repeated ten times. If any water has accumulated inside the encapsulation, it would freeze
and lead to bursting of the package. None of the encapsulated modules from the first iterations
showed any defects after the perfixed number of cycles.

National and international cooperation

This is a collaborative project between Flisom Company and Empa involving the Laboratory for Thin
Films and Photovoltaics and the Laboratory for Electronics/Metrology/Reliability at Empa.

Evaluation 2014 and Outlook 2015

The project has completed 1.5 of 2 years. Failure mechanisms have been successfully identified.
Module production has already been modified to avoid excessive mechanical stress which can form a
seed for shunts. Characterization methods to analyze failure are routinely employed and allow moni-
toring device stability also in the future. The final 6 month will focus on the development of a lifetime
prediction model concerning damp heat degradation. The progress of the project is well aligned with
the project plan and the project partners are confident to achieve all the set project goals.
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ABSTRACT

The overall objective of this project is the creation of an ITN network for the structured interdiscipli-
nary training of researchers in advanced thin film photovoltaic (PV) technologies. The project propos-
es the development of new technologies compatible with the cost, efficiency, sustainability and mass
production requirements that are needed to become a reliable and future alternative to conventional
non renewable energy sources. With this objective in mind, the project will focus on the development
of kesterite based solar cells. Kesterites Cu,ZnSn(S,Se), are quaternary compounds with a crystalline
structure similar to that of Chalcopyrite Cu(In,Ga)(S,Se), but they are composed of cheap and earth-
abundant elements.

In cooperation with IREC (Spain), Univ. Northumbria, HZB, Univ. Luxembourg, Univ. Uppsala, NEX-
CIS, Free Univ. Berlin, Autonomous Univ. Madrid and Univ. d'Aix-Marseille, the Laboratory for Thin
Films and Photovoltaics at Empa engaged one motivated PhD student, Mr. Stefan Haass, to perform
from 1 August 2013 research activities on the synthesis of photovoltaic grade CZTS(Se) by chemical
and PVD routes, develop alternative back contacts and buffer layers (CdS and Cd-free buffers) for
optimal heterojunctions with CZTS/Se absorbers, and to prepare kesterite-based solar cells. The
research program is complimented with numerous exchange visits and training occasions for the
young researcher.
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Introduction and Project Goals

The overall objective of this project is the creation of a Marie Curie Initial Training Network (ITN) for
the structured interdisciplinary training of researchers in advanced thin film photovoltaic (PV) technol-
ogies. Lack of professionals with these competences has been already identified as one of the main
risks for the future development and consolidation of a competitive PV European industrial strategic
sector. The project proposes the development of PV technologies based on new kesterite type materi-
als and processes compatible with the cost, efficiency, sustainability and mass production require-
ments that are needed in order to become a reliable and future alternative to conventional non renew-
able energy sources. Kesterites are quaternary compounds with general composition Cu,ZnSnS,
(CZTS) and Cu,ZnSnSe,, (CZTSe) and their crystalline structure is very similar to that of chalcopyrites
as Cu(In,Ga)(S,Se), (CIGS), but in contrast to CIGS, kesterites are formed by earth abundant or
cheap elements [1]. The specific scientific objectives of KESTCELLS are:

a) To achieve a much deeper understanding of the fundamental properties of kesterites
b) To identify and understand the role of secondary phases

¢) To improve the knowledge on the main doping mechanisms

d) To apply this knowledge for the design and development of kesterite based solar cells

e) To optimise and demonstrate these processes for the achievement of cells with an efficiency n >
10% without the involvement of toxic or hazardous reagents

Subproject at Empa has the following objectives:
¢ Synthesis of photovoltaic grade CZTS(Se) by chemical and PVD routes

e Development of alternative back contacts and buffer layers (CdS and Cd-free buffers) for optimal
heterojunctions with CZTS/Se absorbers. Study of interfaces.

e Preparation of solar cells and their optoelectronic characterization, extension to flexible substrates

Work and Results
Development of optimal CZTSSe based heterojunctions

The fabrication of the CZTSSe based heterojunctions is achieved by using a solution approach of
metal-salts and thiourea dissolved in dimethylsylfoxide (DMSO) [2]. The solution is spin-coated in sev-
eral steps onto a Mo-coated sodalime-glass including an annealing step on a hotplate after each layer
as shown in Fig. 1.

Fig. 1: Fabrication steps of the CZTSSe absorber layer

In order to improve the grain growth and the incorporation of Selenium in the final annealing step, a
layer of NaF is evaporated on top of the precursor [3] or NaCl is added to the precursor solution [4].
Finally, the precursor is annealed at 500°C in Selenium atmosphere inside a graphite box in a rapid
thermal processing (RTP) furnace. Hereafter an etching step with a KCN-solution is used to remove
copper-rich secondary phases from the surface. With a standard CBD process a layer of CdS is
deposited that forms the p-n junction with the CZTSSe absorber layer. Finally, i-ZnO / Al:ZnO window
layer is deposited by rf-sputtering, followed by e-beam evaporation of the top metal grid. The
fabricated devices with a total cell area of 0.09 cm? are characterized by IV-measurements under AM
1.5 illumination, external quantum efficiency (EQE), scanning electron microscopy (SEM) and
advanced characterization of intrinsic doping and defects with admittance spectroscopy (AS) and time-
resolved photoluminescence (TRPL). The composition and morphology was monitored by X-ray
fluorescence (XRF), X-ray diffraction (XRD), Raman spectroscopy, SEM/EDX.
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Results of the secondments
University of Uppsala (01/2014 — 04/2014)

During the secondment at Uppsala University the research focus was set on the deposition and
characterization of Zn(O,S) as an alternative buffer layer. Zn(O,S) layers with varying ratios of oxygen
to sulphur were deposited by Atomic Layer Deposition (ALD) onto CZTSSe absorber layers and
characterized by XPS and IV-measurements. The results show that CZTSSe absorbers can be
combined with Zn(O,S) buffer layers resulting in working solar cell devices although issues with
shunting need to be addressed in order achieve similar results in final efficiencies (Fig. 2).

Fig. 2: Increasing the resistance of the buffer layer by incoporating oxygen (ZnO+03) or sulfur reduces shunting
and increases cell performance

Northumbria University (07/2014 — 09/2014)

At Northumbria University advanced electrical and optical characterization on CZTSSe absorbers and
solar cell devices with up to 8.3% efficiency were performed. Samples with varying annealing
parameters were characterized with Hall-, Seebeck- and resistivity-measurements as well as
transmission- and reflectance-measurements (Fig. 3) and the results were connected to electrical
properties of the solar cell device.

Fig. 3: Reflectance measurement on the absorber resulting from different annealing conditions (fast / slow
ramping to the final annealing temperature of 500°C).
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Properties of solar cells based on solution deposited CZTSSe absorbers

The solar cells produced with the above described approach show efficiencies up to 9% (Fig. 4). IV-
measurements were performed in a steady-state sun-simulator under standard test conditions (1000
Wm?, 25°C, AM 1.5G illumination) and result in a Jsc of 33.2 mA/cm® and a Voc of 438 mV.
Furthermore XRD patterns show strong peaks for the kesterite phase and no secondary phases that
are detectable by this technique (Fig. 5).

-y - u.e vy e (TS v [TRE}

Voltage [V]

Fig. 4: llluminated (green) and dark (blue) IV-curve of cell SH58B-B22 with 9% efficiency.

Fig. 5: XRD pattern of the 5x5 cm? sample. Strong peaks for Kesterite phase at 27.18°, 45.2° and 53.6°. The
peaks are shifted towards higher angles because of incorporation of Sulfur in the lattice.
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SEM image of the top-view (Fig. 6) reveals a densely packed absorber layer with average grain size of
1-2 pm.

Fig. 6: SEM top-view of the selenized absorber layer.

The TRPL measurements (Fig. 7) show a lifetime of minority carriers in the absorber layer between
1.5 - 2.5 ns. This is higher than the lifetime of 0.44 ns previously reported for the CZTSe absorbers
processed from solutions in alcohols with an organic binder [5] but is still much lower than typical
lifetimes of > 50 ns for high-quality CIGS absorbers. This indicates that a further reduction of defect
density and passivation of grain boundaries with alkali dopants is necessary for increasing the lifetime
and diffusion lengths in DMSO-processed absorbers.

Fig. 7: TR-PL signal of 3 cells resulting in a minority carrier lifetime of approximately 1.5 — 2.5 ns.

National and international cooperation
The project foresees a close collaboration between all project partners:

IREC: Fundacio Institut de Recerca de I'Energia de Catalunya, Spain

UL: University of Luxembourg

HZB: Helmholtz Zentrum fiir Materialien und Energie GmbH, Germany
EMPA: Swiss Federal Laboratories for Materials Science and Technology
NU: Northumbria University, UK

AMU: Aix-Marseille University, France

FUB: Freie Universitaet Berlin, Germany

UAM: Universidad Auténoma de Madrid, Spain

UU- ASC: Uppsala University, Angstrém Solar Centre
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ASNT: Abengoa Solar New Technologies S.A, Spain
NEXCIS, Rousset, France

The project involves a comprehensive training program with a well-balanced structure including local
training elements (doctorate programs, internal seminars) and network wide activities (thematic work-
shops intensive courses, network workshops) with the active participation of all the members of the
network. All partners of the network will be hosting 1-2 researchers during a short-term visit.

Conclusions 2014 and Outlook 2015

The solar cell efficiencies have successfully been increased from 5% at the beginning of the project to
over 9%. This result has been obtained by the successful application of sodium in order to achieve
increased grain growth and electrical passivation of grain boundaries. The change from an open two-
zone-furnace to a closed graphite box inside the RTP system allowed a more precise control of crucial
partial pressures of SnS, SnSe and Se during the annealing process.

In the upcoming year further optimization of the annealing process to improve reproducibility, uniformi-
ty and identify the main inhomogeneity factors will continue. The incorporation of potassium dopants
and induced metal compositional gradients inside the precursor layer will be tested to overcome cur-
rent restrictions in the performance of CZTSSe solar cells.
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ABSTRACT

The APPOLO project seeks to establish and coordinate connections between the end-users, which
have demand on laser technologies for (micro)fabrication, knowledge accumulated in the application
laboratories of the research institutes, as well as universities and the laser equipment manufacturers
(preferable SMEs) of novel lasers, beam control and guiding, etc. The goal is to facilitate faster
validation of the process feasibility and adaptation of the equipment for manufacturing, as well as
assessment of the selected production processes.

The core of the consortium comprises laser application laboratories around Europe which are
connected into a virtual hub to accumulate knowledge and infrastructure and promote the easy-to-
access environment for the development and validation of laser-based technologies. All the partners
have chosen a few directions for the assessment of novel laser technologies. Empa is collaborating in
ultra-short pulse laser scribing for monolithic interconnections in thin film CIGS solar cells.
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Introduction / Aims of the project

The overall objective of the APPOLO project is to establish and coordinate connections between
1) end-users, which have demand on laser technologies for (micro) fabrication, Il) knowledge accumu-
lated in the application laboratories of research institutes and universities, and Ill) the laser equipment
manufacturers (preferable SMEs: for integration, lasers, beam control and guiding, software, etc.).

Furthermore it is anticipated to facilitate faster validation of the process feasibility adaptation or
customization of the technology & equipment for manufacturing conditions, including:

o reliability of the components;

o their interaction;

e assessment of the dedicated production processes;
e process speed, quality and repeatability;

e  SOCio-economic issues.

Description of the project

In the APPOLO project 8 complex assessment value chains are foreseen defined in separate work
packages. An example is given in the figure below. Empa is involved in the value chain on thin film
CIGS solar cell scribing with picosecond lasers which comprises WP2 in the APPOLO project. Dr.
Andreas Burn from Bern University of Applied Sciences is WP leader of this activity.

Work carried out and results achieved

The aim of the CIGS scribing cluster in WP2 is the assessment of new equipment & reliable laser
scribing processes. This includes integration & assessment in the processes, final validation at end-
user facilities, and development of novel approaches for thin-film CIGS solar cells on different sub-
strates (glass, polymer, metal). For the evaluation standard monolithic integrated interconnect scheme
is utilized: P1, P2 and P3 scribes have been performed between deposition steps.

A European hub for the assessment of industrial laser processes and equipment is being established
and a model assessment value chain for CIGS thin-film solar module patterning has been implement-
ed in Switzerland (Onefive GmbH, BFH, EMPA, Flisom AG). An assessment process with evaluation
criteria and assessment experiments has been developed for the general and the model case.

National and international cooperation

The APPOLO project is coordinated by Dr. Gediminas Raciukaitis, Head of Department of Laser
Technology, Center for Physical Sciences & Technology, Vilnius, Lithuania. The consortium is formed
by 21 partners from eight different countries has been built with the scope to cover the expertise
needed for the project. The consortium is assembled from:

e research institutions with active and experienced staff across Europe, connected to the Hub of
Application Laboratories;

e SMEs companies producing equipment and components for laser material processing;
e system integrator with global scope;
e end-users.
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The HUB of the Application Laboratories is a common entry point to the assessment service provider
net. Core of the HUB are the laser application laboratories, centers or departments at The Center for
Physical Science and Technology (Lithuania), Leibniz-Institut fir Oberflachenmodifizierung (Germa-
ny), Universidad Politécnica de Madrid (Spain), Lappeenranta University of Technology (Finland), and
Bern University of Applied Sciences (BUAS) (Switzerland).

The HUB is surrounded by SMEs — laser manufacturers (Ekspla, Time Bandwidth Products, OneFive),
component suppliers (Next Scan Technologies - scanners, Amsys - monitoring tools) and small sys-
tem integrators (Lightmotif and ELAS).

Companies that are interested in those components are: Mondragon Assembly as global integrator,
Daetwyler, CRF, Abengoa Solar, Flisom, Séchsische Walzengravur and Bioage SRL are end-users for
equipment to be assessed and laser technologies, using the equipment. Empa will provide materials
for validation and engage AG is responsible for management of IPR related issues within the consorti-
um.

The lab scribing tool at BUAS has received a make-over and now offers new functionalities that in-
crease productivity during process optimization. The electrical quality measurements were integrated
early in the parameter optimization process for the high-throughput scribing. In a common effort of
Flisom, Empa and BUAS, the electrical test structures compatible with the three partners' setups are
being developed.

More information on the project can be found on the webpage: http://www.appolo-fp7.eu/

Evaluation 2014 and Outlook 2015

The lab scribing tool at BUAS has received a make-over and now offers new functionalities that in-
crease productivity during process optimization. The electrical quality measurements were integrated
early in the parameter optimization process for the high-throughput scribing. In a common effort of
Flisom, Empa and BUAS, the electrical test structures compatible with the three partners' setups are
being developed. The propose assessment proves to be valid for the evaluation of laser processes for
scribing of functional layers in CIGS solar cells. The project is running as planned and no corrections
are applied to the work plan for the next period.
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ABSTRACT

SCALENANO aims at contributing to a further reduction of manufacturing costs of PV solar modules,
in line with the 20/20/20 target established by the European Commission and the European Strategic
Energy Technology Plan (SET-Plan). Cu(In,Ga)(S,Se)2 PV technologies, have already entered the
stage of mass production. However, current production methods typically rely on costly, difficult to
control over large surfaces, vacuum-based deposition processes which are known for lower material
utilization of 30-50%. This compromises the potential reduction of material costs inherent to thin film
technologies. At the forefront of this, SCALENANO will develop alternative environmental friendly and
vacuum free processes based on the electro-deposition of nanostructured precursors. The project
also includes the exploration and development of alternative processes with a very high potential
throughput and process rate, as well as their extension to next-generation kesterite based absorbers,
that will allow the proposition of an industrial roadmap for the future generation of chalcogenide based
cells and modules.

The status of the project is briefly reviewed.

Further details: www.scalenano.eu
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Project partners

SCALENANO, funded by the 7" Framework Program (Energy) of the European Union with a
budget of over EUR 10 million (CHF 12 mio.), is one of the largest R&D projects on PV ever funded by
the EU. For its accomplishment an interdisciplinary consortium of 13 R&D groups was appointed. This
comprises five research institutes, four universities and four companies from different industrial sec-
tors. SCALENANO runs from February 1, 2012 to July 31, 2015.

IREC (Research Centre, Spain, Coordinator)
SUPSI (University, Switzerland)

EMPA (Research Centre, Switzerland)

IIT (Research Centre, Italy);

Uni-Luxemburg (University, Luxemburg)
Uni-Nottingham (University, UK)

FUB Uni-Berlin (University, Germany)

HZB (Research Centre, Germany);

CEA (Research Centre, France);

NEXCIS (SME, France);

IMPT (SME, UK) quitted project early 2014
MERCK (Industry, Germany)

SEMILAB (SME, Hungary)

Involvement of SUPSI in the project

Within the project the Institute for Applied Sustainability to the Built Environment Institute
(ISAAC) of SUPSI is actively involved in helping the industrial partners to scale-up the technology.
SUPSI is in fact mainly involved and leads work-package WP5 (Scale-up processes: from cell to mod-
ule) which started in m7 (August 2012).

SUPSI main opportunity in the project is that of building internal know-how in the field of module tech-
nology and of consolidating pre-existing knowledge in the field of performance testing of CIGS-based
devices (power rating, life-time, energy yield, etc.).

SUPSI’ main achievements in 2014
Encapsulation of modules

Lamination trials have started at SUPSI in m18 with test material provided by NEXCIS (30x60 c¢cm?
bare modules) and are presently on-going. The modules were encapsulated and completed at SUPSI
by connecting the terminals and attaching a junction box to the rear side of the modules The following
encapsulant materials have been tested alone and in combination with an edge sealant (PIB): EVA,
IONOMER, PVB, POLYOLEFIN.

EVA is historically the encapsulant material most used for the encapsulation of solar PV modules. The
rational for working with different polymers lies in the fact that for CIGS modules, EVA is effective only
in combination with an edge sealant.

IONOMER has been tested to verify whether this material could be used for the encapsulation of the
modules without using an edge sealant.

PVB is an encapsulant used for the lamination of laminated safety glass which provides specific struc-
tural resistance (i.e. glass particle size and dispersion of particles) to glass/glass laminates in case of
impact. This material is often used to laminate modules for BIPV (Building Integrated PV) installations.

POLYOLEFIN could be considered as an alternative to EVA, with the advantage of not releasing ace-
tic acid during the curing process. For CIGS POLYOLEFIN too is better used in combination with an
edge-sealant.
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Table I: encapsulant materials used in the lamination trials with and without edge sealant.

Encapsulant Including Hrs in Damp Heat Ongoing Damp-heat
Modifications to (status Dec 19", 2014) (hrs)
standard recipe

EVA N 1000 1000

EVA + edge Y 3358 1000

sealant

IONOMER Y 1000 1000

IONOMER + Y 1000 1000

edge sealant

PVB Y 0 1000

PVB + edge N 0 1000

sealant

POLYOLEFIN Y 0 1000

POLYOLEFIN Y 0 1000

+ edge sealant

For all materials, besides the reference process (recipe) provided by the supplier, in view of optimizing
the industrial process, trials were performed with reduced curing time and, for some polymers (e.qg.
EVA) at a reduced temperature.

EVA

In the present report we focus our attention on the earlier set of trials with EVA in combination with an
edge sealant (PIB) for which the damp-heat (DH) testing is in a more advanced state. The modules
subjected to DH tests were six.

Optical tests: transmittance

Glass/EVA/glass samples (5x5 cm?) were processed during the lamination processes and tested at
SUPSI with a fast-acquisition spectro-radiometer Avantes. Additional test samples were sent to NEX-
CIS for a cross-check.

Requirements: specs for total transmission > 91%.

Fig. 1 shows results of transmittance (T= l,/ly) measurements where |; and |y correspond, respective-
ly, to the light intensity measured with and without the sample under test
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Fig. 1: Transmittance (T= l1/lo) measurements performed at SUPSI on glass/EVA/glass samples processed at

different temperatures and curing times. The spectral response of a typical Cu(In, Ga)Se;is shown too.
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Modules were flashed before the lamination process (as received), after the lamination, after the ap-
plication of the junction box (PMO0), and after each cycle in DH The PM0O measure is taken as a refer-
ence value. Fig 2 shows the values of the normalized PV parameters for modules B2.

From these plots it can be inferred that the lamination process is generally beneficial in increasing
particularly the current of the devices (improved optical coupling) and the FF of devices. The applica-
tion of the junction box does not introduce parasitic resistances (FF remains constant).

These results are not necessarily consistent with what is often observed for CIGS modules in the liter-
ature which tend to experience a reduction in performance after the lamination process and after ex-
posure at high temperatures in the dark, as in a DH chamber, a phenomenon which is generally
known as dark annealing

The combined examination of power measurements (PM), electro-luminescence (EL), visual inspec-
tion (VIS) and wet-insulation test (WL) reveals that the modules laminated with EVA in combination
with an edge-sealant (PIB) have shown an excellent resistance upon exposure to DH test (cumula-
tive 3358 hrs) with only a very modest power loss for module B2 (-1.7 %) and a more significant one (-
5.3%) for B3, which considering the overall duration of the DH test, is considered to be more than ac-
ceptable.

Similar results are obtained for all other devices laminated with EVA + edge sealant (B4, B5, B6, B7).
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Fig. 2: Normalized PV parameters of module B2 before and after the lamination step, after the application of the j-
box (PMO, reference value), and after and after each cycle of DH.

Life-time testing

As described in the previous section, initial testing is used to provide feedback to the encapsulation
process This task has so far mainly involved the use of climatic chambers for damp-heat testing, elec-
troluminescence imaging, visual inspection, and wet-insulation testing in combination with power rat-
ing (Wp) of the modules.

In addition, a set-up for the testing of Potential Induced Degradation (PID) of solar modules has
been realized at SUPSI.

High voltage potentials have long been recognized as a stress factor for PV modules. Nevertheless,
only in recent years field degradation of PV modules has been explained by this mechanism particu-
larly for c-Si devices. Considerable degradation rates can in fact be observed for modules with solar
cell exposed to high negative potentials with respect to ground. For c-Si the effect is from time to time
partly reversible.

Thin-film (TF) modules realized in a super-strate structure (as a-Si and CdTe, where the TCO layer is
directly in contact with the front glass) may experience electrochemical corrosion (so called bar-graph
corrosion) of the Transparent Conductive Oxide (TCO) layers due to high negative potentials.
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CIGS modules grown in a substrate structure (with a polymer layer separating the TCO from the front
glass) have long been believed to be immune from this phenomena. Nevertheless, recent works (e.g.
Lechner et al., 28" EUPVSEC) have observed PID degradation for the CIGS technology as well.

For this reason a PID set-up has been realized at SUPSI using as first test samples conventional c-Si
modules. The set-up is briefly shown and described in Fig. 3 and could be used to test SCALENANO
modules.

Fig. 3: PID set-up at SUPSI: (a) c-Si module in a basin with the front layer immersed in water and a very thin
water layer sprayed on the rear side. A £1kV potential is applied to the terminals of the module and the frame
grounded. An Al foil is then applied to the rear of the module in order to obtain a uniform electrical field across the
edges and the rear side of the module.

Preliminary results can be observed in Fig. 4 and 5 for a conventional c-Si module. No degradation
can be observed when applying + 1kV to the terminals of the module (2 cycles of 48 and 45 h) where-
as a considerable degradation (- 35% of Pmax) can be observed when a negative -1kV potential is
applied (2 cycles of 70 and 90 h). A light-soaking (LS) of the module (111 h, 900 W/m2, 54°C) is able
to partly regenerate the module’s power (90% of initial Pmax).

Fig. 4: PID measurements on a conventional c-Si at SUPSI: IV curves.
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Fig. 5: PID measurements on a conventional c-Si at SUPSI: normalized PV parameters.

EL images of the module before and after the exposure of the module to -1kV for 70 h are shown in
Fig. 6.

Fig. 6: EL images of the module before and after the exposure of the module to -1kV for 70 h.

Performance and reliability testing of electro-deposited PV modules

Another task in charge of SUPSI is the assessment of the performance (power, Wp), durability and
energy-yield (kWh/kWp) of the devices manufactured within the project. Preliminary activities for a
proper pre-conditioning procedure of the electro-deposited CIGS modules — prior to power rating -
have started.

Energy yield measurements of Scalenano modules under real operating conditions

Two large-area modules (60 x 120 sz) manufactured by Nexcis and close to the final industrial prod-
uct were installed on the November 2014 on SUPSI's outdoor test-stand in Lugano for energy yield
measurements.

The stand is south orientated with an inclination of 45°. Each module is equipped with a Maximum
Power Point Tracker (MPPT3000) developed by SUPSI. The MPPT3000 is a multifunction testing
device for the measurement of single PV modules. Voltage and current ranges can be adapted to op-
timize measurement accuracy. The device combines maximum power point tracking with a full I-V
tracer function. Three auxiliary channels are available for the measurement of meteorological data.
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The module’s temperature is recorded with a PT100 fixed on the back of the module. Each test stand
is equipped with at least three pyranometer and different reference cells to monitor the in-plane irradi-
ance. Meteorological data like global, diffuse horizontal irradiance and its spectral distribution, wind

speed and ambient temperature as well as pressure and humidity are recorded simultaneously by a
separate data logger.

Fig. shows the energy-rating test stand and the devices under test together with a c-Si reference
module which will be used as a bench-mark technology.

(a) (C) (b)

Fig. 7: outdoor energy rating test-stand at supsi with in-plane irradiance measurement at 45°, horizontal global

and diffuse irradiance. Modules (a) and (b) are Nexcis large-area devices; (c) is a c-si reference module used as
bench-mark technology.

1
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ABSTRACT

The project aims at the development of highly conductive and transparent contact layers to be used in
flexible thin film photovoltaics. These layers are a central requirement for the realization of low pro-
duction cost, flexible solar modules. Among the specific requirements for these layers are mechanical
stability compatible with bending flexible modules, low electrical resistance allowing for high module
performance and a large optical transmission. Further, to allow for low-cost production the layer dep-
osition must be compatible with low-temperature and large-area techniques. The candidate systems
that will be investigated include amorphous metal oxides deposited by solution-processing, metal
grids and metal nanowires derived from solution. Optical modeling and model-based analysis of elec-
trical losses in the module will provide input for the cell design.

More information on the CONductive traNsparent Electrodes (CONNECT-PV) project is available on
http://www.ccem.ch/connect-pv.
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Aims of the project

The project aims at the development of highly conductive and transparent contact layers to be used in
flexible thin film photovoltaics. These layers are a central requirement for the realization of low produc-
tion cost, flexible solar modules. Specifically, the contact layers must satisfy the following require-
ments:

Mechanical stability, compatible with bending flexible modules

Low electrical resistance allowing for high module performance

Large optical transmission

Good performance in the solar module in terms of power conversion efficiency

Compatibility with low-temperature and large-area deposition techniques
The following candidate systems will be investigated:

e Amorphous metal oxides deposited by solution-processing instead of thermal evaporation
e Metal grids that combine light scattering with current collection

e Metal nanowires derived from solution compatible for roll-2-roll processing

ZHAW ICP provides input for the cell design and layer topographies with optical modeling of the light
management and a model-based analysis of the optical and electrical losses in the solar modules.
Specifically, we target the following deliverables:

¢ A numerical model of the light management in the different investigated solar cell technologies
that considers texture topography

e A finite element model of the electro-thermal transport in the modules that accounts for the influ-
ence of sheet and contact resistances and localized defects on the current-voltage characteristics

Completetd tasks and achieved results

Given that at ZHAW ICP the work in this project effectively started at the beginning of October after
approval of funding by SFOE we were not yet able to finish any of the deliverables outlined in the pro-
ject description. However, we have started collaboration with EPMA-FP on optical modeling of metal
grids, as part of Task 2.1 in WP2. Here we present the current status of this work.

EMPA-FP has manufactured flexible organic solar cells on PET substrates that contain a metal mesh
embedded in polymer as the rear electrode. For encapsulation the cell is put in a glass/glass sand-
wich. Both contacts are semi-transparent and the cell can thus be illuminated from both sides. The
metal mesh scatters light in transmission and reflection.

We employ optical modeling with the software setfos [1,2] to understand the measured difference in
the EQE for the two illumination modes. Specifically, we want to separate the influence of the illumina-
tion direction from that of the scattering. It was hypothesized that the broader EQE shape measured
for the mesh illumination results form a more pronounced scattering, as the first scattering occurs be-
fore the light traverses the absorber.

In Fig. 1 we show the current status of the optical model. The following steps are taken to represent
the cell in the model:

e The optical constants of the metal mesh are not available experimentally. We thus construct the
refractive indices in the following way: the real part is chosen as an effective medium approxima-
tion between the polymer and the silver of the wires according to the volume fraction of the silver.
The imaginary part is calculated to reproduce the measured transmission in the visible range.

e The scattering of the metal mesh is incorporated as a scattering interface that acts as a Lamber-
tian diffuser with the experimentally measured Haze.

Given the generally good agreement between experiment and simulation with this version of the mod-
el it appears that the scattering has only a minor influence on the shape of the EQE. To emphasize
this we include the simulation results for a greatly exaggerated degree of scattering with 50% Haze.
Our preliminary conclusion is that the different shapes of the EQEs can be mainly attributed to i) dif-
ferent optical interference patterns induced by the change in illumination direction and ii) the larger
absorption in the PEDOT layer in the case of mesh illumination.
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Fig 1.: Simulated external quantum efficiencies (EQE) for both illumination directions and for increasing degrees
of scattering in the mesh. lllumination is either through the flexible substrate (PET) or the metal mesh (Sefar).

Present work focuses on refining the model. Whereas the optical model appears to correctly describe
the main features of the measured absorption we hope to achieve a more quantitative agreement be-
tween simulation and experiment.

National cooperation

The above described results were achieved in collaboration with Dr. Roland Steim of the Laboratory of
Functional Polymers at EMPA.

International cooperation

There was no international cooperation in this year.

Evaluation 2014 and Outlook 2015

Besides the optical properties of the metal wire textile substrates the electrical properties will be inves-
tigated, too. Interaction with the associated industrial partner Sefar is planned. Many more collabora-
tions with the other consortium partners from the ETH domain will be launched after clarifying the cur-
rent solar cell development priorities with these partners. In addition to the optical and electro-thermal
modeling competence, the ICP laboratory will offer experimental validation techniques (namely char-
acterization of angular light scattering, dynamic electrical cell response and IR imaging of mini mod-
ules) to the consortium partners.
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ABSTRACT

Organic photovoltaics (OPV) represent the newest generation of solar-to-power conversion technolo-
gies. OPV provide a key opportunity for the EU to further establish its innovation base in alternative
energies offering the benefits of flexibility, low weight, and freedom of design. OPV can operate under
low light conditions and is shadow tolerant. These advantages and the ease of handling in subse-
qguent product-integration processes will enable the development of consumer and portable electron-
ics and building-integrated photovoltaic (BIPV) products.

The 17 project partners have a collective project budget of Euro 14.2 M of which 10.1 M is funded as
Collaborative Project within the Seventh Framework Programme.

More information on the Sunflower project is available on http://www.sunflower-fp7.eu/.
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Project goals

The Sunflower project encompasses the development of OPV technology from end to end. While
working on increasing performance in terms of lifetime, efficiency, cost, and sustainability by means of
R&D activities on the cell and module levels, Sunflower also addressed usage scenarios that are suit-
ed to OPV, as well as the technology’s end-of-life environmental impact. With its 17 partners distribut-
ed along the value chain, Sunflower aims at major improvements in three fields: materials, processes,
and tools and applications.

Project description

Overall, the photovoltaic industry is still a minor contributor to the global energy needs which are
steadily increasing in quantity and variety. On the one hand of the spectrum, there is a post-industrial
world with electricity-hungry devices, with sophisticated energy generation and transmission options
(grid) available. On the other hand of the spectrum, there are billions of people with little or no access
to “grid” electricity, depending on local or even portable generation. More breakthroughs are needed,
notably in alternative, cost-effective and scalable photovoltaic energy production methods to address
these wide ranges of needs and opportunities.

Organic Photovoltaics (OPV) represent the latest generation of technologies in solar power. In eco-
nomic terms, the opportunities are new application areas e.g. the integration in facades and windows,
the expansion of the innovation base in alternative energies and the development of manufacturing
technologies requiring a high level of automation, highly trained personnel, low energy consumption
and close proximity to suppliers and markets.

The EU is still very well positioned to drive these breakthroughs and simultaneously to benefit from
them, given its competences in photovoltaics R&D, materials and manufacturing infrastructure includ-
ing photo-absorbing “electronic inks”, transparent printable conductors, substrates, encapsulation ma-
terials and roll-to-roll precision coating and printing equipment, and a large market for end-users.

The Sunflower consortium combines industrial, institutional and academic support to make a signifi-
cant impact at European and International level, especially on materials and processes while demon-
strating their market relevant implementations.

OPYV technology is based on organic semiconductors, made
using organic chemistry and tailored to its function. Sunflower
uses polymeric semiconductors that are soluble and printable.
Several layers of materials are printed on top of one another to
create a functional device. Through morphological engineering,
a so-called p-n heterojunction is established during the fabrica-
tion process. The power-conversion efficiency of the technolo-
gy is increased by researching new semiconductors and by
adding layers that absorb complementary parts of the solar
spectrum (tandem cells).

Through processes which are newly developed yet
based on proven manufacturing technology, OPV
cells can be arranged to form modules. A combina-
tion of additive processes, such as coating and print-
ing, and subtractive ones, such as dry-structuring,
leads to fully functional modules. Compared to other
technologies, the outer and inner form-factors can
be tuned quite easily in order to allow for customized
properties in terms of voltage, shape, and transpar-
ency. The lifetime of OPV modules is increased by
using barrier and “weatherable” materials. Light
guiding technologies are also used to increase effi-
ciency.
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OPV applications can differ significantly from those of
traditional photovoltaic. Thanks to the advantages in
terms of design and integration potential, completely new
products are possible: OPV thus complements the portfo-
lio of current photovoltaic technologies. New designs in-
corporating the given properties of OPV can be used as
aesthetic photovoltaic solutions for building facades and
integration into products we use in our daily lives. The
Sunflower consortium has chosen three distinct demon-
strators to highlight this opportunity.

Challenges include:
1) Increased efficiency of the panels
2) Reduction of the production costs
3) Increased lifetime of the panels
4) Evaluation and reduction of the environmental footprint (during the whole life cycle)
5) Identification of the early adopter markets
The project is structured along the following workpackages:

1. Materials: development of solution processable photoactive polymers, recombination layer
materials (electron and hole extraction layer), flexible substrates including water vapour and oxygen
diffusion barrier.

2. Devices: investigation of the structure, operational mechanisms and device physics of bulk
heterojunction solar cells, and to transfer this knowledge into the fabrication of OPV cells, with novel
architectures and including SUNFLOWER materials, able to achieve PCEs beyond the state-of-the-
art.

3. Tool development: development of hardware and software for OPV electro-optical
characterization, simulation of devices, light management structure simulation and realization;
lifetime and permeation testing as well as mechanical testing.

4. Lifetime and environmental impact: studies of the lifetime of critical materials, cells and modules;
LCA, ecotoxicity of selected materials, eco-sustainability assessment.

5. Upscaling and demonstration: OPV modules and proof of concept integration in devices.
6. Training and dissemination activities: web site, publications, summer schools, public demo kit.

7. Exploitation and economic impact: end-user relations, consortium IP, consortium partner
exploitation plans.

8. Project Management.

9. Specifications and requirements: from end-users and accross consortium partners.

Summary of key results

The consortium partners work in a concerted way towards up-scalable solution deposition processes
such as blade and ultimately slot-die coating that can be up-scaled to production environments. The
Sunflower consortium demonstrated OPV tandem cells by solution processing at different partners
with comparable results. Effective tools were developed enabling a fast assessment of the potential of
a polymer for tandem cell application and over 60 photoactive polymers were tested. Tandem OPV
cells with efficiencies above 7.2%, using realistic process conditions (e.g.in air, using blade coating).

Passivation and active barrier (getter) materials were heavily investigated including UV stabilized PET,
oxygen and water diffusion barriers, getter materials. This resulted in novel substrates including multi-
layer barrier and UV stabilized PET, providing oxygen and water vapour transmission rates lower than
industrial reference material which are now being tested by the consortium partners. Photoactive ma-
terials including both low and high band-gap photo-absorbing polymers are investigated in the project;
the work in this area ranges from computer modelling to lab synthesis taking into account industrial-
grade synthetic routes. Over 87 new polymers were synthesised and tested. Printable formulation of
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zinc-oxide nanoparticles for the recombination layer were realized, tested and further optimized to
enable atmospheric solution-processing of tandem cells. Silver inks for printable ITO-replacement
layers as well as hole-injection layers (PEDOT-PSS) were developed ITO-free printed anodes compat-
ible with tandem OPV cell structures were delivered to consortium partners.

Project efforts were devoted to building and asses tools necessary for the analysis and implementation
of the technology. These include direct imaging and 3D electron microscopy of critical photoactive
blends layers. Further, mechanical reliability as well as accelerated life-cycle methods were developed
to screen long-lived packaging of OPV modules. The packaging materials should enable several out-
door applications in realistic conditions for several years (experiments ongoing). Simulation tools for
the design of the optical stacks and improve light in-coupling lead to first results, including proof of
concept for light management structuring leading to > 15% relative increase in cell efficiency. Electri-
cal characterization of OPV toolkits developed in the project resulted in novel commercially available
platform (PAIOS).

The environmental, life cycle and eco-efficiency of OPV is being assessed by the project team as well.
Environmental indicators showed the highest impact for ITO and silver electrode, supporting the initial
project target (ITO replacement). An eco-efficiency assessment show that the already existing single
OPV technology could be a viable option for the building integrated photovoltaic (BIPV). Eco-
toxicology experiments (the first results we are aware of in this field) performed with the potentially
environmentally relevant single components of OPVs indicate that effects are observed only at envi-
ronmentally irrelevant concentrations.

Finally several application cases are being developed, with end-demonstrator demos targeting integra-
tion in facades, building interiors and consumer electronics.

Portable chargers Vertical window blinds

OPV-window
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National and international cooperation

The SUNFLOWER project (Grant number 287594) is supported by the European Commission through
the 7th Framework Program on Research and Technological Development under the Information and
Communication Technologies (ICT) thematic call: FP7-ICT-2011-7.

The project consortium combines industrial, institutional and academic support to make a significant
impact at a European and International level, especially on materials and processes while demonstrat-
ing their market relevant implementations. The industrial project partners are all well positioned along
the supply chain of future OPV-based products: an important prerequisite for the creation of a signifi-

cant socio-economic impact.
Consortium partners

CSEM SA

DUPONT TEWNIN FILMS UK LTD

Switzerland

United Kingdom

AMCOR FLEXIBLES KREUZLINGEN AG Switzerland
AGFA-GEVAERT N.V. Belgium
FLUXIM AG Switzerland
SAES GETTERS S.P.A. Italy
CONSIGLIO NAZIONALE DELLE RICERCHE Italy
FACHHOCHSCHULE NORDWESTSCHWEIZ Switzerland
CHALMERS TEKNISKA HOEGSKOLA AB Sweden
FRAUNHOFER-GESELLSCHAFT Germany
LINKOPINGS UNIVERSITET Sweden
UNIVERSITAT JAUME | DE CASTELLON Spain
GENES’INK France
CENTRE NATIONAL DE LA RECHERCHE SCI. France
UNIVERSITEIT ANTWERPEN UA Belgium
BELECTRIC OPV GMBH Germany

MERCK CHEMICALS LTD United Kingdom (* Swiss partners)
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ABSTRACT

The goal of the Swiss Inno HJT project is the demonstration at the pilot scale of the performance and
manufacturability of silicon solar cells, module and systems based on the silicon heterojunction tech-
nology. The project started in October 2013 and the first phase of the project consisting in setting-up
a pilot line for silicon solar cell manufacturing has been achieved successfully. New infrastructures
consisting in a 750 m? cleanroom with all the necessary media for solar cell processing has been built
in Hauterive (NE) at Meyer Burger Research AG. Small R&D as well as mass production sized reac-
tors have been moved in and installed successfully and are ready for operation. Additionally, a pilot
metallization line using galvanic deposition method has been ordered and will be installed at CSEM,
Neuchétel, in the coming months.

In parallel to these installations, advanced manufacturing processes have been further developed at
the R&D scale by CSEM and Meyer Burger in order to increase the solar cells and module perfor-
mance at a reduced cost. A solar cell efficiency of 23.1% has been demonstrated on commercial
monocrystalline silicon wafers (239 sz) using a busbar less silver screen printed front metallization.
This new metallization design enables to decrease dramatically the silver consumption and reduce by
80% the metallization costs compared to standard metallization design. To further reduce the metalli-
zation costs and increase the solar cell efficiency, CSEM has developed a low cost approach to man-
ufacture a silver free metallization using copper electroplating. Metallization line width as narrow as
12 um has been achieved boosting by 1% the photo-generated current. Finally, busbar less cells
have been integrated in 60 cells module using the Smart Wire interconnection technology. Recent
developments of the interconnection scheme resulted in a significant output power gain that achieved
327 W under AML.5 illumination. Outdoor testing of these type of modules resulted in a +12% kWh
generation per m? when compared to best in class commercially available n type crystalline solar
modules and more than 50% when compared to CIGS modules.
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Goal of the project

The goal of the Swiss Inno-HJT project is to demonstrate the superiority of photovoltaic systems
based on the silicon heterojunction technology. This fully integrated R&D project deals with all pro-
cessing steps including the monocrystalline wafer sawing using diamond wire technology, high effi-
ciency silicon heterojunction solar cell processing, advanced cell metallization to reduce silver con-
sumption, advanced module integration using Smart Wire Technology and finally outdoor testing. Fur-
thermore, all these steps are made with mass production relevant processes and tools to demonstrate
the commercial viability of these technologies. This will support the world-wide dissemination of the
silicon heterojunction technology using Swiss made equipments and technologies.

The project duration is 3 years. The first year (2014) is mostly dedicated to the set-up of the pilot pro-
duction facilities and equipments for silicon heterojunction solar cells processing at Meyer Burger
Research AG in Hauterive (NE). In parallel, R&D activities using laboratory equipments is conducted
to enhance the solar cell performance (Meyer Burger Research AG), the metallization technology
CSEM SA) and the module technology (Meyer Burger AG).

Brief description of the project

The project is a large fully integrated project (see Figure 1) combining all the latest technologies from
the wafer sawing down to the module assembly. The monocrystalline silicon ingots are first sliced
using diamond wire technology instead of the slurry based cutting. The use of diamond wires to cut
silicon allows increasing considerably the cutting speed and therefore reducing the production costs.
Moreover, this technigue allows reducing the wafer thickness from the conventional 180 um down to
less than 100 um in the future, making possible further savings in production costs. Impacts of sawing
parameters as well as wafer thickness on the solar cell performance and are investigated in the Swiss
Inno-HJT project. Both are optimized together in order to get the highest efficiency at the lowest pro-
duction cost.

Figure 1: fully integrated silicon heterojunction process from wafer slicing, solar cell manufacturing and module
assembly.

The silicon wafers are then transformed into a photovoltaic device using the heterojunction technolo-

gy. The benefits of silicon heterojunction (Si-HJT) upon other technologies are numerous. First, the

efficiency can be as high as 24% despite the very simple cell structure (see Figure 2) that requires
only 5 processing steps, all at low temper-
atures (< 250° C). The junction is formed
by applying very thin (< 10 nm) amorphous
silicon layers on both side of the wafers
using plasma deposition techniques as
opposite to standard homojunction tech-
nologies that use diffusion process at very
high temperatures (> 700° C). This results
in a much lower temperature coefficient
(- 0.20%/K) than for diffused solar cells
(- 0.45%/K) enhancing considerably the
generated kWh/W, in real outdoor condi-
tions where the module temperature
(> 50° C) is much higher than in standard
tests conditions (25° C).

Figure 2: silicon heterojunction solar cell structure.
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Finally the solar cells are integrated into modules using

the Smart Wire Connection Technology (SWCT). This

technology is also offering multiple benefits. The most

important one is the increased flexibility in solar cell met-

allization design allowing new approaches to reduce the

silver consumption. First, the standard busbars are

entirely removed and only fingers are applied onto the

solar cells. The busbars are directly replaced by the cell

interconnection that is made via wires that are directly

contacting the fingers of the solar cells (see Fig. 3). Fur-

thermore, the large quantity of interconnection wires

(> 18) when compared to the number of busbars of con-

ventional technologies (3 to 5) allows to apply much nar-

rower metal fingers without suffering from electrical

series resistance losses. Overall, the silver consumption

can be reduced by at least a factor of 5 by using SWCT.

Another possibility is also to replace the silver screen

printed fingers by very narrow (< 20 um) electro plated

copper lines to further reduce the metallization costs. All

these possibilities offered by the use of SWCT are inves-

tigated and improved within the Swiss Inno-HJT project. ) _ _ )
Special care is taken improve both the metallization and ~ Figure 3: solar cell interconnection using
module design together to achieve the highest module —SmartWire Connection Technology.
performance at the lowest production cost.

In the frame of the Swiss Inno-HJT project, 3 generations of cells and modules will be developed.
Starting from current technology and integrating progressively new developments such as bifacial cells
and electroplated metallization. These modules will be then produced in small series in a pilot produc-
tion line that will be installed at Meyer Burger Research AG, Hauterive (NE), during the first year of the
project. These modules will be finally installed outdoor. The kWh generated per m? will be monitored
and benchmarked against other technologies.

Conducted work and achievements

The set-up of infrastructure and the installation of the pilot production equipments have been realized
in time during the first year of the project. A 750 m? class 100'000 clean room has been built in Hau-
terive (NE) with all the required media (Di water, process gases, extraction cooling water etc.) for the
production of Si-HJT solar cells. Mass production sized reactors have been installed to increase the
nominal production capacity to about 600 kW, per year. In particular, a large sputtering tool has been
installed to deposit the transparent conductive oxide layers in real mass production conditions (see
Figure 4) with rotary sputter magnetrons.

Figure 4: loading of a large sputtering system to deposit the TCO layers.
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In parallel to the installation of the pilot line, R&D activities have been carried out in small laboratory
scaled equipments. In particular, the inter-relations between the different sections of the production of
Si-HJT systems have been studied:

- the silicon sawing parameters using diamond wire high speed cutting and solar cell manufacturing;
- the combination of advanced metallization and module interconnection designs;

Figure 5 shows the impact of the use of diamond wire cutting instead of the conventional slurry cutting.
The wafer surface (Figure 5 right) observed by SEM shows that the use of diamond wire (top) changes
considerably the morphology of the surface compared to slurry cut surface (bottom) This impact posi-
tively the depth of the damages and therefore the chemical removal of the damages can be reduced
from more than 10 um of silicon removal per side down to 5 um as shown on the left side of Figure 5.
Moreover, with optimized diamond wire cutting process, the achievable surface passivation by amor-
phous silicon is increased and this despite the lower amount of removed silicon. This result demon-
strates that the combination of optimized cutting process and solar cell process is leading to higher
performance at lower processing costs.

Figure 5: impact of sawing technology and parameters on wafer surface damages.
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Further development in metallization opens the road to even higher efficiencies. Indeed, the use of
SmartWire Contacting technology enables to push the screen printing to its limits by reducing the
printed line width bellow 40 um as shown in Figure 7. This extremely narrow lines demonstrated by
CSEM combined with the absence of busbar reduce the silver paste consumption to bellow 40 mg per
wafer (239 cm?) side that is 80% less than with a 5 busbar design. This dramatic reduction in silver
consumption reduces the overall cell processing costs to 0.11 CHF/W,. Further development of the
screen printed method is expecting to bring the silver consumption bellow 20 mg per solar cell. How-
ever, the screen printing methods will not deliver line width far below the 40 um achieved in this pro-
ject. This means that to reduce further the front side metallization shadowing another method has to
be used. Electroplating using negative masking is one of the preferred candidates since the deposited
material (copper) is cheap and highly conductive and that the line width is only limited by the used
masking method. Figure 8 shows a cross-section view of a 30 um electroplated copper line on top of a
Si-HJT solar cell. This resulted in a 1.3% relative gain in photo-generated current without observing
any fill factor (FF) or open circuit voltage (V. losses demonstrating the usability of such kind of
advanced metallization process for Si-HJT technology. Further work will be conducted at the pilot
scale at CSEM to establish a low cost process flow for the application of electro plated copper lines
compatible with mass production.
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Figure 7: silver screen printed line width as a function of Figure 8: 30 #m width electroplated copper line on
screen opening. a Si-HJT solar cell.

The first 60 cells modules have been manufactured and a power output of 307 W has been certified by
SUPSI. These modules have been installed for outdoor monitoring to evaluate the data acquisition
system and have first data of energy yield. After one month (October 2014) of acquisition, first data
can be exploited and show (Figure 9) already the superiority of the developed Si-HJT modules.
Indeed, the installed modules have generated 12% more kWh/m? than commercially available module
based on N type monocrystalline diffused technology. When compared to CIGS thin film technology,
the benefits reach even 54%! Moreover, the temperature coefficient of -0.2%/K on the power output
has been confirmed from the outdoor data (not shown here).

Figure 9: energy yield of different module types as monitored over October 2014 in Neuchétel.
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National collaborations

The Swiss Inno-HJT project is based on a large consortium of competence centers. The Meyer Burger
group is participating actively in R&D as well as production activities within the project. Meyer Burger
AG (Thun) is working in the field of high speed crystal cutting using diamond wire technology as well
as in module assembly by using the newly developed SmartWire Contacting Technology. Si-HJT solar
cells are developed and produced by Meyer Burger Research (Hauterive, NE) and the efficiency
measurement methods for cells and modules are achieved by PASAN SA (Neuchétel). CSEM (Neu-
chéatel) is also active in the solar cell process by implementing at the pilot scale the electro plating of
copper to replace the screen printed silver. CSEM is also in charge of the outdoor installation and
monitoring of the produced modules within the project.

2014 evaluation and perspectives for 2015

During 2014, many tasks have been accomplished. R&D activities in small laboratory equipments
have been conducted successfully at CSEM as well as at Meyer Burger to demonstrate the feasibility
of the production of Si-HJT solar cells with efficiencies above 23% using low cost approach for the
metallization. Screen printing has been pushed close to its limit by reducing by 80% the silver con-
sumption. On the other hand, the replacement of silver by inexpensive electro plated copper has
shown its potential with a relative efficiency increase of more than 1%. First modules have been as-
sembled and tested in outdoor conditions. These have shown a 12% higher kWh/m? production when
compared to commercial available high efficiency n type monocrystalline modules.

Beside the R&D activities, the construction of new facilities and the installation of pilot production line
for Si-HJT solar cells have been achieved within the planned schedule. This done, it will allow a much
higher R&D capacity for 2015 and beyond. This increased capacity will be used to develop further the
cell efficiency and reduce the production costs at all steps. Special care will be taken to understand
and optimize the interfaces between all steps of the fully integrated production of PV systems from the
crystal sawing to the outdoor installation in order to get the highest KWh/m? production at the lowest
cost. This will be demonstrated by the outdoor installation and monitoring of larger amount of modules
based on Gen 1 (monofacial) and Gen 2 (bifacial) cells.
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ABSTRACT

In the Laboratory for Thin Films and Photovoltaics at Empa a novel process for fabrication of highly
efficient CIGS solar cells on plastic films was developed by using innovative concepts. Light-weight
and flexible solar cells with efficiency above 20% were fabricated on laboratory scale. On the way
contributing to a renewable energy supply it is essential to demonstrate the feasibility of transferring
this still static process to industrial relevant deposition equipment.

The goal of this P&D project was to demonstrate a roll-to-roll (R2R) CIGS deposition system where
the innovative multi-stage co-evaporation process developed in the Laboratory for Thin Films and
Photovoltaics at Empa for small area substrates can be scaled up for coating on in-line moving large
area substrates. Demonstration of such a pilot scale deposition system plays a pivotal role in industri-
alization of CIGS deposition technology for affordable, high efficiency solar cells and modules in fu-
ture.
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Initial position

CIGS is recognized as an important thin film PV technology for cost effective manufacturing because
of high efficiency potentials shown by the solar cells developed in the research laboratory at Empa
and the possibility to benefit from roll-to-roll (R2R) processing. However, there is a lack of R2R CIGS
production equipment supplies with proven process for high efficiency solar cell manufacturing on
industrial scale.

There is no company providing CIGS evaporation systems with a process of multi-stage evaporation
known to provide high efficiency devices. This is severely hindering the growth of CIGS PV industries
since new companies with interest in CIGS production do not have possibilities of acquiring such sys-
tems. The proposed demonstration system would prove the industrial capability of the process and
help in industrialisation of the technology and strengthen the position of Switzerland internationally in
the field of photovoltaics.

Goal of the project

The goal of the pilot project is to develop and demonstrate a R2R CIGS deposition system in which
the innovative processes developed in the laboratory for very high solar cell efficiencies (above 20%)
can be scaled up towards industrial applications. Demonstration of such a system plays a pivotal role
in industrialisation of highly efficient PV technology for large volume production.

The overall objectives of the pilot project are therefore:

* to develop an in-line R2R vacuum deposition system for the demonstration that the multi-stage
CIGS co-evaporation technology can be scaled up for large size moving substrates

« to demonstrate a pilot level deposition system proof of concept based on a proprietary design and
process know-how

* to attract industries as potential end users for subsequent scale-up for production

Procedure

Innovative multi-stage evaporation processes for the CIGS absorber layer were developed at Empa
for obtaining an optimum chemical composition grading which proved to be highly reliable and repro-
ducible and therefore suitable for industrial scale up. The developed processes are, however, station-
ary, i.e. the substrate is not moving relative to the evaporation sources. In this P&D project Empa
wants to demonstrate that the multistage co-evaporation process can be transferred to industrially
relevant in-line equipment.

Key issue of the development of the demonstration machine is the design of appropriate vacuum dep-
osition system with evaporation sources having appropriate sequences and vapor flux profiles which
allow the same composition grading of the CIGS for a moving substrate. A schematic of such source
sequence is shown in Figure 1.

Figure 1: Simplified schematic of the pilot system for multistage evaporation of CIGS based on the Empa process
which yields world record efficiencies flexible solar cells on polymer and metal foils. The processes are applicable
also for high efficiency cells on glass.
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The features of the R2R in-line multi-stage CIGS deposition machine are the following:

e Proprietary low-temperature CIGS process allowing various substrate materials including flexible
polymer film and metal foil

e Continuous supply of moving substrates
e Multiple evaporation zones representing the different stages in the multi-stage process

e Evaporation sequences designed for reaching the same optimized composition grading in the
CIGS layer as obtained from the laboratory scale process, for this optimization process the ma-
chine will be equipped with variable beam shapers and aligners for the evaporation sources

e Process control for chemical composition including feedback loop

Foreseen for the project was an in-line CIGS coating platform for flexible substrates of a width of max-
imum 50 cm. This is the standard substrate width where Partners can provide the necessary molyb-
denum coated substrate material with its existing sputtering equipment.

After extensive evaluation no equipment supplier could be identified to deliver a system with the re-
quired specifications within the budget constrains (see section Results and Findings). Finally, the
Swiss based company Flisom AG joined the project for equipment development and end-user of the
technology.

The project was divided into the following phases:

e Design phase | (2 months): During the design phase the overall and detailed concept is elaborat-
ed, mechanical details are discussed, the plans of the chamber and electrical supplies are final-
ized and orders for core components are placed.

e Design phase Il (3 months): While the Chamber is being constructed, the component designs are
finalized and ordered and the electrical racks are prepared and programming of the system is
started.

e Construction and Assembly phase (4 months): Chamber and components are assembled and
connected to the control system and electrical supplies attached. Various testing procedures and
debugging is started. First layers will be coated and evaluated.

e Debugging and Ramp-up (3 months): CIGS processes are being implemented and the control
mechanisms fine-tuned. Empa scientists are instructed to the usage of the tool.

e Joint testing and observation phase (6 months): The operation of the tool is still closely monitored
and robustness of functionality improved. Scientists of Empa test coatings and determine opera-
tion parameters

e Continuous phase: Transfer of the static multistage process to R2R equipment

The planned (green) and resulting (red) timelines of the project are visualized in the following Gantt
chart (Figure 1):

2012 2013 2014
month LEFNANIIWASIONDJlarFe Mz Ap Mz Jur Jul AuSe Oc Nc De Jar Fe Mz Ag Mzlun
Evaluation phase
Cesign phase |
Cesign phase Il
Construction &
Assemply phase
Cebugging & Ramp-
up phase
Joint testing &
obesration phase
continuous phase

Figure 2: Gantt chart of project starting with effect of January 2013 to June 2014; C: first coatings deposited;
Results and Findings
Evaluation of equipment manufacturers

The quoted costs of manufacturing equipment by non-Swiss suppliers were significantly higher than
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what we estimated initially at the planning stage of the proposal. The difficulty was that equipment
manufacturers have not made this type of equipment and some of the manufacturers have very close
link with other CIGS companies.

For the purpose of the BFE supported project, “CIGS multi-stage in-line pilot machine demonstration”,
Empa, Laboratory for Thin Films and Photovoltaics has requested Flisom AG Company to provide
financial support and high level of technical guidance for delivering and installing a roll-to-roll (R2R)
tool for continuous inline coating of CIGS layers on flexible substrates. The aim of the project was the
transfer of high efficiency deposition processes from static to a dynamic coating process.

Flisom is one of the few companies worldwide that has developed and is continuously running a roll-
to-roll tool for flexible polyimide substrates. It gained valuable experience in roll-to-roll substrate han-
dling at high temperatures as necessary for CIGS deposition. Flisom has also developed propitiatory
linear evaporation sources for evaporation of constituent elements (Cu, In, Ga, Se) and NaF com-
pound in a cost-efficient way.

Flisom has developed various IP on hardware components, process control and tool design and is
providing this know how to this project under certain conditions in order to allow the project to be car-
ried out within the available restricted budget, short time frame and highest possibility of success.

Design of the roll-to-roll CIGS deposition equipment

Within a pre-study of various possible chamber geometries, the rectangular shape showed most ad-
vantages as the long, preferably horizontal, deposition zone could best be accommodated. Several of
the side plates can be considered as modular to allow testing of various concepts within the same
frame. Figure 3 shows the schematic design with a large modular side and bottom plate. The side
plate is used to fix the winding and substrate heating hardware, whereas the bottom plate mainly con-
tains the evaporation sources and controls.

Figure 3: Preliminary concept (left) and final chamber design (right)

The suitability of the vacuum chamber for the specified base and working pressures was confirmed by
an external engineering company in the first instance. For further optimization Flisom used a construc-
tion and simulation software to simulate the stiffness and torsion of the vacuum chamber by finite ele-
ment analysis.

The detailed drawings with optimized stiffness were released to the manufacture of the vacuum
chamber after evaluation of three different vacuum chamber manufacturers in Europe. After pre-
acceptance test at manufacturer’s site the vacuum chamber was delivered.

The chamber layout separates winding/outgassing and coating zones with functionalities as described
in Table 1.

Outgasing of incorporated water and gases in the large amount of polyimide material in the vacuum
chamber is a crucial step to allow good deposition conditions. The system allows outgassing and layer
deposition at the same time by providing sufficient pumping capacity and gas separation between the
process chamber and the winding units.
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Table 1: Processing units within the vacuum chamber

Unwinding/Preheating Unit CIGS coating Unit Rewinding Unit
e Unwinder e Webguiding e Rewinder
« Independent heating zones . Independent heat_ing zones « Independent heating
. e Multiple evaporation sources zones
¢ Web tension controller ) : .
) ¢ Selenium overpressure ¢ Selenium degasing
* Web spreading « Insitu composition monitoring | * Web position and tension
* Cryo pumping « Condensation protected controller
pumping

A special focus is set on integrating maximum process and tool diagnostics. Due to the flexible and
modular concept it is easily possible to do upgrades or amendments:

e By placing additional flange for later buffer layer coatings that can be directly integrated without
breaking the vacuum process.

e Adjustable number of heater circuits and position
e Fully adjustable crucible type, number, position
e Additional flanges for feedthroughs for supplies, measurements etc.

The uniqueness of this pre-industrial pilot machine is the high level of degrees of freedom in the evap-
oration geometry which will allow the transfer of the sophisticated multistage co-evaporation process
developed at Empa.

In order to allow high degree of freedom for the pre-industrial coating equipment a fully modular con-
cept was adapted. The vacuum chamber is equipped with large number of spare flanges with only
three flange sizes to ensure reuse of component on different locations of the machine. The evapora-
tion sources are installed to facilitate simple and quick readjustment of evaporation sequences and
profiles.

Lab space preparation

Due to the large dimensions of the R2R coater new lab space was required. Therefore, a storage
room had to be converted into a laboratory space. A clean room has been installed in order to guaran-
tee the required working environment. Figure 4 shows the 3D simulation of the clean room facility.
Separate cooling water supply for the cooling the machine is installed. A mechanical crane is included
into the room concept. Different crane concepts were evaluated and the most appropriate one was
selected. Foundation for the deposition machine enforced and track lines are installed in the floor for
moving the door of the deposition machine.

Figure 4: Plan of the clean room facility for the CIGS pilot machine (left) and installed ventilation and cooling water
system on top of the roof of the clean room facility (right).
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Chamber assembly and components installation

After reception and placement of the chamber, the assembly work of the components and preassem-
bled tools was started.

The two stage pumping system is defined with pre-vacuum pump, external exhaust filter system and
turbo pumps which is equipped to the vacuum chamber. In order to reach the required pressure in the
deposition chamber dedicated processing zones were separated from each other so that outgassing
processes and coating processes can happen simultaneously.

Process monitoring is required in order to guarantee a reliable and reproducible process. Therefore,
X-ray fluorescence (XRF) is used to measure chemical composition and thickness of the coatings.
Control System

The control system architecture has been specified based on Beckhoff hardware. The PLC, Motors
and drives have been assembled and mounted to the chamber outside the vacuum. The electrical
cabinets were specified and ordered from a local supplier. Figure 5 shows arrangement of the electri-
cal components in the cabinet. The order was placed after four different manufacturers for the electri-
cal cabinet were evaluated.

Figure 5: left: Schematic of the arrangement of the components in the electrical cabinets; middle: photograph of
the installed cabinet containing the control units for winding and substrate heating; right: cabinet containing the
power supplies and control units for the evaporation sources

The software to control the process has been provided. Nevertheless the automatic evaluation of the
process diagnostics still has to be implemented and tested in conjunction with the establishment of the
baseline process.

Functional tests

After assembly of the chamber and leak elimination, several tests had to be conducted before doing
first coating experiments:

e |/O tests for all electrical components
e Vacuum pump down tests (leak testing with helium, leak rate evaluation)

¢ Winding tests (webguiding, telescoping)
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Figure 6: Band edge detection with optical sensors are required to control the web guiding system in the unwind-
ing and rewinding area to prevent that telescoped rolls will cause coating issues in the deposition zone.

Keeping the web flat and in minimal stress conditions is the key task of the winding system in this ap-
plication (Figure 6).

A challenge is to allow natural expansion and contraction of the polymer substrate during heating and
cooling without creation of wrinkles or creases during the coating process. Spreading functions of the
web and active repositioning of the coils have been implemented to control the web winding through-
out the process path in the chamber.

e Substrate heating tests with running web

The CIGS deposition process involves substrate temperatures up to 500°C. As massive heat radiation
is also emitted from evaporation sources, good control of the temperature with fine granularity over the
web surface is required.

e Single source evaporation experiments

Figure 7: rewinding zone with copper coated web after a copper deposition test.

Before coating various elements simultaneously, basic checks with single evaporators were conduct-
ed. The picture above is showing copper coated substrate foil in the rewinding section of the chamber.
Temperature measurements at various locations in the chamber were made to test the correct working
of the cooling circuits. Figure 7 shows a copper coated polyimide web after single element experiment
of the Cu sources.

e Data logging and safety procedures

A sophisticated server infrastructure with data logging function has been established and implement-
ed. Automatic logging of data and powerful data display functions are very helpful in long term process
development.

Coatings

After reaching a satisfactory state of all the tested elements, coating experiments with selenium vapor
were started.

From the beginning onwards it is important to evaluate the maintenance possibilities of the system.
Long evaporation cycles will require cleaning of the exposed shielding areas after each run. Therefore
ergonomic mounting and dismounting of the components will have a major impact on the output of a
production system. Especially the deposition zone has been designed for easy maintenance by hand
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mountable and replaceable shielding. They consist of thin replaceable metal foils that can be easily
mounted and replaced.

Further, the profiles of the evaporators have to be checked and calibrated for layer homogeneity
across the web width. Using ex situ XRF, the coated layers were analyzed.

As process development has only started recently, optimization of the coating profiles is still ongoing.
Nevertheless reasonable starting homogeneities could be achieved after a few initial source reconfigu-
rations.

As a multistage inline coating tool requires a large substate area in the process zone, a major concern
at the beginning of the project was to assure a good web quality of the coated areas. Significant
amount of time has been spent to design the right winding and webtransport system that can handle
the large temperature differences in the heating and cooling zones as well as to make sure, all the
used components can support the required process temperautres. After assembly and initial testing of
the winding system, the real tests had to be done with all the evaporators running and coating at
deposition speed. The optimization phase resulted in very important learnings and finally a system that
has yielded very good web quality at the desired coating speed. The next steps will be to finalize the
baseline process development and generate solar modules from the coated layers to verify any
influence of the winding systgem on the electronic parameters and further fine-tuning of the
mechanical setup.

Development of CIGS multistage co-evaporation process and process transfer

In parallel to the design and ramp-up of the roll-to-roll CIGS deposition equipment, Empa is further
developing its multistage co-evaporation process in a stationary deposition chamber. The main goal is
the identification of critical process parameter and a better understanding of the process window of
CIGS growth for high efficiency solar cells, in order to facilitate the transfer from the stationary lab-
scale CIGS deposition process onto the inline coating tool. Additionally, innovative process steps are
developed in order to push the record efficiency of the CIGS technology even further.

This resulted in additional input and required modifications to the equipment specifications.

Due to the high flexibility of the initial design of the R2R deposition equipment most of the additional
required specifications discovered during this parallel process development were already realized
during construction and assembly phase of the machine.

Process reproducibility — average composition

The stationary multi-stage co-evaporation process was developed in order to carefully control the na-
noscale compositional grading that forms during growth. It was found that this process is highly repro-
ducible and can yield solar cells with high open circuit voltage (V) of about 700 mV for at least 20
consecutive depositions. Moreover, it was found that the average Ga content of the layer (which de-
termines the average band gap of the material) and the final Cu content can be varied to some extend
without severe detrimental effects on the final cell efficiency.

Ga grading

The shape of the Ga grading is key for high efficiency solar cells. Typically, a double-Ga grading is
naturally formed during growth, with a higher Ga content at the front and at the back of the layer, and
with a lower Ga content region (notch) in the middle. It was shown that a too pronounced notch leads
to enhanced recombination in the solar cell and the multi-stage co-evaporation was developed in order
to allow control over the notch shape and position. There is still no consensus in the research commu-
nity about an optimum shape of the Ga grading, but we could show that there exist several different
shapes and widths of the notch that are not detrimental to the cell efficiency.

Se pressure

The growth of the CIGS layers is based on the co-evaporation of the metals (Cu, In, Ga) along with a
high Se overpressure to ensure good material quality. Control of the optimal Se flux is important in
order to ensure highest efficiency. However, it remains challenging to precisely measure and control
the Se flux. Several experiments were made with a new Se source setup that allows monitoring the
relative amount of evaporated Se, and a better control of the Se overpressure.
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Deposition rate and absorber thickness

From an industrial production perspective, high production throughput is required. Higher deposition
rate and reduced absorber thickness are two aspects that can be pursued in order to reduce the over-
all deposition time and material cost in a roll-to-roll deposition chamber. However, they usually come
along with a reduction in the cell efficiency due either to a lower material quality of the layers grown at
higher rate or to insufficient light absorption in thinner absorbers.

Empa was able to reduce the absorber thickness from the standard thickness of 2-3 um for highest
efficiency devices to about 1 um. Efficiency above 16 % was obtained with a 1.2 um absorber thick-
ness, by adapting the low-temperature multistage process for absorbers with such a thickness.

Alkali post-deposition treatment

Alkali doping of the CIGS layers is required in all high efficiency devices. Na has long been known to
be beneficial, either diffusing from the soda-lime glass substrate during growth at high temperature, or
added extrinsically after growth for CIGS layers grown at low temperature. Empa has developed a
NaF post-deposition treatment, where NaF is evaporated onto the heated CIGS layer at the end of the
multistage deposition process. Recently, Empa has also developed and introduced an additional post-
deposition treatment with KF, which led to a new world record efficiency of 20.4% on flexible sub-
strate. The addition of KF greatly modifies the surface of the CIGS layer and allows the formation of
better junction with the buffer layer and to reduce optical losses by reducing its thickness. The imple-
mentation of the KF PDT by other research groups and companies in the world has led to a wave of
new record efficiency announcements for the CIGS technology, bringing it now to the current 21.7%
efficiency level. This new process step does not need major changes in the planning of the inline dep-
osition chamber, as it only necessitates an additional source in a similar manner as already planned
for NaF.

Module

Based on the knowledge described above, mini-modules were processed to show homogeneity and
scale-up potential of the technology developed at Empa. After process optimization, a 16.9% efficien-
cy mini-module was obtained, which represents the world record efficiency for a flexible mini-module.

Process transfer

The novel processes (KF-PDT) and process parameters (compositional grading, Se flux) discovered in
this parallel study were directly implemented in the ongoing design of the R2R deposition system.
Furthermore, all necessary baseline data were acquired for highly efficient CIGS solar cells including
compositional depth profiles, thicknesses and compositional & thickness tolerances as reference for
the in-situ XRF measurements and ex-situ materials and device characterization in order to allow a
fast process transfer on the R2R tool.

Discussion and appraisal of the results

We encountered severe challenges related to the non-availability of suitable vendors to construct a
customized R2R pilot system to our specifications within the approved budget and the desired
timeframe. The response of companies indicated difficulties for reliable and economical procurement
of some crucial components needed for the customized development of the pilot system. Long deliv-
ery time of the equipment by some companies was another problem. Therefore, we reconsidered the
execution plan of the project and more involvement of the project partner company Flisom in terms of
their contribution. It was decided to acquire the system from Flisom since the company has already
demonstrated a system for CIGS coating on rolls albeit with lower efficiency than we want to achieve.

This jointly developed equipment by Empa and Flisom under a close collaboration, furthermore al-
lowed proper protection of the proprietary knowledge of Empa and Flisom and provide a competitive
edge over other partnerships of competitors in other countries.

The targeted timing of the project proved to be very ambitious and not realistic within in the limited
resources available but at the end of the project the assembly of the R2R CIGS deposition equipment
was finalized. The following table summarizes the status of the tasks in the different project phases
(refer to Gantt chart in Figure 2):
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Design phase | (2 months):

Task Status compared to original plan-
ning /Remark

overall and detailed achieved

concept is elaborated

mechanical details are achieved

defined

plans of the vacuum
chamber ready

achieved with delay

electrical supplies are achieved
finalized
orders for core compo- | achieved

nents are placed

Design phase Il (3 months):

Task

Status/Remark

Construction of vacuum
chamber

achieved with delay

component designs are
finalized and ordered

achieved with delay

electrical racks are pre- | achieved
pared
programming of the achieved

system is started

Construction and Assembly phase (4 months):

Task

Status/Remark

Chamber and compo-
nents are assembled

and connected to the

control system

achieved with delay

Various testing proce-
dures and debugging is
started

achieved with delay

First layers will be coat-
ed and evaluated

achieved with delay

Debugging and ramp up phase (4 months):

Task

Status/Remark

Debugging winding
system

achieved with delay, longtime learn-
ing in progress

Debugging substrate
heaters

achieved with delay

Debugging evaporation
sources

achieved with delay, continuous
improvements ongoing

Metal and CIGS coating
runs

Achieved with delay

S1/500694-01, S. Buecheler, EMPA
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Joint testing and observation phase (6 months):

Task Status/Remark

Process development started
runs

Reproducibility of pro- Observation ongoing
cess parameters

Implementation of au- To be started after XRF calibration
tomated feedback loops | and

Currently Flisom has finished the debugging and ramp up phase and is in the joint testing and obser-
vation phase (although long term learnings and debugging is still ongoing) where the CIGS specialists
are implementing baseline processes and conduct material analysis of the coated substrate and lay-
ers. In the beginning of June the pre-acceptance tests was achieved. Fine tuning and feedback loop
implementation is ongoing.

International cooperation

Part of the presented work is co-financed by a FP7 project "R2R-CIGS". The European consortium
consists of 4 research institutes (TNO, Netherlands; Empa, Switzerland; ZSW, Germany; CPI, UK)
and 6 companies (Manz CIGS GmbH, Germany; Flisom, Switzerland; Isovoltaic, Austria; Beneq, Fin-
land; Solaytec, Netherlands; Mondragon Assembly; Spain).

Conclusion and next steps after closure of the project

The CIGS multistage in-line pilot machine was successfully developed within the project despite the
big difficulties encountered in the first year (2012) to identify suitable equipment suppliers and the
huge technical challenges in equipment design and construction. Also important reference data of
highly efficient CIGS solar cells for in-situ XRF monitoring and ex-situ depth profile measurements
were collected within the project period.

At the end of the project the pilot machine is ready to demonstrate the transferability of the multistage
low-temperature CIGS deposition process from small scale, static laboratory equipment to medium
scale, in-line equipment with industrial relevance.

After the closure of the project the partners Empa and Flisom will start with continuous operation and
process transfer. In order to demonstrate final success of the process transfer the partners will contin-
ue to achieve the cell and module efficiency targets.
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ABSTRACT

The project aimed to improve the measurement accuracy for thin film technologies through the defini-
tion of new test procedures and the upgrade of the test equipment. The focus was on the characteri-
sation of multi-junction devices and the pre-conditioning of thin film modules, which needs to be im-
proved to guarantee a higher comparability and repeatability of power measurements. The results, in
combination with long term outdoor data monitoring and modelling activities, will be used to increase
the understanding of the performance of thin film modules in comparison to the one of crystalline sili-
con technologies.

The following results have been achieved in 2014:

improvements in equipment and spectral mismatch correction procedure decreased the uncertain-
ty on Pax Of all single-junction thin film modules from +£3.4% down to £1.9%.

a new test procedure for the characterisation of multi-junction modules was implemented at
SUPSI with a uncertainty close to the one of single-junction thin film modules.

a new pre-conditioning approach for CIS and CdTe, consisting in dark current soaking, was
investigated with the following outcome: a possible stabilisation at higher power levels cannot be
excluded until now and further investigations has to be performed especially to better understand
short-term effects in the range of milliseconds, seconds and minutes.

a 4-year outdoor measurement campaign has been concluded successfully demonstrating
differences in annual energy production of up to +10%.

The introduction of a loss parameter model allowed us to distinguish between single
contributions and to better understand the measured differences in outdoor performance.

A new approach for the modelling of the Staebler-Wronsky effect in amorphous silicon and
different climates was developed and validated for Lugano.
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Work carried out and results achieved in 2014
Test procedures for the characterization of multi-junction modules

Spectral responsivity measurement system with LED bias lights

The activities on spectral responsivity were completed with the optimization of the previously validated
prototype. The equipment developed in the first part of the project was modified and transferred on a
Pasan llla solar simulator, which resulted in a better spatial uniformity for spectral responsivity meas-
urements. The performance was further improved by introducing new filters with a lower bandwidth
and the wavelength resolution was increased via extending the number of filters to 27 wavelength val-
ues, with respect to the 18 values available in the previous setup.

Fig. 1: Spectra of new spectral responsivity system (27 filters) compared to the Pasan llla spectrum.

The new configuration results in a lower uncertainty (k=2) in spectral responsivity measurements, as
shown in the following table as a function of wavelengths:

\Wavelength [nm]| 341 | 380 | 399 | 418 | 440 | 470 | 491 | 499 | 530 | 549 | 570 | 589 | 639 | 661 | 698 | 749 | 765 | 799
Pasan lllb - |5.5%| - [3.6%|3.2%| - - 13.1%| - |29%| - |3.1%| - |3.0%(|2.9%|3.9%| - |4.3%
Pasan llla 2.5% (2.4%(2.3%(2.2%(2.2%|2.2%|2.2%|2.2%|2.2%|2.2%|2.2%|2.2%|2.2% |2.2%|2.2%|2.2%|2.2% | 2.2%

avelength [nm]| 849 | 881 | 899 | 947 | 999 |1049(1098(1145|1198
Pasan llib 3.7% | - |3.4%|3.0%|3.2%|2.5%|2.6%|3.0% |6.3%
Pasan llla 2.2% 2.1%|2.2%(2.2%|2.2%|2.3%|2.3%|2.6% |5.6%

Table 1: Spectral response measurement uncertainty [k=2] for each wavelength.

Furthermore, new LED floodlight bias lights have been purchased, thus fulfilling the need of any 2-
junction (a-Si/a-Si, a-Si/uc-Si) and 3-junction (a-Si/a-Si/a-Si) large area module characterization. The
following LED equipment is now available:

e set of 4 blue (470 nm) LEDs (3600 Im each), for top a-Si junctions;
e set of 4 red (630 nm) LEDs (4200 Im each), for middle a-Si in 3-junction modules and
bottom a-Si in 2-junction modules;

e setof 4 NIR (870 nm) LEDs, for bottom pc-Si junctions.

Current-voltage (IV) characterization: new procedure for "spectro-metric" characterization

The same LED floodlight system was also used to upgrade the Pasan lllb solar simulator for spectral
tuning and to enhance its spectral match to AM1.5g. Based on this, a new test procedure for "spectro-
metric" current-voltage characterization of multi-junction large-area modules was developed. The pro-
cedure can be summarized in the following steps:

1) Spectral responsivity measurement of the multi-junction testing module (on Pasan llla);
2) Calculation of the spectral mismatch MMF of each junction;

3) Determination of the current-limiting junction (on Pasan llib);

4) Selection of the most appropriate reference cell;

5) Current-voltage characterization on Pasan lllb with the selected reference cell and with all availa-
ble additional LEDs (spectral tuning);
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6) Selection of the most appropriate Pasan lllb + LED combination (best match to AM1.5g of the
current-limiting junction);

7) Application of the spectral mismatch correction to the best matched Isc and Pmax;
8) Calculation of the additional uncertainty on the fill factor and open-circuit voltage;

9) Report of STC corrected |-V curve and uncertainties on Pmax, Isc, Voc and FF.

Fig. 2: Experimental set-up with bias light illumination.

Figure 3 shows an example of spectral tuning for spectrometric characterization. The measured elec-
trical parameters (Isc, Voc, Pmax and FF) are plotted as a function of the Isc(top)/Isc(top,AM1.59g) ra-
tio, where Isc(top) is the theoretically calculated photogenerated current of the top junction (the cur-
rent-limiting junction in the example) and Isc(top,AM1.5g) is the calculated photogenerated current
from the top junction at AM1.5g.

The blue dots are measurement results; the blue dashed line is the linear interpolation; the dashed red
line is the best match limit (Isc(top) = Isc(top,AM1.5g); the red cross shows the measurement result
with spectral mismatch correction, but no spectral tuning; finally the red dots show the measurement
results with spectral mismatch correction and spectral tuning, which is the final result to be reported.

Isc(top) /Isc(top,AML1.5qg) Isc(top) / Isc(top,AM1,5g)

Isc(top) / Isc(top,AM1.5g)

Fig. 3: Comparison of measured (in blue dots), spectral mismatch corrected (MMF only, red cross) and by spec-
tral tuning (M-j method, red dots) obtained I-V parameters (Isc, Voc, Pmax and FF).
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Uncertainty calculation for multi-junction current-voltage measurements

The current-voltage measurement of multi-junction modules has an additional uncertainty contribution
to the FF and to Voc, arising from the spectral mismatch, as shown in a previous paper (see M. Pra-
vettoni et al., Proc. 39th IEEE PVSC, 2013). These contributions are not taken into account with the
standard spectral mismatch correction procedure for single-junction devices and may be estimated as
the standard uncertainty of the linear regression of FF and Voc measurement data.

The additional contribution is computed for each testing module and is generally of order + 0.5% (rec-
tangular distribution) for FF and + 0.1% (rectangular) for Voc. These values are added to the uncer-
tainty calculation of the electrical characterization of single-junction thin-film modules with spectral
mismatch correction, to give a final k = 2 uncertainty budget for the measurement of Pmax of multi-
junction modules at +1.9%. The final value for the uncertainty on Pmax is well below the target value
set on the project proposal (+3-4%). This is also partly due to the improved uncertainty of data acquisi-
tion with the new Highlight data acquisition system developed by Pasan in collaboration with SUPSI
(CTI project 9626.1), but majorly by the introduction of the spectral mismatch correction: in fact, within
this project also the uncertainty on Pmax of single-junction thin film modules have been improved from
+3.4% down to £1.86%.

Stabilization procedures for thin film modules

Pre-conditioning procedures for CIS and CdTe modules

Polycrystalline thin-film modules such as CIS and CdTe are known to exhibit metastabilities and
performance changes whether they are light-exposed or stored in the dark. The behaviour of CIS and
CdTe modules from different manufactures was investigated in terms of light soaking (either indoor or
outdoor), dark storage and short preconditioning with current-soaking (CS). The aim was to find a pre-
conditioning procedure which reduces measurement uncertainty for polycrystalline thin-film modules.

The main effort was put into the dark current-soaking (CS) approach which is proposed as a potential
pre-conditioning method for CIS modules within the next revision of IEC61646. The advantages of this
alternative are the independence from light sources, lower facility and energy costs, a better control of
the module temperature during the test, and generally a faster process. However, further research is
still required to really conclude if this procedure can substitute indoor or outdoor light soaking or if a
combination of both can result in more reliable results. Two issues were identified: (1) the level of
stabilisation (sometimes higher then the initial value) and (2) very short-term effects in the range of
ms, s or min, defined also as transient effects or short-term effects.

The picture below shows an example of typical current soaking test.

11

dark storage Current soaking (CS)
3 hours
1.05
AH\(M@
E ! ”‘/
a r .\.
§ [ O O—x
.'_;
§)495 =
S g —-CIS1 Cls2
-<CIS 3 CdTe 2
-=-CdTe 1
0.9 Al
5s 30 min 1h 2h 3h
0.85 t t t t
0 5 10 15 20

Numbers of measurments [-]

Fig. 4: Results of current-soaking over three hours: Measurements are carried out continuously with steps of
15min. The yellow dots indicate measurements at 5s, 30min, 1h, 2h and 3h.
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The power is normalized to the initial indoor measurement after outdoor exposure. After this the
modules have been maintained in the dark until Pmax stabilisation within +0.5%. A 3-hour CS was
then applied to each module. The yellow dots indicate measurement after 5s, 30 min, 1h, 2h and the
last measurement after 3 hours. It was found that the power could be recovered for some modules by
applying CS in dark. The time to achieve the maximum power depends strongly on the module
technology. For CdTe the maximum was achieved after 30min while for CIS it was after 3 hours.
However, the maximum power is about 3 to 4% higher than the initial measurement after outdoor
exposure. This could indicate that the degradation in the first seconds or minutes is much higher and
that meta-stabilities occur already within the short time of transportation from outdoor into the
laboratory.

Another investigated approach (i.e. to stabilize the power in dark by applying a short CS treatment of
5s before the I-V measurement) could be achieved for only one module. The power could be
maintained within £0.7% over one hour, whereas the other modules under test showed the same fast
degradation in the first five minutes.

Detailed results can be found in the paper presented at the 40™ IEEE conference [8] and in the final
report.
Outdoor performance of thin film modules

Technology benchmarking (energy yield inter-comparison)

A selection of 11 different thin film modules covering most of the technologies available to date (a-Si,
a-Si/a-Si, a-Si/uc-Si, CdTe, CIS, CIGS, CIGSS) was monitored for 4 years at the outdoor test facility of
SUPSI, together with some crystalline silicon (c-Si) reference modules. The following picture shows
the measured daily performance ratio (PR=E*1000/H*Pref, where E is the daily energy produced, H
the daily insolation, and Pref the power of the device under test at STC) of the modules, grouped by
technologies - (1) CIS, (2) CdTe (here together with CIS), (3) a-Si/uc-Si and (4) a-Si single and multi-
junction - together with the PR of the c-Si reference module, here represented by a black line plot.
Modules of the same class demonstrate similar trends (seasonal fluctuations), except for the module
CIS1, which is affected by a severe degradation. In the following all Yield and PR values are always
referred to the real indoor measured STC power (Pref).

12
114

<
104

PR

Fig. 5: Daily clear sky performance ratio (PR) in comparison to the PR of the c-Si reference module.

Figure 6 shows the difference between the energy yield produced in 3 years (2012-2014) by the thin
film modules and the c-Si reference module. Differences of up to +10% were observed from one mod-
ule to the other. The first year was not considered to allow all amorphous silicon based technologies to
stabilise. As reported already after the first year of operation (see annual report 2012) CIS and
a-Si/uc-Si modules slightly underperform compared to c-Si, whereas CdTe and a-Si tend to over per-
form.
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Fig. 6: Module Ranking for the period 2012-2014 expressed as APR=(PR-PR..si)/PRcsi for 11 different thin film
modules (CIS in red, CdTe in grey, puc-Si in green and a-Si in blue) compared to the c-Si module.

Module characterization (indoor parameters)

Before being exposed outdoors, all modules were characterized indoors with a class A+ solar simula-
tor according to the most accurate testing standards (IV@STC measurement, 1V(G) irradiance de-
pendency, IV(T) temperature coefficients and SR spectral response). Some of the measurements
were repeated more times over the 4 years of outdoor exposure to detect any changes (degradation
rates and/or meta-stabilities). The table below gives a summary of the module parameters measured
in the laboratpory, which mostly influence the outdoor performance. These parameters are the input
for a later loss analysis. Almost all modules seem to be affected by degradation. A precise determina-
tion of how much this indoor measured degradation rate is affected by short-term meta-stabilities and
how much due to a real degradation of the device is still difficult to establish due to an only partial im-
plementation of stabilization procedures. A detailed loss analysis gives additional insight into this is-
sue.

Y10Ss | nps00 |spec. loss| degrad. | APR

%/°C % %/AM % %
c-Si REF -0.43 -2.60 2.10 0.57 0.00
CIs1 -0.37 -15.30 -1.50 -9.29 -9.10
CIS 2 -0.36 -7.20 1.95 -0.05 -2.40
CIS3 -0.39 -1.30 3.23 -1.00 0.00
CdTe 1 -0.27 5.70 -0.48 -2.66 3.40
a-Sil -0.18 -4.10 -7.80 -5.44 1.10
a-Si 2 -0.11 -1.10 -6.10 -3.97 4.80
a-Si3 -0.15 -0.60 -3.00 -0.51 11.00
pu-Sil -0.30 -7.80 -2.10 -3.48 -0.20
p-Si 2 -0.29 -7.10 -2.40 -4.06 -0.80
p-Si 3 -0.23 -6.70 -1.60 -4.32 -1.90
p-Si 4 -0.31 -14.80 -3.50 -2.00 -2.30

Table 2: Single module parameters (temperature coefficient [y], efficiency loss at 200W/m?2 [niess200], Spectral loss
coefficient and module degradation) together with outdoor measured APR.

Link indoor to outdoor performance (loss analysis)

The loss analysis approach presented in former publications was further developed. Four loss mecha-
nisms are considered for the analysis of the outdoor data: (1) temperature, (2) irradiance (3) spectrum
and (3) reflection. The same angle of incidence dependency was assumed for all modules. The instan-
taneous losses are calculated according to the equations described in [9,10] and a daily loss factor is
calculated for each day of the year. Figure 7a shows an example of daily loss factors for one of the a-
Si/uc-Si module (u-Si4). By reversely applying the losses to the measured outdoor power values, one
should theoretically obtain the STC power (Pstc) of the module and its evolution over time. If no deg-
radation occurs, the corrected STC power should stay close to 1. Figure 7b shows the normalized dai-
ly average Pstc values of the a-Si/u-Si4 module together with its indoor measured STC power (red
dots). The graph shows a clear negative trend (degradation) in combination with a seasonal variation
due to the Staebler-Wronsky effect.
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Fig. 7: (a) Seasonal variation of the performance losses: temperature, irradiance, angle of incidence and spec-
trum (b) Indoor and outdoor determined STC power over time for an a-Si module.

For the test site of Lugano, the loss analysis for all modules can be summarised as follows: spectral
effects are crucial for all thin film technologies, with the highest influence for a-Si based technologies
and the lower for a-Si/uc-Si. For a-Si/uc-Si the spectral gains in summer are partly compensated by
higher thermal losses and lower thermal annealing (flatter PR trend). CIS and CdTe have a similar PR
trend as c¢-Si (PR max in winter at low temperatures a min in summer at high temperatures), but with
different contributions from spectrum and temperature. The losses at low irradiance play a minor role,
but with increasing significance during cloudy days (sum up of spectrum and low irradiance). Degrada-
tion and/or meta-stability seem to be one of the main issues in energy predictions and have to be in-
vestigated further.

Simplified performance model with extension for amorphous silicon modules

Compared to the more conventional approach, the model proposed here, rather than focusing on the
instantaneous power, concentrates on the large picture and directly attempts to provide a description
of the daily performance ratio (PRy) of the device allowing to introduce a number of simplifications and
to work with much smaller data sets (crunching big data). Input for the simulations are daily aggregate
meteorological and solar data weighted on the irradiance profile.

The proposed model aims at describing the energy performance of solar photovoltaic modules under
real operating conditions, including the peculiar counter-cyclical seasonal oscillations of technologies
such as amorphous (a-Si) and crystalline (c-Si) silicon. The model focuses on clear-sky conditions and
adds the Staebler-Wronsky effect (SWE). In a first approach the SWE is modeled using inputs from
former works (valid for Lugano or similar geographical locations).

Details about the approach and weighting of the meteo and solar parameters are given in the annual
report 2013 as well as in Ref. [10]. The model was further validated against three full years of data col-
lected from our outdoor test field and good agreement was achieved for the two up to now investigat-
ed modules (a-Si single junction and c-Si module). For the a-Si device slight discrepancies on the long
term are attributed to an intrinsic degradation of the module’'s energy performance which is not ob-
served for c-Si.

Extension of amorphous silicon model to other geographical locations

For the a-Si technology, a paper aiming at extending the model for geographical locations in Europe
other than Lugano was presented at the 29" EUPVSEC Conference [11]. In this work the previously
proposed simplified model was further elaborated, including a new contribution for the well-known
SWE.

So far, the limit of the model is its focus on sunny days only. The extensions of the model to cover
other geographical locations in Europe, using as solar and meteorological input parameters time se-
ries provided by GeoModel, shows that the model can be used to describe, clearly distinguishing be-
tween the impact of the different contributions (i.e. reflection, spectral, temperature, irradiance), the
very peculiar seasonal pattern of a-Si.

It was further demonstrated that it is possible to decouple spectral and SWE for different locations.
The regeneration of the module related to the SWE becomes more significant for warmer climates
(Sevilla, Lugano), whereas the impact of spectral losses becomes very significant at high latitudes
(Tallin, Lubeck) in winter time. The study confirmed also that the a-Si technologies are more suited to
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warmer climates (SWE) and to latitudes (in the northern hemisphere) between 0 and 45-50°, due to
the massive spectral losses for this technology in winter time at high latitudes (on sunny days). The

following graph shows the outcome of a full simulation of the daily PRy for different sites in Europe.
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Fig. 8: Combination of the different contributions (losses/gains respect to STC) for the different geographical loca-
tions aiming at modeling the daily performance ratio PRy of an amorphous silicon module.

International collaboration within the project

In 2014 following international collaborations have been continued:

Partecipation at the definition of a new IEC standard for the characterisation of multi-junction
technologies (IEC 60904-1.1, IEC 60904-8.1).

Collaboration within IEA Task 13 for the preparation of technical reports, the analysis of outdoor
data and the preparation of a new pre-conditioning procedure for CIS and CdTe modules.

Participation at the 4th international spectral irradiance inter-comparison campaign held in
Madrid.

Joint collaboration with GeoModel Solar (Bratislava, Slovakia).
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ABSTRACT

For a continued decrease of levelised costs of electricity from photovoltaics (PV), the prices of mod-
ules, inverters and balance of system (BOS) components have to be further decreased while perfor-
mance, functionality, reliability and lifetime on the component and system level need to be increased.
The PV industry has made large technological progress with PV cells, modules and inverters in terms
of costs and reliability. However, in an integrated view, PV system performance emerges from, but is
not limited to the performance of the components. Consequently, Performance Plus explicitly focuses
on the PV system rather than on the component level. Modules and inverters are studied with focus
on their functioning within a system. The main idea of the project is to optimise the system as a whole
rather than the separate components only.
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Goals

The consortium aims at developing and demonstrating models and tools, beyond the state of the art,
for monitoring, control and testing of PV systems, thus serving to optimize and enhance the perfor-
mance, reliability and lifetime of commercial PV systems. Means for a better integration of PV-
generated electricity into the power system shall be provided by methods for short-term forecasting,
integrated energy management and storage control, PV system monitoring and control. The goal is to
improve the competitiveness of PV on the system level. This will be achieved by optimizing the system
as a whole rather than the separate components only.

The resulting collection of tools (toolbox) will be applicable to the decisive phases in the life cycle of a
PV plant, namely, design, operation and maintenance. All R&D results and models will be validated
with empirical data. The resulting tools will be demonstrated.

The specific scientific and technical objectives of Performance Plus are:

¢ Robust system design modelling for diligent design and bankability,

¢ Robust operational modelling for optimizing the system output,

e Integrated energy management and storage control,

¢ Real time monitoring and control: sensors communication and feedback,
e Hardware and software tools for testing,

e Validation, demonstration and target control.

Brief description of the project

For a continued decrease of levelised costs of electricity from photovoltaics (PV), the prices of mod-
ules, inverters and balance of system (BOS) components have to be further decreased while perfor-
mance, functionality, reliability and lifetime on the component and system level need to be increased.
The PV industry has made large technological progress with PV cells, modules and inverters in terms
of costs and reliability. However, in an integrated view, PV system performance emerges from, but is
not limited to the performance of the components. Consequently, Performance Plus explicitly focuses
on the PV system rather than on the component level. Modules and inverters are studied with focus on
their functioning within a system. The main idea of the project is to optimise the system as a whole
rather than the separate components only.

Activities performed and achieved results
The main activities performed by SUPSI are related to two of the nine work packages, WP3 and WP5.

During 2014 and 2015 a big effort will be accounted also the WP7, related to define future possible
commercial possibilities (software and tools) from the experience and the knowledge achieved.

WP Work package title Leader
WP1 PV system design modelling IMEC
WP2 Operational PV system UoL
WP3 Integrated energy management and storage control KUL
WP4 Tools for monitoring and control 3E
WP5 Procedures and tools for laboratory and field testing SUPSI
WP6 Demonstration and validation of overall tools AIT
WP7 Valorisation SUPSI
WP8 Dissemination and networking activities 3E
WP9 Project management 3E
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Inside WP3 the SUPSI role is to develop and test a simplified model for energy storage with batteries
inside the Modelica framework, to achieve this objective is under testing a model that includes calen-
dar aging and cycling aging.

International cooperation

Performance Plus is the result of unique international collaboration between the market, the industry
and high level research. The 8 partners in Performance Plus consortium represent expertise from
system operators, PV component manufacturers, renewable energy experts and researchers.

The main interactions for SUPSI are with:

3E sa

Established in 1999, 3E is an independent consultancy & software services company. 3E provides
guidance as well as solutions to improve renewable energy system performance, to optimize energy
consumption and facilitate grid and market interaction. 3E pursues innovation to provide leading ener-
gy intelligence and practical solutions to our customers. 3E is certified ISO 9001:2008 since early
2010. 3E has worked on projects in more than 30 countries and operates with an international team of
around 100 experts from its headquarters in Brussels and offices in Toulouse, Beijing, Istanbul and
Cape Town.

Katholieke Universiteit Leuven

KU Leuven boasts a rich tradition of education and research, which dates back six centuries. KU Leu-
ven is the largest university in Belgium in terms of research expenditure, which exceeded EUR 347
million in 2010, and research output, e.g. 5200 international peer-reviewed publications and 626 PhD
degrees in 2010. KU Leuven participates in over 370 highly competitive European research projects
(FP7, 2007 up to 2011), including 33 of the prestigious European Research Council grants and 85
Marie Curie Actions, which places KU Leuven fifth in the European HES ranking (4th FP7 monitoring
report, Aug. 2011). KU Leuven is core partner in InnoEnergy and delivers the European institute of
Innovation and Technology (EIT) PhD degree label.38% of KU Leuven’s PhD students and 36% of its
postdoctoral researchers are international scholars.

KU Leuven’s contribution to Performance Plus will come from the research group Thermal Systems
(TS) within the Division Applied Mechanics and Energy Conversion (TME). The research focus of the
Thermal Systems group is on thermal systems, for which it has been shown that significant energy
savings can be reached by using model based predictive control (MPC) strategies.

AIT Austrian Institute of Technology GmbH

AIT Austrian Institute of Technology GmbH is Austria’s largest non-university research organisation
with more than 900 employees. In the field of electricity networks and distributed energy resources
AIT’s main expertise is in low and high voltage technology, power quality, safety and reliability analy-
sis. AIT has long term experience in active integration of distributed generation in distribution networks
and related applications.

Furthermore, AIT is represented in several technology platforms and is involved in the European Elec-
tricity Grid Initiative (EEGI), the EERA Joint Programmes on Smart Grids and PV and several Imple-
menting Agreements of the International Energy Agency (ISGAN, IEA-PVPS).

Evaluation of year 2014 and perspectives for 2015

During 2013 the SUPSI activities focused on WP3 where our researchers developed a simplified
model for Modelica of a standard battery and WP5 where we are leading the activies regarding the PV
testing.

The model for the electric batteries developed inside WP3 is taking in account the main phenomenon
that affects performances:

¢ Relationship between state of charge and open circuit voltage

o Lifetime and depth of discharge

e Calendar aging

e Self-discharge

150/288
Performance Plus, G. Corbellini, ISAAC-DACD-SUPSI



The purpose of this submodel is to be implemented inside a more complex system that includes also
photovoltaic arrays, inverters and loads; inside this system Catholic University of Leuven will test their
own algorithm to optimise the overall performances. The goal of this optimisation can be set to
achieve different goals, namely maximum self-consumption, maximum lifetime, reliability, or a combi-
nation of these.

Regarding the Work Package 5, the revision of existing procedure for indoor and outdoor testing has
been performed inside the deliverable D5.1, while also has been deployed the structure of the tool that
is under development to improve on site testing and evaluating single effects that cause under perfor-
mance in real plants. This will reflect in better understanding of PV plant behaviour and will help in-
staller and maintenance activities to optimize the energy output.

An important topic to separate the causes of under performance is the determination of statistical dis-
tribution of module performances over system lifetime, mismatches in array, degradation variability,
interaction between these effects and on inverter maximum power point tracking.

During 2014 we've been performing many measurements regarding the degradation effects on our PV
plant TISO 10 (installed in 1982) that shows all kind of issues that can occur on real operation.

These activities included testing in laboratory and measurement on site (outdoor); an innovative meth-
od to estimate parasitic resistance has been developed, using dark |-V measurement during nights, to
avoid every kind of optical effect.

In particular has been studied:

e Potential Induced Degradation (also known as PID)

e Thermography

¢ Improvement on the uncertainty determination

e Extrapolation of STC or other conditions

e Evolution over time of Fill Factor

e Low irradiance performances

Moreover during 2015 we will conclude the project providing new procedures and tools to improve the

testing activities on PV plant, using proper software with innovative modelling that include the work of
other institutions developed inside other WPs.

Every tool and procedure developed will be tested and validated on out TISO 10 plant and on PV plant
(MW size) offered by the user groups, in different location, from Denmark to Italy.

References

http://www.perfplus.eu/ Website of the project including also the publications related to dissemination
activities.
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ABSTRACT
The project is financed by the EU-FP7 program under the Grant agreement number: 295981.

Construct-PV will develop and demonstrate customizable, efficient and low cost BIPV elements for
opaque surfaces of buildings. Opaque surfaces were selected because they represent massive wide-
area spaces of untapped harvesting potential across Europe. The multifunctionality of Construct-PV
solution makes them an attractive solution for the market. Opaque surfaces are ideal for retrofit build-
ing envelopes that harvest also energy at the same time. To do this, the Construct-PV consortium
involves selected partners, leaders in the industry and research sector and more in particular in the
fields of PV technology and building construction. Construct-PV defines an integrated approach that
streamlines the value chain by introducing BIM and CAD/CAM tools that enable customizable mass
production by providing all the actors in the value chain access to the same information. Thus, Con-
struct-PV will be attractive for the majority of SMEs in the building value chain. Demonstration activi-
ties will cover all aspects of the value chain. Two large scale demonstration sites will allow architects
to have the liberty of designing solutions integrated in large districts. So, by choosing beautiful de-
signed PV cell and module technology and by being customizable, Construct-PV is architect friendly.
SUPSI-ISAAC contributed in WP1 and 2 with the identification of possible design solution for new
BIPV customizable modules and system together with the definition of new standard procedures to
tests BIPV system according to the Building roles. Task 5.1 is leaded by SUPSI and a new BIM tool is
under development together with Zublin in order to offer the main stakeholder an innovative tool for
the design of different BIPV envelope. Finally SUPSI is also responsible for the dissemination activi-
ties and the distribution of the project achievements. The website www.constructpv.eu presents the
main achievement of the project.

The project started in February 2013 and will run for 4 years.
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Introduction/Aims of the project

The final goal of Construct-PV is to obtain BIPV modules that are targeting the expected performances
described in SEII* with respect to the module efficiency range and applicable to at least 80% of the
buildings in a urban environment.

The targeted markets for Construct-PV solutions are:

1. New buildings that, being designed from scratch, will be designed in order to meet optimal re-
quirements for effective BIPV installation (i.e. building orientation, shading, building placement,
road ac-cess, roof and facade dimensions)

2. Existing buildings undergoing deep retrofitting:

a. if modifications of the facade appearance are allowed, it will be possible to install BIPV sys-
tems following Construct-PV integrated approach that includes: identification of optimal posi-
tion for BIPV systems, aesthetic design for architects, technical requirements for builders and
BIPV manufacturers and finally guidelines for installers;

b. if modifications of the facade appearance are not allowed or only partially allowed in line with
building codes, it will be possible to install BIPV on roof top of building; moreover other alter-
native solutions will be possibly identified by architects to allow smaller intervention to improve
energy efficiency of the building.

Detailed description of the project

The project, whose duration is estimated to be 48 months, has been broken down into 8 Work Pack-
ages (WPs) to achieve the S&T Objectives and expected impact (e.g. the development and demon-
stration of a radical evolution of BIPV). The first two years of the project are mainly devoted to re-
search and development activities, laboratory testing, market analysis and all tests necessary to set
the conditions for the success of the demonstration activities. In particular, the focus will be given to
the involvement of all the partners in the analysis of building requirements from the point of view of
architects, PV producers and construction companies. A task will be also dedicated to understand in
which way the market is most quickly reachable for opaque BIPV solutions. This will help the identifi-
cation of essential requirements, which will be then translated into technical specifications during the
conceptual design of Construct-PV solutions.

Fig. 1: Project flow and partners involved in the project. The whole BIPV design value chain is covered.

Work carried out and results achieved

The project officially started in February 2013 and will be finished in January 2017. All WPs started
and are running properly.

The main activities of WP1 were dedicated to the definition of the requirements of BIPV opaque solu-
tions such as facade cladding elements and roof tiles. Moreover the identification of existing technical
requirement was completed. The idea of the project is to treat the BIPV system as a conventional
building construction.

! “Implementation plan 2010-2012" of the Solar Europe Industry Initiative (SEII), EPIA 2010.
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All possible design solutions, available today for BIPV systems on roof and facades, have been col-
lected and present in Deliverable D1.2. Special focus has been given to ventilated facades and roofs.
Promising solution for Construct PV have been also described and correlated to a market analysis
performed by Dappolonia (ITA) and SUPSI, together with the contribution of other partners.

Construct-PV has developed a layered approach that provides possibilities for design adaptations
throughout Europe:

e Cell and material desing level
e PV module design level

e Facade design level

e Building desing level

e Environment desing level

With a range of colors, patterns and glazing finishes the appearance of the PV cells can be enhanced
and enriched without losing efficiency in producing electricity. This product is being developed for the
European Market and is intended to become available in a range of catalogue options, and if request-
ed bespoke solutions.

Fig. 2: Frit Printed glass panes to be used as front cover fro PV modules.

Fig. 3: Multiwire connectors (MWT) are only visible when standing close to the facade and guarantee higher flexi-
bility than conventional connection.

To imitate patterns of other building materials, solar cells and PV module could be configured to re-
produce the qualities of other construction materials. By modifying the space of solar cell for example
and shifting them it is possible to create regual patterns that reproduce the appearance of a brick wall
(as example). The same effect can be reproduced at module level.
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Fig. 4: By changing the cell spacing or the module distance it is possible to reproduce the rhythm of a brick fa-
cade.

Fig. 5: Four coloues have been identified by UN Studio as more attractive for architects.

Following the same approach, in parallel to WP1, WP2 (Standardization and Testing) investigated
the standards and testing procedures required to certify Construct-PV products (with an important
aspect being a contribution to standardization for the loosely regulated BIPV sector). The results of
such activities will be further discussed in the framework of CENELEC working group, which is prepar-
ing the new standard for Photovoltaic in building prEN 50583. SUPSI is part of this group and will
transfer the achievement of the project to CENELEC.

The Content of this WP is not only about the European legal situation of the building code, but also on
those of some national countries. In addition to France, Greece, Switzerland, Italy, Spain, the Nether-
lands and Austria, the German standard situation and its legal process will be mainly discussed. The
German situation has been identified as the more strict and difficult market for BIPV, especially for
facades.

Furthermore in WP2 since so fa for buildings’ facades no detailed solar irradiation potential maps are
available, a statistical cluster analysis and simulation has been performed. In the following figure an
exemplary solar irradiation map including the facades for the city of Karlsruhe, Germany is shown. It
has been created based on an existing 3D model of the city of Karlsruhe employing solar irradiation
analysis based on ray-tracing algorithms used in research projects of ConstructPV.
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WP4 and WP6 are running since July 2014 and preliminary results have been discussed only internal-
ly. As planned the demo sites will be located in different places.

In WP5, Task 5.1 aims at developing a software tool for comprehensive assessment and evaluation of
BIPV in connection with the BIM software in the design phase for the planner and in the offer phase of
the construction company. The goal is the assessment of costs. The physical characteristics of a PV
product (mono- and multicristalline, thin film, opaque surface, partially transparent) such as color
(cells, background, frame), shape (cells and modules), typology of the electrical contacts (standard,
back contact), transparency and reflection, may be analyzed. Each of these factors correspond to
GDL (Geometric Description Language) information which carries 2D and 3D geometry, product logic
and behaviours, parameters, material definitions and a specific user interface. These features allow an
effortless customization of the CAD object to the requirements of every user, reproducing most of the
products currently on the market using CAD and CAD compatible software.

The activities for WP7 (Overcoming non technological barriers), where SUPSI is WP leader, will
ensure a widespread and effective dissemination of project results to the relevant target groups. Also
the website of the project, developed by SUPSI, is now on-line (http://www.constructpv.eu/) and will
contain the most relevant project information. The Web page will be updated as the project will be
developed. This channel intended to be a good strategy for communicating that influence policymak-
ers and other stakeholders about the benefits and the value-chain on BIPV systems and especially the
photovoltaic solutions developed in the project.

National and international cooperation

Within the project the following partners, together with SUPSI, are included:
e Ed. Zueblin Ag (Coordinator) (Germany)

e Alkion Anonimi Techniki Kai Emporiki Etairia (Grece)

e D'appolonia Spa (Italy)

o ENEA (ltaly)

e Fraunhofer ISE (Germany)

e Meyer Burger AG (Swiss company, that is providing solar cell and PV modules) (Switzerland)
e NTUA (Grece)

¢ SMA (Germany)

e Technische Universitaet Dresden (Germany)

e Tegola Canadese Spa (ltaly)

e Van Berkel & Bos U.N. Studio B.V. (Neatherland)

Evaluation and future prospects
The project is running properly.

To cover the last mile before market uptake, Construct-PV will demonstrate its results across all as-
pects of the value chain. In specific:

A Small Scale demonstration of manufacturing line for BIPV will be prepared by Meyer Burger in Thun
to demonstrate the high replication potential of the developed results: in particular the focus will be on
the optimization of the manufacturing line in order to allow for a more flexible production.

A special test stand will be built at SUPSI campus to show the roof system and a second small facade
mockup will be constructed from Ziblin to show the facade possibilities

Furthermore two large scale demonstrations will be performed on two different demo-sites available
for Construct-PV (see Fig. 6)

e the first is an existing building located in National Technical University Zografos Campus of Ath-
ens (NTUA) where roof application of developed BIPV will be mainly pursued, since panels in
horizontal orientation offer better performances at this latitude. This building is one of the many
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buildings in the same campus that could be retrofitted after project closure, representing an initial
market replication potential for the proposed approach.

the second is a new building of Zublin in the district of M6hringen (Stuttgart). Roof and facade
application are foreseen here.

Fig. 6: The left photo shows the Ziblin building in Stuttgart and the right picture the building located in Athens.
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ABSTRACT

The aim of this project is to extend the use of tinted windows or glass building fronts to the generation
of electricity. Most of such surfaces cannot be exploited in a meaningful way for photovoltaic energy
generation with current technology. Using light-stable luminescent solar concentrators in an economi-
cal, ecological, and aesthetically pleasing way leads to novel architectural building elements that can
also generate electricity from direct and diffuse illumination. The major project goal lies in the devel-
opment of light-stable dye-zeolite composites (ZeoFRET®) that can be used in the production of lu-
minescent solar concentrators. Since ZeoFRET® composites for indoor applications do exist, they
now need to be tested and adapted for large-scale outdoor use.

Long-term stability is a key aspect in order to prepare luminescent solar concentrators which keep
80% of their initial efficiency after 25 years of operation. ZeoFRET® composites are non-toxic and do
not contain any rare or hazardous materials. They are highly biocompatible.

During the first year of this project a major step was to investigate and find solutions to prevent
ZeoFRET® agglomeration, allowing proper dispersion of ZeoFRET® in polymer material. New sur-
face coating methods were developed. Compounding of ZeoFRET® in different polymers was inves-
tigated and first successful mold injection experiments were carried out.

Additional dye types were added to the system allowing for a broader absorption spectrum.

Photostability tests in different set-ups have been performed and compared with industry-standard
long-term stable luminescent dyes. The lifetime of the dyes is extended in the ZeoFRET®-system
compared to pure dyes in the same polymer matrix.
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Einleitung / Projektziele

Die Toénung von Fenster und Glas-Hausfassaden soll um die Zusatzfunktion der Elektrizitatsgewin-
nung erweitert werden. Flachen, die mit bestehenden Technologien nicht oder nur unbefriedigend
genutzt werden kodnnen, sollen durch Verwendung von lichtstabilen Lumineszenzkonzentratoren
(luminescent solar concentrator, LSC) in 6konomisch, 6kologisch und asthetisch sinnvoller Weise fir
die photovoltaische Energiegewinnung erschlossen werden.

Das vorliegende Projekt hat zum Ziel, in eine Polymermatrix eingebettete ZeoFRET®-Komposita fiir
Anwendungen im Freien hinter Glas, das heisst unter Berlicksichtigung klimatischer Belastungen so-
wie direkter Sonneneinstrahlung, auf ihre Stabilitat zu prifen und zu optimieren. ZeoFRET® ist ein
Gast-Wirt Komposit bei dem eine Kombination von zwei bis drei lumineszierenden Farbstoffen, Dono-
ren und Akzeptoren, geordnet in Réhren von etwa 1 nm Durchmesser eingebaut ist. Als Wirt dienen
Zeolith L (ZL) Kristalle im Gréssenbereich von wenigen hundert nm. Férster Resonanz Energie Trans-
fer (FRET) von den in hoher Konzentration vorliegenden Donoren auf wenige Akzeptoren fiihrt zu
einer Farbanderung, welche die Emission in einen Bereich verschiebt, in welchem das Material nahe-
zu kein Licht absorbiert. Im Fokus steht der Einsatz von ZeoFRET® in LSC-Modulen mit einem Sys-
temwirkungsgrad von zunéchst mindestens 5%, bei direkter Sonnenbestrahlung und einem guten
Wirkungsgrad bei diffusem Licht.

Das wissenschatftlich-technische Ziel des Projekts ist die Langzeitstabilitdt von ZeoFRET®. Die opti-
sche Effizienz des ZeoFRET®-LSC soll nach 25 Jahren noch mindestens 80 % der Anfangseffizienz
betragen.

ZeoFRET® Komposita sind nicht-toxisch und enthalten insbesondere keine giftigen oder schwer ge-
winnbaren Elemente. Sie sind daher in hohem Masse biokompatibel.

Im ersten Jahr dieses Projektes wurden folgende Ziele gesetzt:

e Optimierte und reproduzierbare Beschichtungsverfahren, die zu Lumineszenzkonzentratoren
mit einer Effizienz von mehr als 50% flihren (relativ zum absorbierten Licht; mit ZeoFRET®
Komposita, die eine Lumineszenzquantenausbeute von mehr als 90% aufweisen).

e Langzeit-Stabilisierung und Upscaling des Verschlussverfahrens fir ZeoFRET®-Komposita
vom Labormassstab (<1 g / Batch) auf 100 g / Batch.

e Erste Versuche zur Einbettung der ZeoFRET® Komposita in Polymermatrizen inshesondere
PMMA. Ziel ist eine Dispergierungsmethode zu entwickeln, welche ZeoFRET®-Agglomerate
verhindert.

e Validierung der Methode zur Ausrichtung von ZeoFRET® zur Effizienzsteigerung des Ge-
samtsystems durch Einsatz verschiedener Kristallformen und deren Anwendung bei der Ober-
flachen-Beschichtung.

Kurzbeschrieb des Projekts / der Anlage

Essentiell fur die Bestimmung der Quantenausbeute und das Erreichen der 50% LSC-Effizienz ist, die
Lichtstreuung im LSC zu minimieren. Dafir muss ZeoFRET® im Tragermaterial vollstandig benetzt
und homogen in Form von Primarteilchen ohne Aggregate dispergiert werden. Um eine optimale
Dispergierbarkeit der ZeoFRET®-Kristalle in organischen Ldsungsmitteln oder PMMA-Schichten zu
erzielen und damit die Streueffekte durch ZeoFRET®-Aggregate zu vermeiden, muss die Oberflache
der Kristalle so modifiziert werden, dass ihre chemische Beschaffenheit mdglichst &hnlich zu der
PMMA-Matrix ist.

Fir die Aufskalierung des Verschlussverfahrens musste der Ldsemittelverbrauch gegenuber dem
Laborverfahren um Faktor 6 reduziert werden. Weiterhin kritische Punkte des Prozesses sind der
Wassergehalt des Lésemittels und die Durchmischung der Suspension.

Fur die industrielle Applikation der Methode sollen verschiedene Ansatze fur Beschichtung und
Spritzguss verfolgt werden. Konkrete Versuche dieser Ansatze mit Uberpriifung der
Agglomeratsbildung wurden durchgefihrt.
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Durch kovalente Anbindung von ,Disk-shaped“ ZeoFRET®-Kristallen an die Oberflache einer
Quarzplatte kénnen Monoschichten hergestellt werden, wodurch die Emission des ZeoFRET® in der
Ebene der Quarzplatte ausgerichtet wird. Diese Ausrichtung erhoht die optische Effizienz eines
entsprechenden LSC und vermindert Streuverluste. Aus einer Vielzahl von mdglichen Methoden zum
Anbringen von ZeoFRET®-Kristallen auf einer Trageroberflache, wurden zwei Strategien verfolgt.

Durchgefuhrte Arbeiten und erreichte Ergebnisse
Optimierte und reproduzierbare Herstellung von ZeoFRET® Waveguides

Das Dunnfilmrakeln konnte so weiterentwickelt werden, dass nun Waveguides reproduzierbar und
gleichmassig mit einer ZeoFRET®/PMMA Dispersion beschichtet werden (Fig. 1). Die angestrebte
Effizienz von Uber 50% wurde bisher aufgrund von Streueffekten noch nicht erreicht. Die Entwicklung
einer besseren Dispergierungsmethode von ZeoFRET® in einer Polymer-Matrix wurde angegangen.

Fig. 1: Links: Mit 300 um PMMA/ZeoFRET® beschichteter Waveguide (15 mg/mL). Rechts: Mikroskopieauf-
nahme der Beschichtung (Skala = 500 um). Die roten Punkte sind ZeoFRET® Agglomerate.

Erweiterung des Beladungskonzepts von ZeoFRET®

Das Syntheseverfahren fir die ZeoFRET®-Komposita wurde durch den Einbau eines zweiten Donor-
farbstoffes erweitert. Dadurch zeigt das System ein wesentlich grosseres Absorptionsfenster als Zeo-
FRET®, das mit nur einem Donorfarbstoff beladen ist (Fig. 2). Der zusatzliche Farbstoff ermdglicht es
nun auch Photonen im UV Bereich (ab 360 nm) fir den FRET Prozess zu nutzen und somit die Licht-
sammeleffizienz der LSC zu verbessern. Die Strukturformeln der eingesetzten Farbstoffe sind in
Schema 1 zusammengefasst.

Fig. 2: Absorptions- und Emissionsspektrum von Breitband-ZeoFRET®. Absorptionsspektrum (blau); Emissions-
spektrum mit einer Anregungswellenlange von 360 nm (rot).
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Schema 1: Abbildung der in diesem Bericht beschriebenen Strukturen.

Optimierung des Verschlussverfahrens fir ZeoFRET® und dessen Dispergierbarkeit in PMMA

Ein verbessertes Verschlussverfahren mit APTES (Molekularstruktur siehe Schema 1) wurde entwi-
ckelt, welches auch in grossen Mengen durchgeftihrt werden kann. Die verschlossenen Komposita
zeigen auch nach langerer Lagerung bei Raumbedingung keinerlei Farbstoffverluste.

Um eine optimale Dispergierbarkeit der ZeoFRET®-Kristalle in organischen Ldsungsmitteln oder
PMMA-Schichten zu erzielen und somit Streueffekte durch ZeoFRET®-Aggregate zu vermeiden,
muss die Oberflache der Kristalle so modifiziert werden, dass ihre chemische Beschaffenheit mog-
lichst ahnlich der PMMA-Matrix ist. Eine solche Strategie wurde von uns bereits fiir die Verbesserung
der Dispergierbarkeit von Zeolith L in anderen Polymeren erfolgreich angewandt.m Das Anbringen von
langkettigen Alkanen (mit 18 C Atomen) an der Kristalloberflache fiihrte zu einer signifikanten Verbes-
serung der Dispergierbarkeit in PMMA Lésungen.

Diese Oberflachenmodifikationen haben keinen Einfluss auf die Form der Absorptions- und Emissi-
onsbanden der ZeoFRET®-Materialien. D.h. das optische Verhalten von ZeoFRET® wurde durch
diese Stabilisierungs- und Dispergierungsoptimierung nicht verandert.

Der eigens fiur die Herstellung von ZeoFRET® entwickelte Interkalator (Fig. 3) wurde auf seine Funkti-
onalitéat getestet und fir flexiblere Verwendung angepasst. Pro Batch kénnen nun 20 - 200 g ZeoF-
RET® hergestellt werden. Das Verschlussverfahren von ZeoFRET® wurde auch erfolgreich vom La-
bormasstab (<1 g) aufskaliert. Die grosste Herausforderung war die Reduktion des Ldsungsmittel-
mengenbedarfs um Faktor 6 gegeniber dem Laborverfahren. Ein aufskalierter Herstellungsprozess
fur verschlossene ZeoFRET® Komposita liegt nun vor. Es konnten bereits tiber 100 g ZeoFRET® fur
die Verwendung in Spritzgussversuchen hergestellt werden.

Fig. 3: Interkalator fur die Herstellung von 100 Gramm-Mengen an ZeoFRET®. Drei Produkte von Testsynthesen
(100 g Massstab) sind im Vordergrund gezeigt.
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Um eine moglichst lange Beleuchtungszeit fur die Stabilititsmessungen zu erhalten, wurden die Pro-
ben fir die Stabilitdtsmessungen nach der bereits oben beschriebenen Verschlussmethode und dem
oben beschriebenen Beschichtungsverfahren hergestellt. Da diese Proben noch einen hohen Streu-
lichtanteil aufweisen, konnten damit bisher zwar Stabilititsmessungen aber keine aussagekraftigen
Effizienzmessungen gemacht werden. Daher wurde parallel zu den Messungen der Beleuchtungssta-
bilitdt die Einbettung von ZeoFRET® in Polymermatrizen mittels Schmelzextrusion und Spritzguss
entwickelt. Diese Methode hat gegeniiber der Beschichtung von Waveguides den Vorteil, dass die bei
der Beschichtung auftretenden Einflisse von Losemittel, Filmtrocknung und Filmschrumpfung wegfal-
len. Beim Spritzgiessen werden jedoch im Gegensatz zur Beschichtung gréssere Mengen an Material
verbraucht, was die Anzahl an Versuchen mit ZeoFRET® begrenzt. Bisher wurden daher die Disper-
sionsversuche mit einer ZeoFRET®-Vorstufe (Farbstoff-Zeolith) und mit oder ohne Verschluss durch-
gefuhrt. Diese Farbstoff-Zeolith Produkte weisen zwar keinen FRET-Effekt auf und kénnen damit auch
nicht furr die Uberpriifung der Effizienz benutzt werden, zeigen aber gleiche Oberflacheneigenschaften
und ein analoges thermisches Verhalten wie ZeoFRET®.

Die Evaluation der fiir die Spritzgussversuche zur Verfiigung stehenden Matrixmaterialien erfolgte in
Bezug auf ihr Temperaturverhalten und die Ubereinstimmung der Brechungsindices mit jenem von
ZeoFRET®. Damit konnten bereits die erforderliche Materialmenge ermittelt und bereitgestellt, die
Vortrocknung des ZeoFRET® und des Polymergranulats optimiert und der Ablauf des Spritzgusspro-
zesses festgelegt werden. (Fig. 4 und 5). Durch eine Erhdéhung der Scherbelastung wurde eine aus-
gezeichnete Dispergierung in PMMA erreicht (Fig. 5, unten).

Fig. 4: Links: PMMA-Stufenprofil mit unverschlossenem Farbstoff-Zeolith. Rechts: PMMA-Stufenprofil mit ver-
schlossenem Farbstoff-Zeolith. Beide Produkte wurden getrocknet und direkt dem Granulat beigemischt (Zeolith-
konzentration 0.3%).

Fig. 5: Oben: Mikroskopieaufnahmen der Stufenprofile (Skala = 500 um) aus Fig. 4. Links: Unverschlossener
Farbstoff-Zeolith; Rechts: mit APTES verschlossener Farbstoff-Zeolith. Der Verschlussprozess fiihrt zu einer
besseren Dispergierbakeit des Materials in der Polymermatrix. Unten: Mikroskopieaufnahmen von in PMMA ein-
gebetteten Farbstoff-Zeolithen (Skala = 500 pm) mit geringer (links) und hoher (rechts) Scherbelastung herge-
stellt.
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Uberprifung der Lichtstabilitat unter Labor- und Realbedingungen

Um die Stabilitdt von ZeoFRET® fir die Anwendung in Fassadenelementen zu eruieren, wurden so-
wohl ZeoFRET® Proben, als auch die im ZeoFRET® vorhandenen Donor- und Akzeptorfarbstoffe
einzeln im Wirtsmaterial (Zeolith L) interkaliert und getestet. Als Vergleich wurden die beiden Farbstof-
fe auch direkt (ohne Einbau in Zeolith L) in PMMA gel6st und getestet.

Bei beiden Beleuchtungsarten konnte keine Verschiebung der Absorptionsspektren der Farbstoffe
festgestellt werden. Wahrend der Beleuchtung nahm die Absorbanz Uiber das Spektrum gleichmassig
ab (Fig. 6).

Fig. 6: Absorptionsspektren von ZeoFRET® nach der Beleuchtung mit Tageslicht.

Fig. 7: Beleuchtungsstabilitéat der interkalierten Proben bei Tageslicht (D-) und hinter Konservierungsglas (W-).
Erklarung der Legende: LFR=Lumogen F Rot, DXP=th-DXP, DXPZL=tb-DXP-ZL, DXPZL-APTES=thb-DXP-ZL
verschlossen mit APTES.

Die anfanglich rasche Abnahme (0 - ca. 80 h Beleuchtung; siehe Fig. 7) bei den unverschlossenen
und den verschlossenen Proben ist darauf zuriickzufiihren, dass der verwendete Zeolith einen Anteil
an amorphem/halbamorphem Material enthalt. Der in diesem Anteil adsorbierte Farbstoff ist nicht sta-
bilisiert und degradiert deshalb relativ rasch. Um diese Problematik in Zukunft zu vermeiden, wurde
ein einfaches Verfahren fur die Abtrennung dieses unerwiinschten Amorphanteils ausgearbeitet.

Herstellung von ausgerichteten ZeoFRET® Monoschichten

Durch kovalente Anbindung von ,Disk-shaped” ZeoFRET®-Kristallen an die Oberflache einer Quarz-
platte konnten Monoschichten hergestellt werden. Diese Monoschichten haben den Vorteil, dass die
Emission der eingebauten Farbstoffe in der Ebene der Quarzplatte ausgerichtet wird. Diese Ausrich-
tung erhéht die optische Effizienz eines entsprechenden LSC-Moduls und vermindert Streuverluste
sowie Verluste durch unerwinschte Lichtauskopplung an Polymer/Luft Grenzflachen (escape cone

163/288
SI//500995, A. Kunzmann, Optical Additives GmbH

6/7



717

losses). Aus der Vielzahl von mdglichen Methoden zum Anbringen von ZL-Kristallen auf einer Trager-
oberflache haben wir zwei Strategien ausgewahlt:

Da die ,Disk-shaped” Zeolith-Kristalle mit den Kanal6ffnungen auf der Glasoberflache liegen,
benutzen wir nach dem Verschlussprozess nicht reagierte Gruppen an den Kanaleingéngen,
um die ZeoFRET®-Kristalle kovalent an die OH-Gruppen der Quarzglasoberflache zu binden.

Die zweite Methode bedient sich der sogenannten ,Click-Chemie“. Dabei werden die ZeoF-
RET®-Kristalle und die Quarzglasoberflache kovalent aneinander gebunden.m

Nationale / internationale Zusammenarbeit

Die Compoundierung und die Spritzglisse wurden in enger Zusammenarbeit mit der Firma Riwisa AG,
Héagglingen durchgefihrt.

Bewertung 2014 und Ausblick 2015

Wéhrend die Lumineszenzquantenausbeute von tber 90% erreicht wurde, konnte die Effizi-
enz aufgrund der Dispergierungsschwierigkeiten noch nicht quantitativ gemessen werden.?!
Mit der Einbettung von ZeoFRET® in eine PMMA-Matrix mittels Spritzguss haben wir aber ein
Verfahren entwickelt, mit welchem fir quantitative Messungen geeignete Module hergestellt
werden kdnnen.

Erste Langzeit-Lichtstabilitat Messungen wurden durchgefuhrt und positive Effekte konnten
gemessen werden. Dies stimmt fur die zukunftige Weiterentwicklung positiv.

Das Upscaling vom Labor- zum Kleinmengenmassstab zeigt grossen Erfolg. Von den ur-
spriinglichen Batches von weniger als 1 g konnte die Rezeptur auf 100 g pro Batch hochge-
fahren werden.

Die Einbettung der ZeoFRET® Komposita in Polymermatrizen insbesondere PMMA zeigt ers-
te Erfolge. Nach anfanglichen Dispergierungsschwierigkeiten, bei denen Agglomerate zur un-
erwinschten Lichtstreuung fiihrten, ist uns mit der Verfeinerung des Compoundierens ein ers-
ter Fortschritt hin zu praktisch agglomeratfreien ZeoFRET®-PMMA Materialien gelungen.

Zwei Methoden zum Ausrichtung von ZeoFRET® auf Oberflachen zur Effizienzsteigerung des
Gesamtsystems wurden gefunden und verfeinert.
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ABSTRACT

The company “Glass To Energy” (g2e) in Yverdon, is industrializing dye solar panels on the basis of
DSC "Gratzel" technology, developed at EPFL.

The panels will be integrated on walls and other building elements.

A solar simulator for measuring the performance of such electrical panels, including an IV measure-
ment tool, is going to be realized.

Then the panels will be installed in real conditions and monitored over a complete year, in order to
characterize and have the necessary perspective on this technology.

The project started in October 2012. Since, various electronic loads have been developed for
10x10cm and 60x100cm panels. The schedule is retarded for the measurement structure on the roof.
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Résumé

L'entreprise Glass To Energy (g2e), a Yverdon, industrialise la fabrication de panneaux solaires a
colorant sur la base de la technologie DSC « Grétzel » développée & 'EPFL. Les panneaux sont dé-
veloppés pour étre intégrés dans des facades et autres éléments construits.

Dans un premier temps il s'agit de mettre en place un simulateur solaire pour la mesure des perfor-
mances électriques des panneaux, dit outil de mesure 1V, | courant, V tension. Cet outil sera dédié a
cette technologie et adapté aux tailles de panneaux réalisés par g2e.

Ensuite il est prévu d'installer des panneaux en condition réelle et de les suivre sur une année com-
plete, afin d'avoir le recul nécessaire sur cette technologie et d’en établir les caractéristiques.

Le projet a démarré en octobre 2012. Depuis, deux charges électroniques ont été développées, spéci-
figues aux panneaux de taille 10x10cm et aux panneaux de taille 60x100cm. Un support climatisé
pour le test des cellules 10x10cm a été réalisé. La partie test en conditions réelles est retardée ; les
développements cbté charges et mesures sont développés mais I'entreprise g2e a subi du retard dans
la fabrication des panneaux. L'installation sera montée et les mesures réalisées dés que ceux-Ci hous
seront parvenus.

But du projet

L'objectif de I'entreprise g2e est de favoriser I'utilisation de la technologie DSC et de développer un
produit industriel de grande taille a intégrer dans les fagades. Le produit est développé en fonction des
besoins du marché en partenariat avec de grands industriels facadiers. La perspective est pragma-
tique et délibérément orientée vers des applications concrétes. L'atout principal de cette technologie
est sa transparence, sa flexibilité dans le design et le choix des couleurs.

Les panneaux DSC de type industriel issus de la fabrication g2e ne sont pas encore connus, les cel-
lules doivent donc étre caractérisées de maniére a établir leurs performances.

Dans un premier temps il s'agit de mettre en place un simulateur solaire pour la mesure des perfor-
mances électriques des panneaux, dit outil de mesure IV, | courant, V tension. Cet outil sera dédié a
cette technologie et a cette taille de panneaux.

Ensuite il est prévu d'installer des panneaux en condition réelle et de les suivre sur une année com-
pléte, afin d'avoir le recul nécessaire sur cette technologie.

A partir de ces campagnes de données, il sera possible de faire des modeéles afin de les rendre ex-
ploitables par les logiciels de simulation photovoltaique classiques de type PVsyst.

Puisque la technique est orientée vers l'intégration aux batiments, il s'agira ensuite de créer un logiciel
de simulation dédié, pour les acteurs du domaine tels les architectes, les énergéticiens mais aussi des
services techniques des administrations ou des entreprises. Le role de de la HEIG VD sera ici de
constituer la base de donnée nécessaire au futur développement d'un tel logiciel.

Travaux effectués et résultats acquis

Les travaux effectués peuvent étre résumés de maniéere suivante:

e 9.10.12 démarrage du projet (kick-off meeting avec I'entreprise g2e le 8.11.12)

e Octobre a décembre 2012: réalisation des charges électroniques passives et de I'acquisition

¢ Année 2013: conception et réalisation d'une électronique passive permettant la mise en charge et
la mesure/acquisition de 25 panneaux solaires « g2e » de maniére simultanée. Conception d’'un
plateau climatisé (-10 a +90°C) et d'une charge électronique active permettant des tests étendus
des cellules 10x10 cm. Etude pour la réalisation d'une charge active pour les panneaux
60x100cm.

e Année 2014: Construction de la structure permettant d’accueillir 17 panneaux g2e et 7 panneaux
de référence. Réalisation du plateau thermique/charge active pour les panneaux 10x10 cm.
Achat et programmation d'une charge active permettant de caractériser les panneaux
60x100 cm.
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Structure "Déme"

La structure illustrée a la figure 1 a été congue est montée sur le toit de la HEIG-VD. L’électronique
précédemment développée ainsi qu'un systeme d’acquisition ont été placés dans un coffret au centre
de la structure. Le systéme contr6le le point de fonctionnement de tous les panneaux, soit en parcou-
rant leurs courbes IV ou en cherchant le point de fonctionnement maximum (MPPT).

Figure 1 : Structure "Dome" permettant d'accueillir 17 panneaux g2e

Lors d’une mesure, la tension, le courant, la température de chaque panneau sont relevés ainsi que le
rayonnement direct et diffus. Le systeme a été programmé de fagon a ce qu'il fonctionne tout le temps
en MPPT et relever périodiquement les courbes IV. Le point de fonctionnement maximum est relevé
toutes les 10 secondes et la courbe IV est relevée toutes les 20 minutes. Toutes les données sont
automatiquement enregistrées sur une base de données MySQL sur un serveur de la HEIG-VD.

Quatre panneaux ont été fournis par g2e au début de I'année, mais ils ont rapidement montré des
signes de faiblesse. La premiére faiblesse constatée fut la caractéristique IV relevée (figure). La deu-
xieme faiblesse est que des problemes d'étanchéité ont été constatés. En effet, des bulles d’air se
sont infiltrées dans les cellules, ce qui a encore dégradé leurs performances.

tension [v]

Figure 2 : Caractéristique typique relevée et illustration des infiltrations d’air

La figure ci-dessus montre une allure typique de caractéristique relevée. Dans le cas présent, les me-
sures ont été faite le 20 mars 2014, & 11h34 et I'irradiation globale était de 640 W/m®. Cette caracté-
ristique ressemble a celle d’une source de tension avec une résistance en série.

Les panneaux ont depuis été repris par g2e. Aucun autre panneau n'a été livré.
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Charge électronique active avec controle de la température

Afin de caractériser les cellules de développement de 10x10 cm, un plateau thermique ainsi qu’'une
charge active ont été développés. La plage de fonctionnement de la charge active est de +10 V et
0.5 A. Ceci permet de caractériser entierement les cellules, éclairée ou non. La plage de fonctionne-
ment du plateau thermique, initialement été fixé de -10 a 90°C, a da étre légérement revue a la baisse
(5 2 90°C) a cause du désir de g2e de ne pas avoir un systeme avec un refroidissement liquide. Ce-
pendant, la plage initialement prévue a facilement été atteinte sur un prototype créé et refroidi a I'eau.

Figure 3 lllustration de la charge active et du plateau thermique

La charge ainsi que le plateau thermique sont contr6lés a I'aide d’une interface LabVIEW, illustrée a la
figure 4.

Figure 4 Interface LabVIEW pour contrdler la charge active et le plateau thermique

Deux modes ont été intégré dans l'interface : Un mode manuel, ou le plateau thermique et la charge
sont contrdlés pleinement pas 'opérateur, laissant la totale liberté a celui-ci. Un mode automatique, ou
tous les parameétres sont fixés a l'avance, se charge de faire la série de mesures, déchargeant
I'opérateur de cette tache. La figure 5 illustre des résultats de mesures de la caractérisation en tempé-
rature, dans I'obscurité, de la cellule visible sur la figure 3.
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Figure 5 Caractérisation en température d'une cellule dans I'obscurité

Charge électronique active pour des panneux 100x60 cm

Une charge électronique pouvant fournir £60 V et +10 A a été étudiée. Il a été déterminé, que malgré
les faibles options offertes par le marché, une alimentation quatre cadrans BP4610 de chez NF Cor-
poration devrait pouvoir accomplir la tache demandée. Celle-ci fut donc achetée. Le contrdle de
I'alimentation se fait a I'aide d’'une interface LabVIEW, laquelle a d( étre spécifiquement développée
pour caractériser les modules photovoltaiques.
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Figure 6 Interface LabVIEW pour contréler l'alimentation quatre cadrans

La résolution de mesure de I'alimentation quatre cadrans s'est montrée trop imprécise pour les me-
sures effectuée sur les panneaux photovoltaiques (0.1V et 0.01A). Un boitier externe avec un systéme
d’'acquisition a haute résolution, réalisé spécialement, a donc été ajouté afin de permettre une mesure
a 0.001V et 0.0001A. Par la méme occasion, une mesure de température du module a été ajoutée.

5/6
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Figure 7 lllustration du banc de test de panneaux avec l'alimentation quatre cadrans

Collaboration nationale

Cette collaboration ainsi que les éléments développée sont régulierement présentés par I'entreprise
g2e aux investisseurs et partenaires de I'entreprise.

Collaboration internationale

Aucune collaboration internationale n'a été établie pour le moment dans le cadre de ce projet spéci-
fique.

Evaluation de I'année 2014 et perspectives pour 2015

Les charges électroniques pour deux types de panneaux ont pu étre développées fin 2012, ainsi que
le logiciel d’acquisition des courbes IV. Celles-ci fonctionnent a satisfaction, et ont déja permis a
I'entreprise g2e d'effectuer des contréles de base.

L'année 2013 a vu la conception et la réalisation d’'une électronique passive permettant la mise en
charge et la mesure/acquisition de 25 panneaux solaires « g2e » de maniére simultanée. Toutefois, le
montage des panneaux g2e sur le toit et leur branchement a ce systéeme a da étre retardé, faute de
panneaux disponibles. L'entreprise souhaite attendre et tester un meilleur lot, fabriquée avec de nou-
veaux produits, présentant de meilleures caractéristiques. D’entente avec g2e, il fut convenu
d’installer/mesurer le plus vite possible déja 5 panneaux, a placer dans les positions principales E, S,
O, N et horizontalement. Les 12 autres prévus (sur 17) auraient dd étre placés au printemps 2014 ;
Nnous sommes encore en attente des panneaux.

L’intégration du contr6le de température (-10 a +90°C) et de la charge électronique active permettant
des tests étendus ont été réalisés pour les cellules 10x10 cm. La réalisation d’'une charge active pour
les panneaux 60x100 cm est terminée.

La priorité pour I'année 2015 est linstallation des panneaux dans l'installation de test «outdoor» en
conditions réelles, les mesures et leur analyse. Nous espérons dégager des résultats en 2015. La
prolongation du projet jusqu’a avril 2015 s’est avérée nécessaire.
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ABSTRACT

As a pure electrical power producer, the photovoltaic technologies are established. The development
of “In-roof-systems” has proved to be effective. Besides the electrical power production, in-roof-
systems serve also as roof panels and water protection. Unknown are systems, where the photovolta-
ic in addition to the power production and the water protection has the function of thermal insulation.
The scope of this project is the development and realisation of building integrated photovoltaic (BIPV)
including the feature of thermal insulation. A pilot plant with modules combined of photovoltaic mod-
ules and Foamglas insulation has been built.

The project “Photovoltaic with Foamglas insulation” was initiated in spring 2010 and was started offi-
cially in December 2010. In 2011 the market requirements and main concepts have been elaborated.
In 2012 and 2013 the concepts have been detailed and proved in various tests such as, climate test
(TC200) mechanical tests and efficiency test indoor and outdoor. Furthermore, a pilot project has
been realized in 2014.

Following results were achieved in 2014:

Pilot Project

o A pilot project at Oerlikon AG was agreed. But Oerlikon sold its solar division to Tokyo Electron
Limited (TEL) and one year later TEL decided to close the solar division.

¢ Another pilot project has been evaluated and built in Beromiinster in Nov. 2014. The whole logistic
and pre-manufacturing chain has been established. The potential of a competitive cost structure
could be verified. Valuable learnings regarding practical details have been collected.

Targets for 2015:

e It is planned to start with the measuring of the performance of the pilot plant in January 2015 and
collect the data till December 2015
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Pilotanlage

Es konnte in Berominster auf dem Areal des ehemaligen Landessenders eine Pilotanlage mit 50 m2
gebaut werden. Das Areal wird fir Kunstaustellungen und Events genutzt. Der Bauherr ist die Firma

BE Netz AG, einer der marktfihrenden Schweizer PV-Installateure.

Bild 1: Ansicht der fertigen Anlage

Anlagedaten

Firma TEL Solar).

DC Leistung 3,3 kW
Ausrichtung 40° westliche Stidabweichung
Module 30 Stk. 1.1 x 1.3 m Bosch ym-Si plus EU1510 110 W (micromor-

phe Silizium Glas-Glas Module hergestellt auf Maschinen der

Auf der Modulhinterseite sind 18 cm dicke Foamglasblocke mit
einem Zweikomponentenkleber fixiert.

Wechselrichter 1 Stk. Solar Edge SE4K
Leistungsoptimierer 15 Stk. P300 SolarEdge Leistungsoptimierer
Modultemperaturmessung SE1000-SEN-TMOD-S1, -10 his 120 °C

bei Modul Feldmitte und beim oberen Feldrand

Umgebungstemperaturmessung | SE1000-SEN-TAMB-S1, -50 bis 50 °C

Einstrahlungsmessung SE1000-SEN-IRR-S1, 0-1.400 W/m?

Datenerfassung SE1000-CCG

Tabelle 1: Anlagendaten

Produktion der PV-Foamglasmodule

Die Firma Boschert Maschinenbau war in der Lage, die Foamglasblécke maschinell zu bearbeiten.
Dies war eines der Ziele des Pilotprojektes. Mit Schablonen und CNC-Frasen wurden die Foamglas-
blocke bearbeitet, bevor sie auf die Glasmodule geklebt werden konnten. Mittels eines Richttisches
wurden die mit einem Zweikomponentenkleber der Firma Henkel beschichteten Foamglasblocke auf

dem PV-Glas positioniert.
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Montage auf der Baustelle

Berater von Foamglas zusammen mit PV-Installateuren montierten die PV-Foamglasmodule auf der
Baustelle in BeromUnster.

Bild 2 und 3: links: Auftragen des Klebers auf der Riickseite des PV-Foamglasmodus; rechts: Auftragen der seitli-
chen Abdichtung mit Karausche. Zwei einfache Blechanker sichern das Modul, bis der Kleber bindet. Das unters-
te Modul wird auf einen Stahlwinkel gesetzt. Die Kabel werden in den Stdssen versenkt. Die Kerben zur Versen-
kung der Kabel kénnen einfach auf der Baustelle mit einem Schraubenzieher gemacht werden.

Am Ende werden die Fugen abgedichtet.

10mm
<>
PV Modul o
| py
einkomponentiger Kleber
Kleber
Foamglas PE Schaum

R zellig geschlossen

mineralischer Kleber

Bild 4: Schnitt eines Stosses von zwei PV-Foamglasbldcken

3/7
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Beurteilung

Beurteilung der Anlage

Fugenkreuze

Diese wurden im Pilot unschén. Grund: einige Module hatten sich
durch falsche Lagerung bei Aushéarten verschoben. Weiter war die
Wand nicht eben.

Ebene

Die Wand muss vorgangig auf Unebenheiten kontrolliert werden.
Beulen miissen ausgeebnet werden.

Abschlisse

Aufgrund der Kompaktheit und Formsteifheit sind die Abschliisse
einfach und kostengtinstig zu bewerkstelligen.

++

Qualitdt Dammung

Die Langlebigkeit von Foamglas in der Fassade ist bedeutend
hoéher als die von anderen Dammungen, welche sich bei Undicht-
heiten in der Dampfsperre oder Verkleidung mit Feuchtigkeit voll-
saugen.

++

Uberkopfverglasung

Fur die PV-Foamglasmodule fiir Fassaden kénnen Standard-PV-
Dachmodule verwendet werden. Diese sind um Faktoren ginsti-
ger als fassadentaugliche Module. In der Fassade ist einerseits
der erforderliche Sicherheitsfaktor viel hdher als bei einem Dach-
modul. Zweitens wird von Fassadenglasern eine Resttragféahigkeit
bei Bruch erwartet. Durch die mechanische Verbindung der Modu-
le mit dem steifen Foamglas erfillen nun auch ginstige un-
gerahmte Dachmodule die Anforderungen fiir die Fassade.

++

Bauvolumen

Aufgrund des hochwertigen Foamglases braucht die Fassade
nicht hinterliftet zu werden. Das heisst, der Raum kann innensei-
tig vergrossert werden. Micromorphe Silizium-Glas-Glas-Module
weisen bei Hinterliftung nicht mehr Energieertrag auf.

++

Kaltebricken

Vorgehangte Fassaden weisen oft Kéltebricken auf, welche die
Dammwerte erheblich vermindern. Dies ist bei der vorgestellten
Foamglas-PV-Fassade nicht der Fall.

Beurteilung des Prozesses

+/-

Planung

Der Planungsprozess ist vergleichbar mit dem einer anderen PV-
Fassade

- (1)

Foamglas vorbereiten

Industrielle Werkzeuge wurden eingesetzt fir

— Foamglasblécke auf Grésse zuschneiden
—  Seitennut

— Aussparung fur Modulanschlussdose, Modulkabel, Stecker

Grosses Vereinfachungspotential ohne grosse Investitionen ist
moglich (siehe Verbesserungsvorschlage)

()

PV-Glaser verkleben

Richttische zum Aufkleben sind gut. Die Lagerung, bis der Kleber
gebunden hat, erfordert noch Verbesserungen.

Transport

Um die PV-Foamglasmodule unbeschadigt zur Baustelle zu brin-
gen, ist eine fachgerechte Verpackung mit Holzkisten und Palet-
ten nétig.
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Bauvorbereitung

Die Wand sollte sehr eben sein. Das Montieren eines Anschlag-
winkels unten ist erforderlich.

-(+) | Montage Die 42 kg schweren Module missen aufwendig von 3-4 Mann
gesetzt werden. Ein mobiles Geriist mit Kranvorrichtung ist noétig.
Dieser Punkt kann verbessert werden (siehe Kapitel Verbesse-
rungsvorschlage).

- Verkabelung Die Verkabelung muss wahrend des Montierens der Module erfol-

gen. Verbesserungspotential vorhanden.

Fugen dichten

Fur schéne Fugendichtungen ist ein Profi erforderlich.

Modul auswechseln

Sollte ein Modul defekt sein, so muss die Da&mmung unter dem
Modul zerstdért und ausgekratzt werden. Ein neues PV-
Foamglasmodul muss eingepasst und eingeklebt werden.

Beurteilung Kostenstruktur

Die Kostenpositionen einer PV-Foamglas-Fassade setzen sich wie folgt zusammen:

Die obige Tabelle zeigt die Kostenstruktur eines Aufbaus mit einer 28 cm dicken 2-lagigen Foamglas-
dammung auf einer eher unebenen Wand. Das Kostentotal liegt bei 525 CHF/m2. Die Kosten der PV-
Module sind im obigen Kostenvergleich nicht eingerechnet.

Ein einlagiger Aufbau mit z.B. 10 cm Dammung wahre um 30 % gunstiger und lage bei 370 CHF/m2.

Nimmt man z.B. die Modulpreise von micromorphen Silizium Glas-Glas-Modulen z.B. der Firma Next-
Power so kdmen noch 100 CHF/m2 fur 120 Wp/m2 dazu. Vergleich zu anderen vorgehangten Fassa-

den:

Typ

Beispiele

Vorhangefassade ohne PV

Holz

Séagerohe offene Holzriemen 21mm, Breite 5-8cm, horizontal verlegt, Roggen-

m2 Kosten schlusselfertig

OHNE Dammung

CHF 150.00

mehl-Holzlasiert, schwarzes Winddichtpapier

Verputze Tragerplatten

System H6 Sarna-Granol, fugenlos verputzt

CHF 150.00 bis 175.00

Blech 2mm abgekantete Blechkassetten, pulverbeschichtet, verdeckt montiert CHF 150.00 bis 200.00

Faserzement Eternit 6mm, mit Stulpdeckung, Holz-Unterkonstruktion CHF 200.00 bis 250.00
Mehrpreis fir Metall-UK (Stulp-Profil) ca. CHF 50.00

Keramik Feinsteinzeugplatten, Format ca. 60x60cm, verdeckt montiert CHF 250.00 bis 275.00

Metallverbund

Aluverbundplatten 4mm sichtbar befestigt
Mehrpreis flr verdeckte Montage (eingehéngt)

CHF 300.00 bis 320.00
CHF 65.00
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Schiefer keine eigene Zahlen; im Bereich Metallverbund (CHF 300.00 bis 400.00)

Feinbetonplatten auch hochwertige Faserzementplatten CHF 600 - 800

Glas Pfosten-Riegelsystem (Glas-Metallfassade) CHF 600.00 bis 700.00
reine Glasfassade (Structural Glazing): CHF 700.00 bis 1'000.00

Naturstein Dicke 30-40mm CHF 650.00 bis 800.00

Marmor Dicke 30-40mm CHF 1000

Quelle Basler & Hofmann AG

In der obigen Tabelle sind die Kosten der Dammung nicht eingerechnet. Sie werden auf 70 -100
CHF/m2 veranschlagt.

Somit kann gesagt werden, dass die PV-Foamglasfassade sich kostenméssig unter dem Niveau von
vorgehangten Feinbetonplatten oder vorgehangten Glasfassaden befinden. In diesem Kostenvergleich
nicht berticksichtigt ist erstens, dass die PV-Foamglasfassade Strom produziert. Zweitens, dass mehr
Innenraumvolumen entsteht, da die Hinterliftung wegfallt. Das heisst, der Raum kann innenseitig
vergrossert werden. Und drittens, dass die Langlebigkeit von Foamglas in der Fassade bedeutend
hoher ist als bei anderen Da&mmungen.

Leistungsbeurteilung

Die Anlagenleistung des ersten Betriebsjahres wird innerhalb dieses Projektes gegen Ende 2015 aus-
gewertet. Aufgrund des durchgefiihrten Deskresearch und einer einjahrigen Outdoor Vergleichsmes-
sung ist eine Uberraschung in Form von temperaturbedingen Leistungseinbussen eher unwahrschein-
lich.

Verbesserungsvorschlage
Kleinere Module z.B. CIS Module 60 x 120 cm von MANZ (alias Wurth)

— Damit wéren die PV-Foamglasmodule nur noch 20 kg anstelle von 43 kg. Auf ein mobiles Gerist
mit elektrischer Kraneinrichtung kdnnte verzichtet werden. Es brauchte anstelle von 4 nur noch 2
Personen flr die Montage.

— Kleinere Module sind weniger sensibel auf Unebenheiten des Untergrundes.

— Standard Foaglasblocke haben die Dimensionen von 60 x 45 cm. Mit dem 60 x 120 cm-Modul
brauchte nur einer von drei Foamglasbldcken angepasst zu werden. Die Verschnitte verringerten
sich. Dieser Ansatz bedingt einen 2 lagigen Foamglasaufbau.

Module mit der Modulanschlussdose auf der Seite und kleinen Steckern

— Das ausfrdsen der Passform fir die Modulanschlussdose und die Modulkabel kann eingespart
werden, wenn der Hersteller dazu bewegt werden kann, ein Los mit seitlicher Modulanschlussdo-
se zu produzieren.

— Die meisten Module sind mit dem MCA4-Stecksystem ausgerlstet. Die Stecker weisen einen
Durchmesser von 2 cm auf. Wirde man kleinere Stecker verwenden, so konnten die Kabel direkt
in die Fugen gelegt werden. Dadurch kdnnten die Module auch nach der Montage elektrisch ver-
kabelt werden.

Kleben und Trocknungsprozess im Werk

— Hier ist auf gute Lagerung zu achten bis der Kleber abgebunden hat. So waren einige PV Module
gegeniiber dem Foamglas verschoben und mussten auf der Baustelle nachgeschliffen werden.
Die Asthetik der Fugenkreuze litt darunter.

— Die von der Firma Henkel gemietete Maschine fir das Mischen des 2. Komponentenklebers (Fo-
amglas auf PV Modul) bereitete technische Probleme. Etwa ein Drittel des Klebers blieb
maschinenbedingt Uberschissig.
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Unebene Wande

— Vor der Montage ist die Wand auf "Beulen" zu untersuchen. Werden diese nicht beseitigt, so sind
die Fugenkreuze unschon.

— Foamglas lasst sich sehr gut und einfach ausebnen. Es ist abzuwégen, ob sich das Arbeiten mit
zwei dinneren Foamglasschichten lohnt.

Schlussfolgerungen

Erst im Verlauf des Projektes und beeinflusst durch andere PV-Fassadenprojekte wurde der Kosten-
vorteil des vorliegenden Ansatzes bewusst. PV-Module oder Glaser fiir die Fassade miissen wesent-
lich starker sein als wenn sie auf dem Dach montiert werden. Alle glinstigen PV-Module sind nur fir
die Dachmontage oder Freiflachenanlagen konzipiert. Der Sicherheitsfaktor reicht fir eine Uberkopf-
verglasung nicht aus. Fassadentaugliche Module kosten um Faktor zwei bis drei mehr als Standard-
PV-Module. Durch das Ankleben von Profilen an der Rickseite kdnnen Standardmodule fir die Fas-
sade "ertlichtigt" werden. Der Aufwand ist jedoch vergleichbar mit dem Prozess, Foamglas an das
Modul zu kleben.

Eine Unterkonstruktion fur vorgehangte Fassaden ist sehr aufwandig. Die Dammung muss um die an
der Wand verankerten Konsolen verlegt werden. Ein Kreuzschienensystem sowie an den Glasern
geklebte Halteprofile sind material- und zeitintensiv.

Das Potential des Konzeptes wird als sehr gut eingestuft. Kostenmassig ist es bereits heute konkur-
renzfahig. Durch die vorgeschlagenen Optimierungen entlang der ganzen Prozesskette lassen sich
die Vorteile ausbauen und die Nachteile wie Umgang mit unebenen Wanden und Modulauswechseln
etwas entscharfen. Qualitativ ist die PV-Foamglasfassade gegeniiber anderen PV-Fassaden aufgrund
der hochwertigen Dammung tberlegen.
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Einleitung / Projektziele

Allgemein

Die nachhaltige Siedlung Oberfeld [1] in Ostermundigen ist ein Bauprojekt nach Minergie-P Standard.
In diesem Bauprojekt wurde eine zukunftsgerichtete Losung der Warmeversorgung mittels Kombinati-
on von Solar und Warmepumpe realisiert. Jedes der drei Gebaude A, B und C besitzt sein separates
Heizungssystem bestehend aus Warmepumpe, Erdsondenfeld und Hybridkollektor Solaranlage. Die
Niedertemperaturwarme aus den Hybridkollektoren wird im Sommer zur Regeneration des Erdson-
denfeldes eingesetzt.

1 Abb. Pressebilder Uberbauung Oberfeld. Quelle: http://wohnenimoberfeld.ch/web/rubriken/downloads

Die Realisierung dieser Pilotanlage dient dazu, Erfahrung fur die kommerzielle Anwendung von PVT
Anlagen zu gewinnen, weiteres Entwicklungspotential auf der technischen Ebene zu identifizieren und
Erkenntnisse fir die Auslegungsplanung und den Betrieb mit Erdwarmesondenfeldern zu gewinnen.

Neben den reinen Leistungsdaten werden auch Erkenntnisse zu technischen und praktischen Aspek-
ten gewonnen, wie z.B. Verschaltung der Kollektoren, effiziente Montage, Anbindung an bestehende
oder neue Gebaudetechnik, sowie Schnittstellen zwischen den einzelnen Installationsunternehmen.
Mit den Messdaten dieses Pilotprojekts kénnen simulierte Werte anhand von Messungen Uberpruft
werden.

Projektziele insgesamt

e Erkenntnisse Uber die langfristige Temperaturentwicklung und das Verhalten des Erdsondenfel-
des bei dessen Regeneration

e Regelungstechnische Gesamtanlagenoptimierungen.

e Auslegungs- und Betriebserfahrungen fir weitere (Gross-)Anlagen der Systemkombination War-
mepumpe und solarthermisch regeneriertem Erdsondenfeld

e Systemintegration von PVT Anlagen in der Gebaudetechnik, Planungs- und Installationstechni-
sches Optimierungspotential eruieren.
Projektziele Berichtsjahr

Aufgrund der Datenauswertung erwarten wir im Frihling 2015 Ergebnisse aus der Heizsaison
2014/2015 in folgenden Bereichen:

e |nstallation Messdatenerfassung
e Bruttowarmeertrag der Solaranlage in der Heizperiode
e PV-PVT Temperaturen und resultierender elektrischer Mehrertrag in der Heizperiode

o Temperaturentwicklung im Erdwarmesondenfeld herbeigerufen durch die Heizperiode
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Kurzbeschrieb der Anlage / des Monitorings

Die Solardachanlage von Haus B besteht aus 379 Hybridkollektoren (606.4 m2) des Typs Meyer Bur-
ger Hybrid 260/900. Das Flachdach wurde mit einem Montagesystem von K2 ausgeristet, das die
Hybridkollektoren mittels Laminatklemmen in einer horizontalen Ebene ausrichtet (Modulneigung 0°).

Die Hybridkollektoranlage besitzt eine elektrische Leistung von 98.5 kWp und eine thermische Nenn-
leistung von 341.1 kWp.

In diesem Monitoring Projekt wurde das Heizungssystem, die Solardachanlage 392 PVT Kollektoren
und die 14 Erdsonden von Haus B (U-Gebaude) mit einem Messsystem ausgestattet. Die Messkon-
zeption, Inbetriebnahme des Messsystems sowie Begleitung und Datenauswertung wird durch das
SPF gewadhrleistet. Die Erkenntnisse werden mit Meyer Burger evaluiert und die Optimierung der
Anlage durch das EWB vorgenommen. Die Erkenntnisse der Anlage in Haus B kénnen direkt auf die
Anlagen von Haus A und C Ubertragen werden.

2 Abb. Haus B Grundansicht mit Teildachern 1-7. Quelle: Meyer Burger Projektdokumentation

Das Messsystem ist getrennt vom restlichen Gebaudetechniksystem und arbeitet mit eigenen Senso-
ren. Eine negative Beeinflussung der Anlage und dessen Steuerung ist somit nicht gegeben.

Mitte Juli 2014 ist das Messsystem vollstandig in Betrieb genommen worden und erfass seither die
Daten der Anlage.

Datenerfassung

Mit dem installierten Messsystem werden die Meteodaten wie Temperatur, Wind und Globalstrahlung
erfasst. Die Volumenstrome und Temperaturen der Solaranlage, des Erdsondenfeldes, sowie der
beiden Warmepumpen fir Brauchwarmwasser und Heizung primarseitig gemessen.

Im Rahmen dieses Monitorings wird neben der Warmeversorgung auch der direkte Vergleich eines
PV-Modules mit einem PVT-Kollektor betrachtet. Diese sind nebeneinander installiert und separat an
unabhangige Modulwechselrichter angeschlossen. Die elektrischen Leistungen und die riickseitigen
Oberflachentemperaturen dieser beiden Module werden erfasst.
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Schema

3 Abb. Prinzipschema Warmerzeugungssystem Haus B.
Quelle: EWB EnergieWasserBern (contractor)

Die Abbildung 3 zeigt das Prinzip-Schema von Haus B. Die griin markierten Bereiche zeigen die
Messstellen fur die Volumenmessung und die Temperaturerfassung an. Es werden jeweils die Vor-
und Rucklauftemperaturen erfasst. Dies bei der Solaranlage, dem Erdsondenfeld und den beiden
Warmepumpen (je eine fur Heizung und Brauchwarmwasser).

Durchgefuhrte Arbeiten und erreichte Ergebnisse
Installation, Inbetriebnahme Monitoring

Das Messsystem wurde im Juni 2014 installiert. Im Technikraum von Haus B wurde ein Schaltschrank
eingebaut. In dem Schaltschrank befindet sich das komplette Datenerfassungssystem, Messrechner
und die Hardware zur Datentibermittiung (). In (Abb. 5) ist die Steigzone auf Dach 4 zu sehen, sowie
Messen Sensorik fir Meteodaten.

4 ABB. Schaltschrank im Technikraum fiir die 5 ABB. Verkabelung Sensoren auf dem Dach, Steigzone
Datenerfassung, Quelle: SPF, Aleksis Baggenstos Dach 4. Quelle: SPF, Aleksis Baggenstos

Auf dem Dach 4 wurden zwei Module (ein PV, ein PVT) aus dem urspringlichen elektrischen String
herausgenommen und Uber separate Modulwechselrichter an das Stromnetzt angeschlossen. Die
beiden Module wurden mit Temperatursensoren an der Modulriickseite ausgestattet. Fiinf Tempera-
turfihler wurden am PVT Kollektor (6) und drei am PV-Modul (7) installiert.
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Mit den Temperaturen und den Modulwechselrichtern ist eine differenzierte Betrachtung der elektri-
schen Leistung und Ertrages moglich. Dies z.B. in Abhéngigkeit der Modulriickseiten Temperatur.

6 ABB. PVT Modul, 7 ABB. PV Modul,
5 Temperatursonden an der Riickseite 3 Temperatursonden an der Riickseite

Auswertung

Aussagekraftige Resultate zur Anlage werden nach Abschluss des ersten Messjahres im Herbst 2015
erwartet. Eine erste Auswertung der ersten Heizsaison (2014/15) findet im Frihjahr 2015 statt.

Eine erste Betrachtung der Erdwarmesondentemperaturen wurde gemacht. Im folgenden Diagramm
(Abb. 8) sind die gemessenen durchschnittlichen (Stundenmittel) Sondentemperaturen Vor- und Riick-
lauf von Juli 2014 bis November 2014 ersichtlich.

6 Abb. Temperaturverlauf VL und RL des Erdsondenfeldes. Quelle: SPF Aleksis Baggenstos

Die Austrittstemperatur aus dem EWS Feld (VL, rot) ist Gber den Sommer relativ stabil, sie befinden
sich im Bereich von 14-18°C. Ab Herbst speziell ab November ist ein sinkender Temperaturverlauf
feststellbar. Ab November liegt die VL Temperatur im Bereich 10-11°C, was mit dem verstarkten
Heizbetrieb und dem entsprechenden Warmebezug aus dem EWS erklart werden kann.

Gleich zeitig vermindert sich ab November der Warmeintrag von der PVT Anlage in das Erdwarme-
sondenfeld. Ersichtlich ist das an den wenigen blauen Peaks ab dem 4.11. verglichen mit den Som-
mermonaten. Die blauen noch oben ausschlagenden Peaks sind charakteristisch fiir den Regenerati-
onsbetrieb. Die PVT Anlage lieferte Warme an das EWS. Die Eintrittstemperatur RL ins EWS Feld ist
damit hoher als die Austrittstemperatur aus dem EWS Feld. Die begrenzte Regeneration ab Novem-
ber zusammen mit dem erhdhten Warmebedarf durch das Heizen fuhrt, wie zu erwarten war, zu einer
sinkenden Soletemperatur in der Heizsaison.
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Bewertung 2014

Die Messdatenerfassung ist installiert und in Betrieb genommen worden. Die Messdaten werden in

der Folge validiert und ein Tool zur Messdatenaufbereitung wird entwickelt.

Die Arbeiten verlaufen nach Projektplan

Ausblick 2015

Datenauswertung fir das erste Betriebsjahr.

Bruttowarmeertrag der Solaranlage
PV-PVT elektrischer Mehrertrag in Abhéngigkeit der Modulriickseitentemperatur
Temperaturentwicklung im Erdwéarmesondenfeld

Erste Regelungstechnische Optimierung der Gesamtanlage

Referenzen

(1]

Website: Bauprojekt in Ostermundigen der Wohnbaugenossenschaft Oberfeld. www.wohnen-im-obefeld.ch
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Aleksis Baggenstos, Matthias Rommel
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055 2222 4821, matthias.rommel@spf.ch, www.spf.ch
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ABSTRACT

The project goal is to develop a low-temperature unglazed PV/T collector and a specially tailored
installation system. The starting points for the development are standard Meyer Burger PV modules
for the collector and available market components for the installation system. This product should be
optimized for use in low-temperature building technology.
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ABSTRACT

Since 1992 the PV LAB of BFH-TI at Burgdorf has carried out several analytical monitoring projects
with a continuously increasing number of PV plants. At present time 40 grid connected PV plants are
monitored. The purpose of these long-term monitoring projects is to register all relevant influences on
energy Yyield, degradation mechanism, reliability, safety issues and life expectancy of grid-connected
PV plants which can not be detected during initial monitoring campaigns of 1 or 2 years. For some of
the PV plants, very long monitoring periods of 20 years without gaps are now available.

Within the “energy turnaround 2050”, 20 to 30 Mia SFr. will be invested into the PV technology. This
corresponds to an installed power of 10 to 20 GWp. Consequently, the reliability of this technology is
very important. The data collection of the PV Lab contains important information about the reliability
of PV components during the whole life cycle of the plant. In 2014 a new focus on fire precipitation
was added to the project. This is a consequence of a project with the Bernische Gebaudeversicher-
ung (GVB) for the years 2014 - 2016.

The funding of a project of more than 20 years is difficult, because many financing partners can't see
the benefit of such a long term measuring of PV plants. But it's exactly the long data series over a
complete lifetime of PV power plants that is needed for the engineering of solid PV installations. Ac-
tually, the survival of the project is on the edge because of inadequate funding. With the SCCER -
FURIES WPL1 the long term PV measurement received 2014 a very important financial support.
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Einleitung

Seit 1992 erfasst das PV LAB der Berner Fachhochschule fiir Technik und Informatik (BFH-TI) die
Betriebsdaten von netzgekoppelten Photovoltaikanlagen. Insgesamt werden aktuell tber 40 PV-
Anlagen in der Messkampagne erfasst. Davon sind 13 PV-Anlagen mit einer Feinmesseinrichtung
nach Abbildung 1 ausgestattet, welche unabhangig vom Wechselrichter DC- und AC seitig die Leis-
tung, sowie die Einstrahlung, Modul- und Umgebungstemperatur mittels Datenlogger aufzeichnen. Die
Daten werden in einer Aufldsung von 5-Minuten-Mittelwerten abgespeichert. Bei den restlichen PV-
Anlagen wird eine Grobmessung durchgefuhrt, welche die ins Netz eingespeiste Energie als 15-
Minuten-Mittelwerte aufzeichnet. Informationen zur Einstrahlung und Temperatur werden hier von
einer nahegelegenen Referenzmeteostation tibernommen.

Abbildung 1: Allgemeine Darstellung der Feinmesstechnik einer PV-Anlage

Diese Langzeitmesskampagne wird seit sie begonnen wurde, unterbrechungsfrei gefuhrt. Das Mess-
programm gehort zu den weltweit am langsten mit feiner Auflésung gefuihrten Messkampagnen,
jedenfalls ist den Autoren keine langere, gleichartige Messreihe bekannt. Aus den Datenreihen des
PV-LABs konnen wichtige Aussagen zur Zuverlassigkeit von PV-Anlagen gewonnen werden. Nur mit
Messreihen bis zum Ausfall der PV-Anlagen lassen sich technologiebedingte Probleme von montage-
und wartungsbedingten Problemen unterscheiden. Je nach Standpunkt kann ein Wirkungsgradverlust
einer Degradation (durch Alterung verursachter Wirkungsgradverlust) oder einer unsachgerechten
Montage und Pflege angelastet werden. Nur wenn dank Langzeitmessungen von, unter verschiede-
nen Bedingungen betriebenen PV-Anlagen, die maximal mogliche Lebensdauer dieser Anlagen
bekannt ist, stehen fiur die Planung und Finanzierung seridse Aussage Uber die Qualitat von PV-
Anlagen zur Verfligung.

Die Finanzierung eines Projektes Uber einen Zeitraum von mehr als 20 Jahren sicherzustellen erweist
sich als ausserst schwierig. In der Vergangenheit wurde die Messkampagne hauptsachlich durch das
Bundesamt fur Energie (BFE), der Gesellschaft Mont-Soleil (GMS) und die Localnet AG (Energiever-
sorgung der Region Burgdorf) finanziert. Seit dem Jahr 2010 hat die Messkampagne ernsthafte
Finanzierungsschwierigkeiten. Einzig die Gesellschaft Mont-Soleil hat in den letzten drei Jahren das
Projekt weiterhin finanziell unterstitzt. Es wurde mehrmals vergeblich ein Antrag zur Forschungs-
unterstiitzung beim BFE eingereicht. Dies wurde 2014 intensiviert und es wird 2015 ein Projekt im
Rahmen des ,P+D-Programms* eingereicht.

Nachdem sich abzeichnete, dass die PV-Langzeitmessung im SCCER — FURIES (Swiss Competence
Center fiur Energy Research — zukinftige Netze) platziert werden kann, wurde diese Finanzierung
forciert. Das erméglichte es, die Langzeit-Messung fortzufihren und sogar auszubauen. Die Mitarbeit
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im SCCER-FURIES bedeutete allerdings auch einen erheblichen Mehraufwand. Fir die Betreuung
konnte mit Thomas Schott (ex Landeshydrologie/ Metas) ein erfahrener Messdaten-Spezialist gewon-
nen werden. Er wird die Arbeiten von Monika Jost (vormals Miinger) Ubernehmen, welche 2015, im
Rahmen des Turnus, die BFH verlassen muss.

Die Messinfrastruktur wurde weiterhin so gut als mdglich regelméssig unterhalten, um die Qualitat und
Kontinuitat der Messreihen nicht zu gefahrden. Hingegen musste die Auswertung der Messdaten auf-
grund der zunehmend prekédren finanziellen Projektsituation auf ein Minimum reduziert werden.
Anfang 2014 wurde mit der Bernischen Gebaudeversicherung (GVB) eine Zusammenarbeit fir ein
Projekt mit der Fokus bei der Brandverhitung bei PV-Anlagen vereinbart.

Kurzbeschrieb der Messinfrastruktur

In Abbildung 1 ist das gesamte Messnetz der Langzeitmesskampagne schematisch dargestellt. Die
blau eingefarbten Rechtecke stehen fir die PV-Anlagen aus der Feinmessung. Der Anlagename, so-
wie die wichtigsten Anlageinformationen sind in den Rechtecken, unter den Nummern 1 bis 5 auf-
geflihrt. Im griin eingefarbten Rechteck sind die Namen aller PV-Anlagen aus der Grobmessung auf-
gefihrt. Die Referenzmeteostation ist rot dargestellt. Bei jeder PV-Anlage sind die vorhandenen
Meteo- und Temperatursensoren eingezeichnet. Weiter ist in der Grafik enthalten, wie die Datentber-
tragung zum Server des PV-LABs stattfindet. Dies geschieht entweder (ber eine Festnetzverbindung
(Analog-Modem, Internet), Uber das Funknetz (GSM-Modem), oder Uber direkte Verbindung mit
RS232-Schnittstelle zum Server. Die Messdaten von PV-Anlagen aus der Grobmessung missen vor
Ort ausgelesen und manuell in die Datenablage eingefiigt werden. Die Daten aus der Feinmessung
werden entweder Uber eine Internetverbindung alle fiinf Minuten oder ein Mal pro Tag Uber eine Tele-
fonverbindung an den Datenserver gesendet. Dieser speichert die Messdaten auf einem internen
Laufwerk der BFH-TI ab.

Abbildung 2: Ubersicht Messinfrastruktur der Lanzeitkampagne des PV LAB
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Durchgefihrte Arbeiten und erreichte Ergebnisse 20014
Neue PV-Anlage mit Feinmessung am Jungfraujoch

Die bestehende PV-Anlage am Gebaude des Hochalpinen Forschungslabors am Jungfraujoch von
1993 mit einer Flache von 9.65m” und einer Leistung von rund 1200Wp, wurde flachenmassig um
13.05m? und leistungsmassig um rund 2760Wp ausgebaut. Im Unterschied zur bestehenden Anlage,
haben die neuen Panel einen Wirkungsgrad von 21%, weshalb die Vergrésserung der Gesamtflache
um den Faktor 2.3 eine Steigerung der Gesamtleistung um den Faktor 3.3 ergibt. Die Erweiterung
wurde gemacht um vor allem drei Fragestellungen untersuchen und beantworten zu kénnen:

1. Vergleich der Technologie der 1990er Jahren mit der der 2010er
Jahren

2. Alterung der Silizium-Module mit riickseitenkontaktierten Solar-
zellen in hochalpiner Umgebung

3. Entwicklung des Anlagenertrages (u.a. PR-Faktor — wir erwarten
Uber 11)

Wie sich bis jetzt zeigte, sind die PV-Module der ersten Anlage in den
20 Jahren Betrieb bedeutend weniger gealtert, als dies angenommen
wurde. Es gibt auch keine Anzeichen, dass sie demnachst ausfallen
kénnten. Die neue Anlage wurde am 1. Oktober 2014 in Betrieb ge-
nommen und funktioniert gut.
Abbildung 3: neue PV-Anlage am Forschungslabor

Neue PV-Anlagen beim Schulgeléande Tiergarten Burgdorf

Auf dem Gelande der Schule am Jicoweg 1 wurden in den Jahren 2013/2014 insgesamt 3 neue Anla-
gen aufgebaut und in Betrieb genommen:

1. Ein im Markt eingefiihrter Carport von 2'700Wp (10 Solarmodulen von je 270Wp) mit einem Wech-
selrichter von Kaco mit softwareseitig einstellbarer Leistungsbegrenzung wurde zum ,Auftanken”
von Elektromobilen auf dem Parkplatz des Schulgebaudes aufgestellt. Die Energie der 2'700Wp
reicht fur eine Jahresfahrleistung eines E-PKWs von (ber 15°000 km. Ein Benzinauto wurde fiir die
gleiche Jahresfahrleistung ca. 900 Liter Benzin benétigen. Damit substituiert der Solarcarport in
seiner gesamten Lebensdauer zusammen mit einem E-PKW {ber 20000 Liter Benzin. Die Anlage
wird neben Demonstrationszwecken (fur Studierende und Externe) auch fur ,V2X/ PV2X* (vehicle
to X/ PV to X smart grid - Forschungen eingesetzt).

2. Eine PV-Tracker-Anlage von 4'800 Wp in Kombination mit
der Carportanlage. Hier kann der Unterschied der Produk-
tion einer 1-achsen-Trackeranlage zu einer fix installierten
PV-Anlage direkt gezeigt werden. Jugendliche haben im
Mai 2014 diese Anlage mutwillig beschéadigt, indem sie sie
mit Steinen beworfen hatten. Alle ,Treffer” sind in der Inf-
rarotaufnahmen (Abb. 4) als ,hot spots” sichtbar. Es wur-
de beschlossen, diese Anlage vorerst, bis zur Reparatur,
zu betreiben um Erfahrungen sammeln zu kénnen, wie
sich eine beschédigte Anlage verhalt. Dank der Langzeit-
messung wird man diese, durch Beschadigung, forcierte
Alterung dokumentieren kénnen.

Abbildung 4: hot spots auf defekter Tracker-PV-Anlage

3. Eine neue Anlage von 5500 Wp wurde auf dem Velostander aufgebaut. Diese Versuchsanlage
dient zur Evaluation von Verschaltungsstrategien bei teilbeschatteten PV-Anlagen. Erste Untersu-
chungen wurden im Rahmen einer Bachelorarbeit gemacht. Hier wurden Stringwechselrichter (u.a.
SMA), Power Conditioner (Solar Edge) und Modulwechselrichter verglichen. Die Anlage dient der
Industrie zu Vergleichsmessungen ihrer Produkte (u.a. KTI-Projekt).

Neues Gerat zur Erkennung und Messung von Hot Spots an PV-Anlage

Mit der steigenden Anzahl von grossen PV-Anlagen auf Hausdachern, steigt auch das Beddrfnis nach
fachmannischer Uberpriifung der Anlagen auf ihre Funktionstiichtigkeit. Da es gefahrlich und teuer ist,
nur wegen einer Uberprifungen, auf mogliche Schaden an PV-Anlagen auf Dacher zu steigen, und
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dabei zu riskieren, wahrend der Uberpriifung neue Schaden an
den PV-Module anzurichten, wurde am PV-LAB der BFH ein
Konzept mit einer Messdrohne ausgearbeitet. Die Besonderheit
an diesem Konzept ist die, dass mit einem Oktokopter eine
Infrarotfilmkamera, die zur Temperaturmessung eingesetzt
wird, Uber die PV-Anlage geflogen wird. Das mit der Kamera
erfasste bewegte Bild, gibt viel mehr Informationen her, als ein
Einzelbild, das mit einer Ublicherweise eingesetzten IR-Foto-
Kamera gemacht wird. Die Aufnahme von Bild 4 mit den Hot
Spots auf der oben beschriebenen, beschadigten, Tracker-PV-
Anlage wurde mit dieser Drohne gemacht. Die BFH-IR Drohne
ist schneller in der Fehlererkennung und 3- bis 4-mal glinstiger
als kommerzielle Drohnen.
Abbildung 5: Oktokopter (Drohne) mit Kamera

Erneuerung des Datenablagesystems aus den 90-er Jahren

Im Rahmen einer Master- und einer Bachelorarbeit wurden neue Mdoglichkeiten fiir die Abfrage der
Messdaten sowie deren Speicherung auf einer MySQL-Datenbank erarbeitet. Es ist geplant, dies
2015 umzusetzen, wenn dafir die Finanzierung gefunden werden kann.

Verbesserung der Messgenauigkeit der Referenzstation Tiergarten

Zur genaueren Messung der Sonnenleistung mit der Referenzstation Tiergar-
ten auf dem Schulgebaude am Jicoweg 1, wurde ein Sun Tracker mit Pyrheli-
ometer, Pyranometer und einem Datenlogger, der die notwendige Steuerung
enthalt angeschafft. In Zukunft kbnnen am Jicoweg die drei Sonnenparameter
.Direktstrahlung/ Diffusstrahlung und Globalstrahlung” erfasst werden. Die
bestehende Meteostation auf dem Dach des Schulgebaudes und der neue
Solartracker werden zu einer Station zusammengefiihrt. Ab Anfang 2015 ste-
hen uns alle Luft und Solardaten zur Verfigung, die wir zur Beurteilung der
Umwelteinflisse auf PV-Anlagen als relevanten erachten.

Abbildung 6: Sun Tracker

Unterhalt der Messinfrastruktur

Die Messinfrastruktur fir die Monitoringkampagne wurde, wie in den vergangenen Jahren regelmassig
gewartet. Bei der Anlage Tiergarten West wurden zwei Module mit Delaminationen ausgebaut und
vermessen. Die beiden Module mit einer Minderleistung von rund 20% konnten dank dem oben be-
schriebenen Oktokopter mit der Infrarotfilmkamera entdeckt werden.

Workshops

Zur Verbreitung der Resultate, der Kommunikation mit interessierten Fachkreisen organisierte das PV-
Labor im Jahr 2014 zwei Workshops an der BFH-TI in Burgdorf:

1. 20 Jahre hochalpine PV-Anlage Jungfraujoch - Einweihung der neuen Anlage auf dem Jung-
fraujoch

2. Burgdorf verandert die Welt, 25 Jahre Solarstromvergitung in Burgdorf und was daraus wurde...

Es gelang fir beide Veranstaltungen hochkaratige Referenten zu gewinnen. An der Veranstaltung
Uber ,hochalpine PV-Anlagen* referierte u.a. Prof. Dr. Haberlin, der Griinder des PV-Labors der BFH
Uber die Ergebnisse hochalpiner PV-Anlagen. Referenten aus der Industrie wie Thomas Nordmann
(TNC), Anton Gunzinger (Swiss Super Computing AG), Stefan Frei (EKZ) und viele mehr beleuchteten
das Thema der ,hochalpinen PV-Anlagen“ und des Nutzens eines erhdhten Anteils von Winterstrom
fur die ,Energiewende 2050

Bei der Jubilaumsveranstaltung zur Solarstrombérse konnten sowohl die historischen Elemente der
ersten kostendeckenden Einspeisevergutung fir PV-Anlagen als auch die Entwicklung in die Neuzeit
dokumentiert werden. Eine Woche vor der Debatte der Energiewende 2050 im Parlament, war die
Aktualitat der Praxisbeispiele besonders interessant.
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Beide Veranstaltungen nahmen Bezug auf die Umsetzung der Energiewende 2050. Die Veranstaltun-
gen verfolgten zwei Ziele, einerseits sollte auf den Pioniergeist der damaligen Promotoren aufmerk-
sam gemacht und aufgefrischt werden, andererseits sollten die Neuerungen und Fortschritte, die sich
in den 20 Jahren Photovoltaik ergaben, herausgearbeitet werden. Damit die Energiewende 2050 auch
wirklich umgesetzt wird, braucht es nach dem Pioniergeist der letzten 20 Jahre jetzt das Vertrauen der
breiten Bevolkerung und der Politiker in die Technologie und das Wissen, dass mit der Photovoltaik
ein adaquates Mittel fur die Umsetzung der Energiewende zur Verfligung steht. Die Referate der bei-
den Veranstaltungen kdnnen von den Teilnehmerinnen von der PV-Labor-Internetseite heruntergela-
den werden. Diverse Medien wie Regionaljournal, NZZ, BernerZeitung und elektronische Medien be-
richteten Uber die Anlasse und das PV-Labor.

Bewertung 2014 und Ausblick 2015
Finanzierung

Seit Mitte 2014 stehen der PV-Langzeitmesskampagne mit dem SCCER-FURIES WP1, sowie dank
der neuen Zusammenarbeit mit der Bernischen Gebaudeversicherung (GVB) wieder mehr Mittel zur
Verfligung. Dadurch ist es immerhin mdglich, das Messnetz auf einem technisch zeitgemassen Stand
zu halten.

Unterhalt & Ausbau der Anlagenstandorte und der Messinfrastruktur

Im Rahmen der Unterhaltsarbeiten, werden wo es mit wenig Aufwand mdoglich ist, die Datenibertra-
gung von Modem auf Internet gewechselt. Einige Messgerate fir Umweltparameter miissen ersetzt
und neu kalibriert werden. Am Jungfraujoch ist die Neuinstallation der Messmittel noch nicht abge-
schlossen.

Mit zwei Anlagebesitzern, deren Anlagen sich auf ,mittlerer Hohe" befinden (um 2‘000md.M.) sind wir
im Gesprach um diese Anlagen ins Messnetz aufzunehmen. Denn zurzeit haben wir nur Anlagen, die
tiefer oder hoher gelegen sind. Diese Standorte ergdnzen den Fokus, der hochalpinen Anlagen mit
Anlagen, die einen erhdéhten Winterertrag bringen kdénnen. Dies ist im Rahmen der ,Energiewende
2050“ erwilnscht. Hochalpine Anlagen Uber 2'000m.0.Meer haben aufgrund der Witterungs-
verhaltnisse hohe Baukosten und es dirfte schwierig sein, dafiir eine Baubewilligung zu erhalten.

Ein neuer Aspekt sind die Probleme mit der Schneebedeckung in diesen Héhen. Dazu soll ein For-
schungsprojekt gestartet werden. Zur Vorbereitung ist eine zusatzliche Anlage auf der Mannlichen-
Bahn gebaut worden. Dort sollen erstmals Schneedecken gemessen und Methoden zur Beseitigung
des Schnees untersucht werden.

Datenablagesystem

Fur die Ablage der gewonnen Daten muss das mit einer Bachelorarbeit begonnene Projekt weiterge-
fuhrt werden. Eine sinnvolle Ausgestaltung von Datenspeicherung und Datenveréffentlichung im Sinne
eines Service Public muss ausgearbeitet werden. So dass einerseits die Ergebnisse dieser Langzeit-
Messkampagne via Internet einer breiten Offentlichkeit zur Verfiigung gestellt werden kénnen. Ande-
rerseits sollen vertrauliche Messdaten von laufenden Forschungsarbeiten nur fur berechtigte Benutzer
zuganglich sein. Das PV-Labor erhielt 2014 verschiedene Anfragen fir die Lieferung von Datenséatzen
zur Evaluation von Solarkatastern. Weiter hat ein Industrieunternehmen die Anlage Mont-Soleil be-
nutzt, um ein Produktionsvorhersage-System zu entwickeln. Diese Unterstiitzung hat das PV-Labor im
Rahmen der Zusammenarbeit der Studiengesellschaft Mont-Soleil SGM gratis geleistet.

Oktokopter (Drohne)

Der Oktokopter der zur Erkennung und Messung von Hot Spots an PV-Anlagen gebaut wurde, soll im
folgenden Jahr an allen Anlagen der BFH sowie an weiteren fremden Anlagen angewendet werden.
Dadurch sollen weitere Erfahrungen fir den optimalen Einsatz dieses Gerates gesammelt werden. Es
wird im Moment geprift, ob ein Workshop fur ,PV-IR Drohnen“ einen Mehrwert fiir die Forschungs-
und Industrielandschaft bringen wiirde. Diese Arbeiten wurden im Rahmen des GVB — Projektes
~Brandpravention von PV-Anlagen“ mdglich.
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Lichtbogendetektor

Im Rahmen des GVB — Projektes ,Brandprévention von PV-Anlagen” wird die Arbeit an der Entwick-
lung eines Lichtbogen-Detektors weitergefuhrt. Aktuell arbeitet ein Masterstudent an einer Verbesse-
rung des in der BFH entwickelten Lichtbogendetektors. Fir 2015 ist u.a. die Entwicklung eines auto-
matischen Lichtbogen-Generators geplant. Damit sollen Lichtbdgen mit definierteren Charakteristika
erzeugt werden kdénnen.

Kontaktqualitat von PV-Spezialsteckern

Ebenfalls im Rahmen des GVB — Projektes ,Brandpravention von PV-Anlagen“ sollen Kreuzverbin-
dungen von PV-Steckern untersucht werden, wenn diese von verschiedenen Herstellern vermischt
werden. Dies ist ein Qualitatsproblem bei PV-Anlagen, das Brande auslésen kdnnte.

Im Rahmen des Unterrichts soll die Tauglichkeit auf Brandschutz von Spezialkontakten fir die Verbin-
dung der Hochstromleitungen der PV-Module untersucht werden.

CAS , Stromproduktion aus neuen erneuerbaren Energien®

Es ist ein ,Certificate of advanced Studies” fur , Stromproduktion aus neuen erneuerbaren Ener-
gien® in Planung. Priméar sollen alle Bereiche abgedeckt werden, die von der ,Energiewende 2050
angesprochen wird. Kursteilnehmerinnen kdnnten das nétige Wissen erwerben, um sich mit diesen
Technologien kompetent auseinandersetzen zu kénnen.

Der Bereich der Photovoltaik und weiterer Produktionsarten werden vom PV-Labor abgedeckt. Fir die
Bereiche ,Netze" und ,Stromspeicher” sind Kollegen vom Standort Biel engagiert. Das Projekt stdsst
bei Industrie, Strombranche (u.a. BKW, Swissgrid) auf grosses Interesse. Eine Projekteingabe wurde
beim Bundesamt fur Energie BFE deponiert. Je nach BFE-Zusage kann 2015 oder 2016 (eher wahr-
scheinlich) gestartet werden.

Studiengange im Bereich BSc- und MSE mit PV-Bezug

Die Erkenntnisse der PV-Langzeitmessung fliessen in die Lehrgdnge der BSc- und Masterausbildung
ein. Es sind dies u.a.:

- Wahlmodul ,Photovoltaik* BFH-TI

- Praktikumsmodul ,Photovoltaik* der BFH-TI

- Vertiefungsmodul ,Neue erneuerbare Energietechnologien* BFH-TI

- Masterkurs MSE Modul ,Photovoltaik” (mit Prof. Dr. Vezzini BFH und Dr. Baumgartner ZHAW)
- Wahlmodul ,Nachhaltigkeit fiir Ingenieure* BFH-TI

- Vorlesungen bei der AHB (verschiedene Lehrgange)

Damit ist gesichert, dass die Erkenntnisse der PV-Langzeitmessung auch den Ingenieuren und Archi-
tekten von Morgen zukommen.

Externe Vortrage und Kurse

An verschiedenen Kursen und Ausbildungsgangen werden die Erkenntnisse der PV-Langzeit-
messung weiter nach aussen getragen. So u.a.:

- Halbjahrliche Workshops ,Plushaus” von energie-cluster.ch bei der BFH in Burgdorf
- Plushaus-Schulungen von energie-cluster.ch
- Vortrage und Referate an Fachtagungen und auf Einladung (10-20)

So gehen die Erkenntnisse der PV-Langzeitmessung Uber den Kreis der BFH und der Masterausbil-
dung hinaus.
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ABSTRACT

The goal of this project is the development and the construction of a low EMI test bench for research
and testing of multistring PV inverters. The test bench shall be able to simulate three independent sub
arrays with open circuit voltage of up to 1’000V and maximum power of 11.52kW each. The thermal
stability of the generated I/V characteristics shall be sufficiently high to allow measurements of the
inverter's MPP tracking accuracy.

In preparation of this project, commercially available systems for the simulation of PV arrays were
evaluated. Because none of the evaluated products matched our needs, it has been decided to self-
construct the PV array simulator according to our requirements. The major component of this simula-
tor is a powerful, liquid cooled, low drift, controllable linear current source based on latest generation
linear power MOSFETSs. To achieve good dynamic behaviour and high flexibility, the control and V/I
curve generation is realised with a high speed digital circuit based on FPGA and fast, high resolution
data converters.

So far, a prototype simulator (only 1 string) has been developed, constructed and tested. However,
because the installation of the cooling system requires more time than anticipated, the project is de-
layed. It is planned that the multistring inverter test bench will be operational by early summer 2015.
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Einleitung

Im Rahmen des Projekts ,Prufstand fiir Multistring-Solarwechselrichter soll ein Testplatz aufgebaut
werden, welcher es erlaubt, Solarwechselrichter mit bis zu drei MPP-Trackern vollumfanglich, normge-
recht und realitatsnah zu priifen. Herzstlick des Priifstands bildet ein Solargenerator-Simulator, wel-
cher es erlaubt, drei voneinander unabhéngige Solarkennlinien zu generieren. Im Vorfeld des Projekts
wurde recherchiert, ob auf dem Markt verfigbare Solargenerator-Simulatoren den hohen Anforderun-
gen fir den Einsatz in einem Priflabor gerecht werden. Keines der untersuchten Gerate vermochte
jedoch vollumfanglich zu Uberzeugen. Die wesentlichen Schwachstellen der kommerziell erhaltlichen
Simulatoren waren hohe EMV-Stérungen, ungeniigende Regelgeschwindigkeit, zu kleiner Span-
nungsbereich und zu hohe Erdkapazitaten. Deshalb wurde entschieden, den benétigten Solargenera-
tor-Simulator selbst zu entwickeln.

Der geplante Simulator besteht aus drei Teilsimulatoren. Davon kann jeder eine Kennlinie mit einer
Leerlaufspannung von bis zu 1‘000V und einem Kurzschlussstrom von bis zu 32A generieren. Wird
eine Kennlinie geméass EN50530 (Fillfaktor 72%) verwendet, betrdgt die maximale MPP-Leistung
11.52kW. Bei hoheren Fillfaktoren werden auch Leistungen von ber 13kW méglich, womit der Priif-
stand Uber 40kW Solarleistung simulieren kann. Um gute dynamische Eigenschaften zu erreichen und
EMV-Stérungen zu vermeiden, basiert der Solargenerator-Simulator auf einem linearen Design und
verfugt Uber eine schnelle, FPGA basierte Regelung. Da im Betrieb betrachtliche Verlustleistungen
auftreten kénnen, werden flissigkeitsgekihlte Leistungshalbleiter der neusten Generation (1'500V
Linear MOSFET) eingesetzt.

Fur die Steuerung des Prifplatzes im Allgemeinen und des Simulators im speziellen wird eine Soft-
ware geschrieben, welche es erlaubt, vollautomatische Messprozeduren geméass EN50530 an Solar-
wechselrichtern durchzufiihren. Daneben werden Programmroutinen implementiert, welche eine ma-
nuelle Steuerung der Simulatoren ermdglichen, wie sie beispielsweise fir EMV-Messungen oder Si-
cherheitstest gemass VDE 0126-1-1 und VDE-AR-N 4105 notwendig ist.

Kurzbeschrieb des Projekts

Der geplante Solargenerator-Simulator basiert hauptséchlich auf einer leistungsstarken, hochstabilen,
steuerbaren Stromquelle, welche durch lineare Power MOSFET realisiert wird. Die Kennlinienerzeu-
gung und die Regelung erfolgen durch eine schnelle FPGA basierte Digitalschaltung. Fig. 1 zeigt das
stark vereinfachte Prinzipschema eines Teilsimulators.

DC

\
|®
Kennlinienerzeugung
& Regelung

O—

Fig. 1: Prinzipschema eines Teilsimulators

Diese steuerbare Stromquelle ist die Komponente, welche die Qualitat des Simulators am massge-
blichsten beeinflusst. Die Quelle soll ein schnelles Regelverhalten zeigen, darf aber unabhéngig von
der angeschlossenen Last nicht schwingen. Damit diese beiden konkurrierenden Eigenschaften er-
reicht werden konnen, wird die Quelle ausgangsseitig mit einem ohmsch-kapazitiven Dampfungsglied
beschaltet. Eine Ausgangskapazitat ist aber bei einem Solargenerator-Simulator grundséatzlich uner-
winscht, weshalb dieses Glied so klein wie méglich gehalten wird. Ein weiteres qualitétsbestimmen-
des Merkmal der Stromquelle ist die thermische Stabilitdt des Ausgangsstromes, denn diese wirkt sich
direkt auf die Stabilitdt der Kennlinie aus. Damit Messungen der Trackinggenauigkeit von Wechsel-
richtern Uberhaupt moglich sind, darf die Kennlinie des verwendeten Solargenerator-Simulators
héchstens um ein Promille driften. Die letzte grosse Herausforderung beim Bau der Stromquelle stellt
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die Kuhlung der Linear MOSFET dar. Wird im Betrieb der Ausgang des Simulators kurzgeschlossen,
fallt die gesamte Spannung Uber der Stromquelle ab. So kénnen pro Teilsimulator kurzzeitig bis zu
16kW Verlustleistung entstehen. Selbst im Normalbetrieb kann die Verlustleistung etwa 1...4kW be-
tragen. Aufgrund der kompakten Abmessungen der Stromquelle entsteht so eine betrachtliche Leis-
tungsdichte. Deshalb erfolgt die Kiihlung der Stromquelle mit einer leistungsstarken Flissigkeitskih-
lung.

Die digitale Kennlinienerzeugung und Regelung ist fur die Qualitat des Simulators ebenfalls sehr ent-
scheidend. Damit ein schnelles Regelverhalten erreicht wird, darf die Reglerschaltung keine grosse
Totzeit in den Regelkreis einbauen. Um dies zu erreichen, werden schnelle AD- und DA-Wandler (3
MSPS / 16 Bit) und eine Kennlinienberechnung ohne Pipeline-Delay eingesetzt. Die Totzeit der Rege-
lung betréagt damit weniger als 1ps. Da eine Echtzeitberechnung der komplexen Kennlinie eines So-
largenerators in dieser kurzen Zeit nicht mdglich ist, werden die Kennlinien vorgangig berechnet und
in einem Flash-Speichermodul abgelegt. Dieses bietet Platz fur 65536 Kennlinien, welche im Betrieb
beliebig umgeschaltet und skaliert werden kénnen.

Die Speisung des Simulators erfolgt Giber programmierbare Speisegerate. Da die Teilsimulatoren un-
abhéngig voneinander funktionieren sollen, ist pro Teilsimulator ein eigenes Speisegerat notwendig.
Um die Verlustleistung der Stromquelle in Grenzen zu halten, wird die Spannung der Speisegerate der
Ausgangsspannung nachgeregelt, wozu eigens eine Schaltung entwickelt wird. Bei den vorgesehenen
Speisegeraten handelt es sich um Schaltnetzteile. Damit die Messungen nicht durch EMV-Stérungen
der Speisegerate verfalscht werden, missen diese entstort werden. Dabei ist es jedoch entscheidend,
dass keine nennenswerten Erdkapazitaten eingebaut werden, da ansonsten der Test von trafolosen
Wechselrichtern verunmoéglicht wiirde (Ansprechen der Fehlerstromdetektion durch kapazitive Erd-
strome).

Die Steuerung der Simulatoren erfolgt tiber eine Steuerschaltung, welche die Kommunikation mit dem
Steuercomputer, die Konfiguration der Kennlinienerzeugung, die Fehleriiberwachung und samtliche
Schaltfunktionen tbernimmt. Das Herzstlick der Steuerschaltung ist ein leistungsfahiger Cortex-M4
Microcontroller (32-Bit).

Durchgefuhrte Arbeiten und erreichte Ergebnisse

Bisher wurde der erste Teilsimulator entwickelt und gebaut. Dieser ist in der Lage, einen Strang mit
einer Leerlaufspannung bis 1'000V und einem Kurzschlussstrom bis 32A zu simulieren. Dieser Teilsi-
mulator wurde mittlerweile rudimentar getestet. Rudimentar deshalb, weil die fir den Betrieb des Si-
mulators benétigte Kithleinrichtung noch nicht vorhanden ist. Wie bereits erwahnt wurde, generiert der
Prufstand eine beachtliche Verlustleistung. Zunachst war geplant, fur Kilhlung einen Kaltwassersatz
mit 12kW Kalteleistung zu installieren. Dies hatte jedoch grosse Kosten verursacht. Ausserdem héatte
der bendtigte Kihler extern am Gebaude angebracht werden missen, was unter anderem eine Bau-
bewilligung nach sich gezogen hatte. Um diese Aufwande zu umgehen wurde beschlossen, die Kalte-
leistung Uber einen Warmetauscher von einer im Gebaude bestehenden Kalteanlage zu beziehen.
Diese Kalteanlage hat eine Kalteleistung von tber 80kW und dient zur Kiihlung der technischen Appa-
raturen unseres Reinraums. Die Anlage ist flr diesen Zweck stark Uberdimensioniert, weshalb sie
zusatzlich fir die Kihlung des Multistring-Simulators eingesetzt werden kann. Dies bedingt aber einen
Eingriff sowohl in den KihImittelkreis als auch in die Steuerung der Anlage. Deshalb wurde das fir
den Reinraum zustandige Ingenieurbiiro mit der Planung dieser Erweiterung beauftragt. Die Kihlanla-
ge wird voraussichtlich im ersten Quartal 2015 betriebsbereit sein. Bis dahin ist der Test der Hardware
des ersten Teilsimulators am Ruhen, wodurch sich das Projekt verzégert.

Zum Einbau der drei Teilsimulatoren sowie der Speise- und Messgerate wurde ein stabiles Rack kon-
struiert, welches in Fig. 2 gezeigt wird. Auf der Abbildung sind ausserdem der erste Teilsimulator und
links daneben das dazugehdrige Speisegerét zu erkennen. Fir den Prifstand wird derzeit ein Raum
eingerichtet, in dem nebst der bereits angesprochenen Kiihlung auch ein Netzanschluss von 70kVA
installiert wird.
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Fig. 2: Rack fiir den Multistring-Simulator mit dem ersten Teilsimulator

Bewertung der Bisherigen Arbeiten und Ausblick

Die bisher erzielten Resultate lassen darauf schliessen, dass der Multistring-Priifstand die geplanten
Spezifikationen erreichen wird. Bis dahin gibt es noch mehrere Arbeiten zu erledigen, wovon die wich-
tigsten im Folgenden genannt werden.

Sobald die Kihlanlage einsatzbereit ist, muss der erste Teilsimulator unter Vollast getestet werden.
Erst dann macht es Sinn, die verbleibenden zwei Teilsimulatoren zu bauen. Da alle Teilkomponenten
des ersten Teilsimulators bereits eingehend getestet wurden, ist von diesem Schlusstest ein positives
Resultat zu erwarten.

Fur die Steuerung des Priifstandes, insbesondere der Teilsimulatoren, muss eine Mess- und Steuer-
software geschrieben werden. Die Ansteuerung der Teilsimulatoren erweist sich dabei als vergleichs-
weise einfach, da diese lber simple Terminalbefehle erfolgt, welche von der Hardware der Simulato-
ren bearbeitet werden. Deutlich komplexer ist die Ansteuerung der Leistungsanalysatoren. Insbeson-
dere die Synchronisation der simulierten Testmuster und der Messgerate bei dynamischen Testmus-
tern ist sehr komplex.

Der aktuelle Projektstand lasst darauf schliessen, dass der neue Multistring-Prifstand im Sommer
2015 in Betrieb genommen werden kann. Somit steht der Prifstand voraussichtlich ab Herbst 2015
als Test- und Forschungsplattform zur Verfligung.
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ABSTRACT

The BFH test laboratory for photovoltaics in Burgdorf has decided to be accredited by SAS in testing
of grid-connected inverters in terms dynamic and static tracking behavior and electromagnetic com-
patibility.

Since the approval of the subsidy contract by the BFE, the SAS has been contacted and the first
steps were determined. Thereupon, the preparation of the self-assessing checklist and the pro-
cessing of the Quality Manual could be started and are going to be finished soon.

Also, the evaluation of the required measuring-accuracy has already been carried out and forms an
important basis for accreditation.

The test bench is already available but needs to be placed elsewhere. The relocation will take about
half a year of time.
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Einleitung / Projektziele

Das von Prof. Dr. Haberlin gegrindete Photovoltaiklabor der Berner Fachhochschule in Burgdorf
(PV LAB) fiihrt seit 1989 Tests von Wechselrichtern fir netzgekoppelte PV-Anlagen durch. Anfangs
wurden unter anderem DC-AC-Umwandlungswirkungsgrad und Oberschwingungsstrome mit der
schuleigenen PV-Dachanlage (60kW) getestet und untersucht, die eigens daflir konstruiert wurde. Im
Jahre 2005 wurden weitere Tests eingeflihrt, wie Messung des statischen und dynamischen MPP-
Trackingverhalten und die vom PV LAB eingefiihrte Grosse "Gesamtwirkungsgrad" oder "totaler
Wirkungsgrad" n.. Dieser Gesamtwirkungsgrad eignet sich sehr gut zur ganzheitlichen Beschreibung
des Verhaltens von Wechselrichtern und wurde zunehmend auch von anderen Institutionen und von
der Fachpresse (z.B. Photon) verwendet. Wegen der notwendigen sehr hohen Stabilitat sind hochpra-
zise Messungen des MPP-Tracking-Wirkungsgrades resp. -Anpassungsgrades und des Gesamtwir-
kungsgrades an realen PV-Generatoren nicht mdglich. Zur Messung des MPPT-Verhaltens und des
Gesamtwirkungsgrades sind computergesteuerte Solargenerator-Simulatoren (SolGenSim) im
Rahmen von verschiedenen Forschungsprojekten im PV LAB entwickelt, programmiert und optimiert
worden.

Die im PV LAB verwendeten Testprozeduren fiir das dynamische und statische Trackingverhalten
sind in der Norm EN50530 festgehalten. Die Elektromagnetische Vertraglichkeit (leitungsgebundene
Stoéraussendungen) ist ein weiterer wichtiger Punkt bei der Qualitat von netzgebundenen Wechselrich-
tern und somit der Netzqualitdt und wird mit den Grenzwerten in der Norm EN61000-6-3 (Wohn-
bereich, Geschéfts- und Gewerbebereiche sowie Kleinbetriebe) resp. EN61000-6-4 (Industrieberiech)
festgehalten. Dank dieser Testprozeduren hat sich gesamthaft die Qualitat von netzgebundenen
Wechselrichter erheblich verbessert.

Das Priflabor hat mit seinen Uber 20 Jahren Erfahrung im Testen von Solarwechselrichtern, den
Publikationen und den Forschungsprojekten einen guten Beitrag zur Verbesserung von Solarwechsel-
richtern geleistet und grosse Kompetenz auf diesem Gebiet bewiesen.

Um diese Kompetenz weiter auszubauen und von einer unabhangigen Stelle zu bestétigen, hat sich
das Pruflabor fur die Akkreditierung nach ISO/IEC 17025 entschieden und ein Akkreditierungs-
verfahren bei der Schweizerischen Akkreditierung Stelle (SAS), Lindenweg 50, CH-3003 Bern-Wabern
eroffnet.

Kurzbeschrieb des Projekts / der Anlage

Das Photovoltaiklabor (PV LAB) des Departements Technik und Informatik der Berner Fachhochschu-
le BFH-TI Burgdorf gehort im Bereich der Forschung dem Institut Energie und Mobilitéat (IEM) an
(siehe Figur 1). Das PV LAB ist ein Labor, welches als Teil der BFH folgende Aufgaben wahrnimmt:

a) Begleitung und Durchfiihrung von Forschungs- und Entwicklungsprojekten auf dem Gebiet der
Photovoltaik-Systemtechnik

b) Erbringen von Dienstleistungen auf dem Gebiet der Photovoltaik-Systemtechnik in Industriepro-
jekten (bspw. KTI-Projekten)

c) Erbringen von Dienstleistungen wie das Testen und Messen von Photovoltaik-Wechselrichtern
(Netzverbundanlagen und Inselanlagen) im Labor mit einem Solargenerator-Simulator oder der
eigenen PV-Anlage, das Prufen von anderen Komponenten der PV-Systemtechnik im Labor, so-
wie das Testen von Blitz- und Uberspannungsschutz im Hochspannungslabor [Kompetenzgruppe
WRT]

d) Langzeitmessungen an netzgekoppelten Photovoltaikanlagen [Kompetenzgruppe LZPV]

e) Aus- und Weiterbildungen in Photovoltaik-Systemtechnik im nationalen und internationalen
Bereich

f) Organisation, Durchfihrung und Begleitung von Lehrveranstaltungen, Vortragstagungen, Studi-
enprojekten, Laboriibungen, technischen Fihrungen

g) Publikationen, Berichte, Vortrage, Wissenstransfer, Ausktinfte, Beratung und Networking

h) Pflege der eigenen Homepage www.pvtest.ch
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Figur 1: Eingliederung des PV-Labors in der BFH

Unabhangigkeit als Prifstelle

Das PV LAB und dessen Kompetenzgruppe WRT (Testen und Priifen von Solarwechselrichtern und
deren Komponenten) untersteht der Direktion der BFH-TI, Burgdorf. Die Unabhangigkeit der Aktivita-
ten als Prifstelle ist von der Direktion der BFH-TI gewahrleistet.

Die Kompetenzgruppe WRT finanziert sich zu etwa 60-80% aus Drittauftragen. Dies sind Testauftra-
ge, Beratungen, Industrieprojekte, usw. mit externen Firmen oder Institutionen.

Die Raumlichkeiten des Priiflabors (Raum T933) sind vom Schulungsbereich und anderen Abteilun-
gen abgetrennt und kdnnen nur von Mitarbeitern (mit Schliissel) betreten werden. Der Standort soll
allerdings fiir die Akkreditierung noch geandert werden.

Sicherstellung zukiinftige Unabhéngigkeit als Prifstelle

Um auch bei zukiinftigen Veranderungen wie Umzug der Prifstelle (bspw. Thema Campus Biel,
2020), Umstrukturierungen der Abteilungen, usw. die Unabhangigkeit der Priifstelle garantieren zu
kénnen, werden hier die wichtigsten Punkte aufgelistet, die dafiir einzuhalten/zu beachten sind:

1. Finanzielle Unabhangigkeit der Priifstelle (eigene Kontofiihrung)

2. Zugriffsberechtigungen fir die Laufwerksordner mit vertraulichen Daten nach Bedarf verteilen
3. Ablegung und Archivierung der Dokumente und Daten anpassen
4

Raumlich Trennung des Messplatzes und der Aufbewahrung Priflinge vor
a. Besuchern
b. Studierenden
c. (Unbefugte) Mitarbeitern ausserhalb der Prifstelle
5. Erganzung und Anpassung der Vertraulichkeitserklarung

6. Anpassungen/Erganzungen der Dokumentation Kapitel Personalwesen (bspw. Checkliste Eintritt
neuer Mitarbeiter)

7. Nach Bedarf, Unabhangigkeitserklarung der Prifstelle (Internet)
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Durchgefuhrte Arbeiten und erreichte Ergebnisse

Um die gewlinschte Akkreditierung als unabhéngiges Priflabor zu erlangen wurde mit der Schweize-
rischen Akkreditierungsstelle SAS bereits Kontakt aufgenommen. Erste Gesprache mit dem zugewie-
senen Begutachter Orlando Holenstein, SAS und dem Fachexperten Fabian Beck, EPCOS haben
bereits stattgefunden. Dabei wurde definiert, welche Unterlagen/Dokumente von der SAS bendtigt
werden, damit die Akkreditierung gesprochen werden kann. Dies sind insbesondere:

- Standard-Checkliste fiir die Akkreditierung von Priflaboratorien nach ISO/IEC 17025

Diese Checkliste ist eine Art Selbstdeklaration des Priflabors und gibt insbesondere Auskunft tiber die
Organisation, Zustandigkeiten und Prozesse. Mit der Bearbeitung der Liste konnte bereits begonnen
werden. Sie ist mittlerweile auf einem Stand, welcher einen Abschluss in wenigen Wochen als realis-
tisch erscheinen lasst.

- Qualitaitsmanagement-Handbuch (MHB) nach ISO/IEC 17025

Fur die Erstellung des Handbuchs wurde der Kontakt zur Abgasprufstelle in Nidau gesucht. Die Prif-
stelle unter der Leitung von Dr. Jan Czerwinski ist ebenfalls im Departement Technik und Informatik
der Fachhochschule (BFH-TI) eingegliedert und hat sich kirzlich ebenfalls als Priiflabor akkreditieren
lassen. Wir konnten das MHB von ihnen beziehen und brauchen es als hilfreiche Vorlage.

Eine saubere Pflege dieses Handbuchs ist sehr zeitaufwandig und ist aktuell im Gange. Die Mitarbei-
terin, welche damit begonnen hat, hat das Priflabor anfangs 2014 verlassen. Ein neuer Mitarbeiter
wurde mit der Bearbeitung beauftragt und befindet sich in der Einarbeitungsphase. Sobald die Thema-
tik genligend vertieft ist, kann die Fortsetzung des Akkreditierungsvorgehens angegangen werden.

Der zu akkreditierende Teil des PV-Labors ist nun so organisiert:

Leitung des Labors: LL Prof. Urs Muntwyler
Qualitatsmanager QM Ing FH André Werder
Verantwortliche fir technische Fragen: VTF Ing HTL Luciano Borgna

Ing FH Daniel Gfeller
Priufprozessverantwortlicher: PV Vakant

Ein weiterer Punkt, welchen es vorgangig zu klaren gilt, ist die Evaluation der Messgenauigkeit. Dafir
hat der VTF beim METAS eine spezifische Schulung besucht und die Messmittel gezielt kalibrieren
lassen. Mit den erhaltenen Resultaten konnte dann die Messgenauigkeit unseres eigenen Priifaufbaus
genau bestimmt und durch Testmessungen validiert werden.

Nationale / internationale Zusammenarbeit

Das Abgas-Priflabor der Automobil-Abteilung der BFH-TI in Nidau wurde im August 2012 als Prifstel-
le fir Diesel Partikelfilter akkreditiert (STS 0561). Dieser Anlass und die damit verbundene Erfahrung
im Akkreditierungswesen wurde genutzt um Unterstitzung zu holen. Der zustandige MS-
Verantwortliche Pierre Comte hat freundlicherweise die betreffenden Unterlagen zur Inspiration zur
Verfligung gestellt. Ausserdem fand ein Gesprach mit dem Laborleiter Dr. Jan Czerwinski statt.

Bewertung 2014 und Ausblick 2015

Die Vorarbeiten fir die Akkreditierung konnten 2014 von Frau Manuela Schoni erfolgreich in Angriff
genommen werden. Durch ihren Weggang aus dem PV-Labor ist leider eine Liicke entstanden und
die Weiterarbeit lag eine Zeit lang brach. Durch einen Neuzugang von Herrn André Werder im
September konnte ein Nachfolger gefunden werden, der mit der Akkreditierung betraut wurde.
Die Einarbeitung wird noch einige Zeit in Anspruch nehmen. Eine erste Fassung der Checkliste und
des MS-Handbuchs liegen vor. Die Anmeldung zur Begutachtung kann demnéchst ins Auge gefasst
werden.
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Der 100 kWp SolGenSim (siehe Figur 2), welcher fur die dynamischen WR-Tests verwendet wird, ist
bereits vorhanden, jedoch muss der Standort gedndert werden, um die Zuganglichkeit fur den Prifen-
den sowie die Beliftung des SolGenSim (und natirlich auch des Priflings) zu verbessern. Der Umzug
vom alten Standort (Raum T933 im UG) an den neuen (Raum T014a im EG) bedarf noch einiger Vor-
bereitung, kann aber voraussichtlich innerhalb eines halben Jahres vollzogen werden. Bis dahin soll-
ten auch die Checkliste und das Handbuch soweit sein, dass sie von der SAS begutachtet werden

kénnen.

Figur 2: SolGenSim 100kWp
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ABSTRACT

In the 'Smart Grid Eich' project, a novel integration of photovoltaic power systems into the low voltage
distribution grid will be implemented. In the Eich district of Frenkendorf (Canton Basel-Landschaft), 29
PV power systems with a total rated AC power of 131 kW were installed in 2012. However, the PV
hosting capacity of the grid is only 80 kW due to voltage constraints. The power output of the PV
power plants was therefore limited to 60% of the AC power directly after commissioning. The estimat-
ed energy loss due to active power curtailment is 6%.

A control system has been set up to control the reactive power output of the PV systems and to limit
active power curtailment just to those times when the local grid voltage would exceed the tolerated
limits. This control system consists of voltage/power measurements in the district of Eich, a commu-
nication system to transfer the measured values to the grid operator's control centre, a Matlab based
control tool and the existing ripple control system to transmit the control commands to the PV power
systems.

In 2014, the system was set up and fully commissioned. Initial system tests have now been carried
out successfully. Further tests will be carried out in spring / summer 2015 at high irradiance levels.
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Einleitung / Projektziele

In der Uberbauung "Eich" in Frenkendorf kdnnen wegen Spannungsproblemen von 29 PV-Anlagen mit
einer Gesamtleistung von 131 kVA nur gerade 60% respektive 78.6 kW ins Netz eingespeist werden.
Dadurch resultiert ein jahrlicher Energieertragsverlust von hochgerechnet ca. 6%. In dem Projekt
"Smart Grid Eich" sollen die PV-Anlagen dynamisch geregelt und der Ertragsverlust ohne Netzausbau
reduziert werden. ABBILDUNG 1 zeigt eine Luftaufnahme der Uberbauung Eich mit den 29 PV-

Anlagen.

Ubergeordnete Ziele

Verhinderung Netzausbau

Reduktion Ertragsverlust von 6% auf maximal 4%

Demonstration Kosteneinsparung fur Folgeprojekte

Rolle der Kommunikation von Netzbetreiber zu PV-Anlage aufzeigen

Sicherstellung Netzstabilitat

Ziele fur das Jahr 2014

Inbetriebnahme des Regelungssystems

Demonstration der Funktionsweise des Regelungssystems

Abbildung 1: Luftaufnahme des Quartiers Eich.
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Kurzbeschrieb des Projekts / der Anlage

Das Regelungssystem des Smart Grid Eich wird in ABBILDUNG 2 dargestellt. Das Regelungskonzept
funktioniert in Kiirze wie folgt:

1. Die PV-Anlagen speisen ohne statische Leistungsbegrenzung ins Netz ein.

2. Die Netzspannung wird Uberwacht. Bei erhéhter Netzspannung wird der Leistungsfaktor der PV-
Anlagen reduziert (cos(phi) < 1, induktiv). Damit wird die Netzspannung gesenkt.

3. Ist Massnahme 2 nicht ausreichend, so wird zusétzlich die Wirkleistung begrenzt. Die Reduktion
des cos(phi) sowie der Wirkleistungsgrenze erfolgen in acht Stufen.

4. Sinkt die Netzspannung unter ein gewisses Niveau, so werden die Massnahmen 3 und 2 wieder
aufgehoben.

Abbildung 2: Regelungssystem Smart Grid Eich.

Durchgefihrte Arbeiten und erreichte Ergebnisse

Im Jahr 2014 wurde das Regelungskonzept aus der Vorstudie verfeinert, implementiert und mit der
dafir notwendigen Hardware installiert und in Betrieb genommen. Erste Funktionstests dazu wurden
durchgefuhrt.

ABBILDUNG 3 zeigt die Simulationsergebnisse der Funktionsweise des Smart Grid Eich. Aufgrund der
Simulation wird mit rund 2'000 bis 3'000 Rundsteuersendungen pro Jahr gerechnet, welche vorwie-
gend im Sommerhalbjahr anfallen. Der Energieertragsverlust soll von 6% auf unter 1% gesenkt
werden kdnnen.

ABBILDUNG 4 zeigt die Benutzeroberflache des Smart Grid Eich. Neben der automatischen Regelung
wurde zu Testzwecken ein Interface geschaffen, welches die manuelle Sendung von Rundsteuer-
befehlen ermdglicht.
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Abbildung 3: Jahressimulation des Smart Grid Eich.

Abbildung 4: Benutzeroberflache Smart Grid Eich.

Die korrekte Funktion des Smart Grid Eich wird in ABBILDUNG 5 nachgewiesen. Die acht Regelstufen
des Smart Grid Eich werden durchgelaufen und die berechnete mit der gemessenen Blindleistung
verglichen. Die gemachten Messungen sind Netto-Leistungsmessungen und zeigen nicht nur die
Einspeisung der PV-Anlagen, sondern auch den Blindleistungsbezug der Haushalte. Deshalb gibt es
gewisse Unterschiede zwischen der Soll- und Ist-Blindleistung.
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Abbildung 5: Funktionstest Smart Grid Eich.

Ein Soll-Ist-Vergleich der Wirkleistung war noch nicht mdglich, weil zu Zeiten starker Einstrahlung
(August) noch nicht geniigend PV-Anlagen am System angeschlossen waren, um aussagekraftige
Messresultate zu erhalten.

Nationale / internationale Zusammenarbeit
Das Projektteam wird von folgenden Firmen gebildet:
o Elektra Baselland (EBL): Trager des Projekts und Hauptprojektleitung.

e Solvatec AG: Installation der PV-Anlagen, Rundsteuergeraten und Konfiguration der Wechsel-
richter.

e Basler & Hofmann AG: Regelungskonzept, Simulationen, Implementierung der Regelung,
Betreuung und Optimierung des Regelungssystems.

e Swistec Systems AG: Lieferung und Wartung der Rundsteuerung, Implementierung der Soft-
wareschnittstelle der Regelung und des bestehenden Rundsteuersystems.

Zu den Anwohnern und Eigentiimern der PV-Anlagen im Quartier Eich besteht ein enger Kontakt und
Austausch. Des Weiteren wird der direkte Kontakt zu Kostal (Deutschland), dem Hersteller der Photo-
voltaik-Wechselrichter, gepflegt.

Bewertung 2014 und Ausblick 2015

Das Regelsystem wurde gemass Zeitplan installiert und in Betrieb genommen. Mit den Funktionstests
konnte die korrekte Funktion des Systems nachgewiesen werden. Die Ziele fir das Jahr 2014 wurden
somit erreicht.

Die grossten Herausforderungen lagen dabei auf folgenden Punkten:
¢ Konfiguration Wechselrichter

e Zuverlassigkeit Datenkommunikation
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Fur das kommende Jahr (2015) sind insbesondere Messungen und Auswertungen vorgesehen. In der
Folgenden Tabelle ist der Projektplan aufgefuhrt:

Aktivitaten Anfang | Ende Meilenstein Zustandige/r Pro-
jektpartner/in
Vorstudie 2012 2013 Abgeschlossen: Variantenentscheid EBL
Vorbereitungen 04.2014 | 05.2014 | Konzept Regelung Entworfen Basler & Hofmann
Aufbau Smart Grid | 06.2014 | 06.2014 | Bau und Inbetriebnahme Smart Grid Basler & Hofmann
bei Powerusern bei vier Kunden
Aufbau SG 08.2014 | 08.2014 | Aufbau des Smart Grids bei allen 29 Basler & Hofmann
PV-Anlagebetreibern
Messperiode 1 09.2014 | 12.2014 | Auswertung, Optimierungen, BFE Jah- | Basler & Hofmann
resbericht
Messperiode 2 01.2015 | 12.2015 | Auswertung, Optimierungen, BFE Jah- | Basler & Hofmann
resbericht
Erfolgskontrolle 01.2016 | 02.2016 | Auswertung Energieertragseinbusse, Basler & Hofmann
Spannungsqualitat
Technologietransfer | 09.2014 | 06.2016 | Im Rahmen der Kommunikation Basler & Hofmann,
EBL
Kommunikation 09.2014 | 06.2016 | Dissemination Basler & Hofmann,
¢ Publikationen EBL
e Prasentationen
e IEA PVPS Task 14, Subtask 5
Schlussbericht 06.2016 | 06.2016 | BFE-Schlussbericht Basler & Hofmann

Projekt Smart Grid Eich, Christof Bucher, Basler und Hofmann AG
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ABSTRACT

Fluxim AG is a leading supplier of R&D tools for (in-)organic solar cells and organic light emitting di-
odes. In addition to its simulation software Setfos, Fluxim has introduced a novel measurement plat-
form Paios for all-in-one optoelectronic device characterization of solar cells and organic light-emitting
diodes. One goal in this project is to extend the Paios measurement system to be able to elucidate
the physics of solar cells at cryogenic temperatures and also at elevated temperatures for life-time
studies. A second major goal is to integrate the simulation software and the measurement hardware
into a turn-key solution so that the various measurements performed with Paios can be simulated with
Setfos at the press of a button. This allows a reliable parameter extraction of model parameters in a
streamlined and rapid process.

After the first project year, a prototype of a low-temperature probe station was developed, successful-
ly tested, and compared with a commercial cryostat. The measurement capabilities of the Paios sys-
tem have been greatly enhanced by designing a new front end. Cell impedances, for example, can
now be measured over frequencies spanning 7 orders of magnitude and more than 8 orders in im-
pedance. An ongoing development of the optical system will enable to illumine multiple samples at
the same time to perform parallel measurements.

To extract the optimal model parameters, a multi-criteria optimization algorithm needs to be devel-
oped. In an initial step the numerical algorithms to make forward calculations of the device parame-
ters were improved. The data exchange between Paios and Setfos has been completed, now the
definition of optimization targets as well as the optimization algorithm for the multi-criteria fit can be
developed.
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ABSTRACT

In order for Switzerland to achieve a self-sufficient electrical energy supply, more power plants that
deliver electricity especially in winter are needed. Photovoltaic facilities located in the Alps are very
promising, because they produce about 50% more energy compared to facilities in lower regions and
their production is seasonally balanced, whereas roof-mounted photovoltaic systems in urban and
rural areas usually produce 70% of their energy during summer.

Designing large-scale, winter-optimized photovoltaic power plants places new challenges on the pro-
ject engineers. Therefore the ZHAW Waedenswil is developing a new planning and calculation soft-
ware in collaboration with Zenna AG and EKZ (electrical utilities of the canton of Zurich) and with
financial support of CTI (Commission for Technology and Innovation of Swiss administration). The
application focuses on optimizing multiple objectives (e.g. daily, monthly or yearly production) of
complex photovoltaic systems considering additional irradiation from sunlight reflected on water and
snow surfaces. Also visibility tests and studies on potential glaring effects are included in the soft-
ware.

A mobile and autonomous irradiation measurement station was built, which enables investigating
different photovoltaic technologies in multiple locations and delivers data to verify and improve the
accuracy of the developed calculation tool.

The measurement station is currently installed at a lake in Switzerland. At this location, the influence
of direct reflection of sunlight at a water surface on PV energy production is going to be analyzed.
The station will be moved to a high-elevation location in the Alps afterwards.
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ABSTRACT

Die Interstaatliche Hochschule fiir Technik Buchs NTB erarbeitete im Rahmen eines KTI Projektes
gemeinsam mit dem Solarenergieinstallateur ,hassler energia alternativa AG" eine technische Lésung
fur die automatisierte Schneeentfernung auf Photovoltaikanlagen. Speziell wurden dabei die rauen
Betriebsverhaltnisse und die Wirtschaftlichkeit der Anlage beriicksichtigt.

Problemstellung

Wegen der erhéhten Strahlungsintensitat und den vergleichsweisen tiefen Temperaturen, bei wel-
chen Photovoltaikzellen einen hohen Wirkungsgrad aufweisen, sind Photovoltaikanlagen in alpinen
Regionen sehr attraktiv. Schneefalle wirken sich jedoch negativ auf die Produktivitat solcher Anlagen
aus. Um das gesamte Potential einer Photovoltaikanlage im alpinen Raum auszuschépfen muss die-
se frei von Eis und Schnee gehalten werden. Méglich wird dies mit einer automatisierten Vorrichtung
zur Schneeentfernung. Solch ein System reduziert gleichzeitig auch die Gefahr von Dachlawinen.

Projektziel

Nach Abschatzen der technische Machbarkeit und Wirtschaftlichkeit wird ein Prototyp fur eine
Schneeentfernungsvorrichtung entwickelt und an einer bestehenden Photovoltaikanlage Uber eine
Winterperiode getestet.

Ergebnis

Das entwickelte System entfernt erfolgreich den Schnee von PV-Anlagen und gewahrleistet somit
einen Mehrertrag von Photovoltaikanlagen in den attraktiven Wintermonaten. Zudem wird die Gefahr
durch Dachlawinen reduziert. Das System ist skalierbar fiir dachparallele Klein- und Grossanlagen.
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ABSTRACT

The PV installations of Blaise Cendrars school have been thought, from the begin, to test and com-
pare performances of various solutions in terms of energy produced and behaviour toward snow.
After three years of operation, we make the following conclusions:

« The various de-icing solutions depend considerably on the specific features of the roof and instal-
lation: The height of the modules, the tilt/slope of the modules, the space between modules, the
ballasting of the installations, are important parameters.

« Among passive solutions, the bifacial HIT Double panel is very promising. The damp-proof film
impact remains to be validated (an upper tilt of the modules shall enable us to measure this im-
pact).

« The active de-icing solutions did not show their efficieny in our first tests, but the reverse current
flows do not seem to damage the health or impact any way the efficiency of the installations.
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Résumé

Les installations photovoltaiques du lycée Blaise-Cendrars ont été pensées depuis le départ pour
tester et comparer les performances de différentes solutions en terme d'énergie produite et notam-
ment le comportement vis-a-vis de la neige. Au bout de plus de trois ans d’exploitation, nous tirons le
bilan global suivant :

< Les solutions de déneigement sont plus ou moins pertinentes en fonction des caractéristiques par-
ticulieres du toit et de la configuration de l'installation: la hauteur des modules, l'inclinaison des
panneaux, I'espacement entre panneaux et le lestage sont notamment des paramétres importants.

e Parmi les solutions passives, le panneau bifacial HIT Double est trés prometteur. La solution hy-
drofuge reste a valider (une inclinaison supérieure des modules permettra potentiellement de la
mesurer).

e Les solutions actives de déneigements n’'ont pas prouvé leur efficience dans nos premiers tests,
mais l'injection de courant « inverse » ne semble pas étre néfaste pour la santé ou le rendement
des installations.

Figure 1: Vue des installations avec déneigement progressif

Contexte

Le projet, en partenariat avec le canton de Neuchatel, Viteos SA et Planair SA, se base sur une instal-
lation didactique sur les toits du Lycée Blaise-Cendrars a La Chaux-de-Fonds.

Cette installation a permis de comparer la production de différentes technologies photovoltaiques
dans des conditions d’enneigement. Les différentes technologies ainsi que les systéemes de déneige-
ment étudiés sont répertoriés dans le paragraphe « technologies installées ».

La conception, l'installation des capteurs et des systemes de déneigement se sont déroulés durant
'année 2011 (voir Figure 2, schéma général de communication). Les mesures de productions des
différentes technologies se sont déroulées durant I'hiver 2011-2012 et 2013-2014.

Figure 2: Schéma simplifié de communication de l'installation photovoltaique du Lycée Blaise-Cendrars a La
Chaux-de-Fonds
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Le tableau ci-dessous, résume les événements majeurs de l'installation:

Quoi Quand ‘

Mise en place des installations

de production PV sur les toits courant 2011

Conception, installation des
capteurs et systémes de courant 2011
déneigement

Premiére acquisition des don-
nées de production de début janvier 2012
Solutronic

Premiére acquisition des don-
nées de consommation (2012 10. janv. 2012
seulement)

Début d’acquisition des données
de production (toutes hormis 17. janv. 2012
Solutronic)

Modification de la position du
senseur de présence neige 17. févr. 2012
d’Eulektra

Ajout d’un céble chauffant sur la

solution Eulektra debut janvier 2013

Probléme de communications a

priori résolus courant 2014

Tableau 1: histogramme des événements majeurs de l'installation

Il est a noter qu’au jour de I'édition du rapport, I'installation semble fonctionner correctement.

Certains paramétres comme |'exposition au vent ou l'orientation vis-a-vis du soleil, semblent favoriser
le déneigement sur certaines installations selon les périodes, rendant la comparaison pas entierement
objectives, et nous supposons que le temps d’étude de trois ans estompera ces différences. Les don-
nées de la consommation du systéme Eulektra ne sont pas exploitables au jour de I'édition du présent
document (données « GZ » dans le solar log).

Concernant le climat durant les années étudiées, les informations ci-dessous permettent de nous
apporter des renseignements :
Conditions climatiques 2013/2014

L’hiver 2013/2014 a été caractérisé par sa douceur, une quantité de neige faible et un faible niveau de
tenue de la neige. Les graphiques ci-dessous montrent les chutes de neige (hauteur en cm) et la
couche restante:
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Figure 3: apercu annuel 2013/2014 des chutes de neige et de sa tenue (Source : Service du Domaine public,
http://www.chaux-de-fonds.ch/mobilite-urbanisme/circulation-stationnement/mesures-hivernales-et-deneigement)

L’hiver 2012/2013 a été ponctué de fortes chutes de neige et plusieurs périodes de tenue de la
couche résiduelle épaisse durant notre période d’'étude :

Figure 4: apercu annuel 2012/2013 des chutes de neige et de sa tenue (Source : Service du Domaine public,
http://www.chaux-de-fonds.ch/mobilite-urbanisme/circulation-stationnement/mesures-hivernales-et-deneigement)
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L’hiver 2011/2012 a été ponctué de quelques chutes de neige et une tenue constante de la couche
résiduelle durant la période d’'étude :

Figure 5: apercu annuel 2011/2012 des chutes de neige et de sa tenue (Source : Service du Domaine public,
http://www.chaux-de-fonds.ch/mobilite-urbanisme/circulation-stationnement/mesures-hivernales-et-deneigement)

Figure 6: évolution des chutes de neiges cumulées, http://www.chaux-de-fonds.ch/mobilite-urbanisme/circulation-
stationnement/mesures-hivernales-et-deneigement
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Objectifs

L'objectif du projet est de comparer la production de différentes technologies photovoltaiques dans
des conditions d’enneigement.

Ce document fait le bilan du comportement des installations en termes de bilan de production élec-
trique sur les trois années écoulées depuis l'installation, en se focalisant sur les trois derniers hivers.

Une attention toute particuliere est portée sur les solutions actives de déneigement.

Procédures / Méthodologie

Nous étudions ici la production électrique sur les trois années écoulées depuis linstallation, en se
focalisant sur les trois derniers hivers. La méme période de I'année sera étudiée avec l'intention de
comparer les productions sur le méme nombre d’heures (du 10 janvier a minuit au 31 mars a 23:59).
Concernant les solutions actives de déneigement (Solutronic et Eurelektra), les données de consom-
mation seront prises en compte lorsque présentes et, leur production fera I'objet d'un bilan.

Nous réalisons en premier lieu un historique technique des installations (répertoriant les incidents
techniques et/ou modifications matérielles pertinentes etc.) afin de faire le bilan de I'histoire technique
des installations (voir contexte). Il est a noter que pour les mémes installations, et compte tenu de
certains facteurs hors de contr6le (supposés climatiques comme l'intensité et I'orientation du soleil, le
passage de nuages eftc..), la neige accumulée ne se retire pas a la méme vitesse, méme sur les pan-
neaux « passifs », et malgré I'absence d’ombrage, une inclinaison et une orientation communes. Nous
comptons sur I'effet de durée des mesures pour minimiser ces différences hors de notre contréle.

Nous nous focaliserons sur les différences relatives de production entre les installations plutét que sur
les résultats absolus de production des installations, afin d’évaluer les performances des systemes de
déneigement entre eux dans un contexte pratique et durant les mémes périodes.

Nous ne prendrons en compte que les résultats de production lorsque toutes les données de toutes
les installations ont été acquises ou qu’elles sont toutes absentes (il peut arriver durant certaines pé-
riodes que les données de certaines solutions n'aient pas été acquises (eg : probleme d’onduleur,
incident de communication, autre..).

Notre niveau d’analyse sera la moyenne journaliere : en consultant la plateforme d’acquisition de don-
nées (http://viteos.solarlog-web.ch/1788.html), nous vérifierons par méthode visuelle que les données
ont bien été acquises pour toutes les installations.

Technologies installées

Les technologies de modules photovoltaiques suivantes ont été installées sur le toit du Lycée Blaise-
Cendrars :

Si Amorphe Flexcell 1.35 kW,
Si Monocristallin Bosch 1.41 kW, (x5)
HIT" Double Sanyo 1.26 kW,
Si Polycristallin Trina 1.41 kW,

Tableau 2: type de technologies des panneaux PV

La technologie amorphe a été choisie pour ses propriétés de sensibilité au rayonnement diffus, qui
devrait lui permettre de chauffer méme avec une faible épaisseur de neige.

La technologie bifaciale HIT Double a été choisie pour sa double couche photovoltaique, qui devrait
lui permettre de mieux profiter de I'albédo et de monter en température par la réflexion de la lumiére
sur la neige environnante.

Les modules du fabricant Trina permettront de comparer la production de panneaux de fabrications
chinoises et de panneaux d’origine allemande de méme puissance (Bosch).

L HIT : Heterojunction with Intrinsic Thin layer
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Les capteurs Flexcell (technologie amorphe) sont posés directement au sol et inclinés faiblement.
Tous les autres capteurs sont inclinés a 20°. Les solutions de déneigement installées sur les différents

champs de capteurs Bosch sont :

Si Monocristallin, Sans déneigement Installation de référence

1.41 kW,

Si Monocristallin, Solutronic (solution 1) Inversion manuelle du courant dans les pan-
2,82 kW, neaux

Si Monocristallin, Eulektra (solution 2) Inversion automatique du courant dans les
1.41 kW, panneaux

Si Monocristallin, FRESO Application de polymére permettant de rendre
1.41 kW, (solution 3) les surfaces hydrofuge.

Tableau 3: type de solution active de déneigement

L'installation compléte dispose de 8 champs d’environ 1.4 kW, chacun, soit une puissance totale
d’environ 11 kW,. La solution de déneigement Solutronic nécessite deux champs de capteurs pour
fonctionner : il n'y a donc que 7 champs représentés sur le schéma ci-apres.

Figure 7: vue d’ensemble de l'installation sur le toit du Lycée

Photovoltaique et neige, D. Marcel, L. Perret, Planair SA
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Chacun des 7 champs PV dispose de son propre onduleur et d’'un équipement de supervision (Solar-
log) permettant d’enregistrer les différents paramétres (production d’électricité, T° extérieure, ensoleil-
lement (W/m?).

Les deux champs disposant d’'un systeme d'inversion de courant possédent un équipement de me-
sure de I'énergie consommée.

Résultats
Bilan de I’'hiver 2014

Janvier Février Mars Bilan 2014
(du10au31) (du0O1au28) (duO1au3l)

Eulektra

consommation

[kWh/kWc] n.a n.a n.a 139

production [kWh/kWc] n.a 25,09 113,44
Solutronic

consommation

[kWh/kWc] n.a n.a n.a 144

production [kWh/kWc] 13,02 22,64 108,65
Bosch référence

production [kWh/kWc] n.a 17,67 103,84 122
Freso

production [kWh/kWc] n.a 17,47 104,22 122
Sanyo HITD

production [kWh/kWc] n.a 25,89 128,87 155
Trina

production [kWh/kWc] n.a 20,62 109,69 130
Flexcell

production [kWh/kWc] n.a 8,58 55,22 64

Tableau 4: production et consommation des différentes solutions avec bilan sur la période janvier-mars 2014

Remarques importantes :

- Il est a noter que des données sont manquantes pour toutes les installations du 7 février au 19
février 2014.

- Selon 'analyse des données acquises par le solarlog, le champ solutronic a été le seul champ a
produire de I'électricité entre le 20 novembre 2013 et le 6 février 2014 (les données des autres
installations indiquent OkW durant tout cette période). Il est & noter que la période du 20 no-
vembre correspond a une forte période de chute de neige a La Chaux-de-Fonds. Compte tenu
que nous ne disposons pas des données de consommation de cette installation, nous ne
sommes néanmoins pas en mesure de conclure de maniére évidente quoi que ce soit concernant
I'efficacité finale de cette solution.
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Mise a jour du bilan de I’hiver 2013

Des données de 2013 sont désormais disponibles sur le solar log, suite aux travaux commandés par
Viteos et par conséquent les valeurs du bilan indiquées dans le tableau bilan du rapport intermédiaire
2013 se trouvent modifiées au jour de I'édition du rapport.

Le tableau ci-dessous présente la mise a jour du bilan de I'hiver 2012/2013 :

Janvier Février Mars Bilan 2013

(du10au31) (du0O1au28) (duO1l1au3l)

Eulektra

consommation

[kWh/kWc] n.a n.a n.a n.a

production [kWh/kWc] n.a n.a 22,23
Solutronic

consommation

[kWh/kWc] n.a n.a n.a

production [kWh/kWc] 9,05 15,18 14,41 39
Bosch référence

production [kWh/kWc] 11,61 0,91 14,68 27
Freso

production [kWh/kWc] 11,01 0,87 14,53 26
Sanyo HITD

production [kWh/kWc] 17,24 1,60 23,43 42
Trina

production [kWh/kWc] 17,43 1,26 16,65 35
Flexcell

production [kWh/kWc] 13,59 0,96 5,84 20

Tableau 5: production et consommation des différentes solutions avec bilan sur la période janvier-mars 2013
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Mise a jour du bilan de I’hiver 2012

Au jour de I'édition de ce rapport, certaines données absentes en 2012, notamment des données de
production concernant les installations Flexcell et Trina sont disponibles au jour de I'édition du rapport.
Compte tenu de la campagne de mesure de la consommation des installations Eulektra et Solutronic
et leur suivi particulier durant 2012, il a par contre été décidé de ne pas madifier le contenu du bilan
dressé en 2012 concernant ces deux dernieres installations.

Janvier Février Mars Bilan 2012
(du10au31) (du0O1au28) (duO1l1au3l)

Eulektra

consommation

[kWh/kWc] 133 295 52 -291

production [kWh/kWc] 9 52 128
Solutronic

consommation

[kWh/kWc] 2 6 0 170

production [kWh/kWc] 6 44 127
Bosch référence

production [kWh/kWc] 6 36 122 164
Freso

production [kWh/kWc] 6 29 121 156
Sanyo HITD

production [kWh/kWc] 9 35 150 193
Trina

production [kWh/kWc] 10 52 128 189
Flexcell

production [kWh/kWc] 7 24 130 161

Tableau 6: production et consommation des différentes solutions avec bilan sur la période janvier-mars 2012

Evaluation des résultats
L’hiver 2014 a été marqué par les points suivants :
e une grande douceur et une épaisseur moyenne de neige restante faible,

e la persistance des probléemes de communication concernant l'installation, avec notamment une
grande période sans données, et des données de consommation d'énergie consommée par les
solutions actives de déneigement indisponibles.

Néanmoins les remarques particuliéres suivantes peuvent étre faites concernant I'hiver 2014 :

e la production en kWh des solutions Eulektra et Solutronic ont été a peu prés équivalentes sur les
mois de février et mars,

e la seule installation bénéficiant de données de production positives entre le 20 novembre 2013 et
le 6 février 2014 a été « Solutronic »

10/14
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Bilan des résultats des trois hivers 2012 a 2014
En fonction des résultats de chaque hiver, nous pouvons dresser le bilan suivant ;

Il est a noter que compte tenu des conditions climatiques trés différentes, ainsi que de la perte de
données en 2014 et 'absence de données continues concernant la consommation des solutions ac-
tives de déneigement, I'intérét du tableau ci-dessous est avant tout d’avoir une vue d’ensemble de la
production par an pour chaque installation (comparaison relative entre installations par année) :

Eulektra
Bilan production
[kWh/kWc] -291%** n.a 139*
« Classement » 7 n.a 3
Solutronic

Bilan production
[kWh/kwWc] 170 39%* 144*
« Classement » 3 2 2

Bosch référence
Bilan production

[kWh/kWc] 164 27 122

« Classement » 4 3 5
Freso

Bilan production

[kWh/kwWc] 156 26 122

« Classement » 6 4 6
Sanyo HITD

Bilan production

[kWh/kwWc] 193 42 155

« Classement » 1 1 1
Trina

Bilan production

[kWh/kWc] 189 17 130

« Classement » 2 5 4
Flexcell

Bilan production

[kWh/kWc] 161 6 64

« Classement » 5 6 7

Tableau 7: Bilan de production des différentes solutions durant les trois hivers 2012, 2013 et 2014

(*: valeur incertaine compte tenu du manque de données de consommation / **: valeur négative indiquant plus de
consommation que de production).

Le classement représente la position relative des installations les unes par rapport aux autres concernant le bilan
d’énergie produite.
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Bilan et remarques liées aux solutions passives

« Lesillustrations ci-dessous donnent des informations sur le principe des panneaux Sanyo:

Figure 8: lllustration des caractéristiques du module HIT

L'installation Sanyo avec panneaux double face a les avantages suivants :
- production électrigue méme quand le panneau est recouvert,

- montée en température permettant d’évacuer la neige plus rapidement (voir figure 8)

Nous pouvons noter ses inconvénients suivants :
- n'est pas adaptée aux toitures inclinées,

- le prix des modules est plus élevé que des panneaux standards

Figure 9: Profil de production du 26 janvier 2012 de l'installation Sanyo (courbe marron) et de l'installation de
référence (vert)
Bilan et remarques liées aux solutions actives

La solution de déneigement Eulektra est une solution automatique de déneigement. Malheureuse-
ment, la consommation est bien plus importante que le gain apporté par cette solution.

Voici quelques conditions afin que le déneigement soit pertinent :
e météo de la journée suffisante pour apporter la perte due au déneigement,
« t° ambiante pas trop froide, sinon I'effet du déneigement électrique proposé ici est nul,
e pas de rechute de neige rapide suite au déneigement,

e activation du déneigement quand une irradiation est déja présente : le soleil poursuit I'action en-
clenchée, I'inversion de courant accélére les choses,

< irradiation a venir suffisante pour que l'inversion de courant soit pertinente (gains>pertes).
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L’expérience du terrain nous a également permis de voir que le détecteur de neige était placé trop bas
sur le panneau. Nous I'avons donc remonté.

La solution de déneigement Solutronic est une bonne alternative quand une personne sur place peut
prendre en compte tous les paramétres ci-dessus.

Les solutions avec injection d'énergie n'ont pas démontré leur efficacité pour des conditions trés
froide, le surplus d'énergie a injecter pour obtenir un effet reste largement supérieur au gain possible
dans les jours suivants.

Remarques concernant le rendement et les solutions actives :

Le graphique ci-dessous montre I’évolution des rendements (kWh/kWp) des solutions Eulektra,
Solutronic et Bosch référence durant les périodes de « juin, juillet, ao(t 2012 », « juin, juillet, aoQt
2013 », et « juin, juillet, aolt 2014 »

Rendement
(KWh/kWp)

Années de
I’échantillon
étudié

Figure 10: Evolution des rendements des solutions Eulektra, Solutronic, et Bosch référence

L’évolution du rendement des solutions de déneigements actives montre que le rendement ne semble
pas affecté en utilisant I'inversion de courant dans les panneaux.

Conclusions et perspectives

Concernant le bilan final des trois hivers de 2012 a 2014, et compte tenu des conclusions de tous les
rapports intermédiaires, les conclusions finales suivantes ont pu étre faites :

e L'installation Sanyo avec panneaux double face a montré le meilleur rendement ces trois années
consécutives. Ces performances sont d’autant plus notables que dans le cas de Blaise-Cendrars,
les panneaux ont été disposés bas par rapport aux autres installations.

e La solution Solutronic, avec systtme manuel de déneigement actif s'est avéré étre une alterna-
tive intéressante dans le cas ou une intervention humaine, proche et réguliére, était possible du-
rant les événements neigeux. Cette solution est limitée concernant le rendement global, particu-
lierement dans des conditions trés froides. Cette solution est pertinente si une personne est sur
place et prend en compte les différents parameétres permettant d’optimiser I'efficacité de cette so-
lution. L'utilisation d’'une webcam ou I'exploitation d’un service de contrble commande a distance
plus développé (eg : alertes SMS, outils d'aide a la décision etc...) pourrait s'avérer pertinente
(dans des contextes plus enneigés, ou des parcs plus gros).

e La solution Eulektra, avec systeme automatique de déneigement actif, a encore a prouver son
efficacité globale, d'une part en prenant en compte les pertes de consommation électrique et
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d’autre part en prenant en compte les codts de la solution. Le bilan (production — consommation)
de cette solution est négatif, et le contrble commande doit étre optimisé (eg : modification de la
résistance de chauffage ou implémentation de gardes fous type limites de fonctionnement ho-
raires, prise en compte de I'épaisseur de neige, température, météo des prochains jours,...).

La solution Trina a montré des performances notables par rapport a la référence.

La solution Freso a donné des résultats a peu pres comparables avec la solution de référence.
L’application du polymére hydrofuge sur les panneaux de la solution Freso n'a donc visiblement
pas apporté d’amélioration.

En moyenne, la solution Flexcell montre la moins bonne performance lors de présence de neige.

Nos conclusions finales générales sont les suivantes :

Les solutions de déneigement sont plus ou moins pertinentes en fonction des caractéristiques
particulieres du toit et de la configuration de l'installation: la hauteur des modules, l'inclinaison
des panneaux, I'espacement entre panneaux et le lestage sont notamment des parameétres im-
portants.

Parmi les solutions passives, le panneau bifacial HIT Double est trés prometteur. La solution hy-
drofuge reste a valider.

Les solutions actives de déneigement n'ont pas prouvé leur efficience dans nos premiers tests,
mais l'injection de courant « inverse » ne semble pas étre néfaste pour la santé ou le rendement
des installations.

Les perspectives d’études sont, en coordination avec les partenaires, les suivantes :

Correction de I'acquisition des données de consommation de la solution Eulektra sur le solar log
et intégration des données de consommation de la solution Solutronic.

Exploitation des données de consommation une fois obtenues (analyse bilan sur I'ensemble de la
saison hivernale et analyser le gain/perte au niveau annuel (nous n'avons toujours pas pu établir
le bilan production/consommation des solutions actives en 2014).

Etablir, en fonction de différents parameétres (neige récente, température ambiante, prévision mé-
téorologique, ensoleillement présent et a venir), des recommandations pour la mise en route du
déneigement pour la solution Solutronic.

Mettre en place, éventuellement, un systeme de contréle commande plus développé de la solu-
tion Solutronic afin de gagner en flexibilité (eg : une mise en marche par SMS).

Madifier I'inclinaison des modules pour I'hiver 2014-2015 afin de mettre en évidence les change-
ments (le systéme installé nous offre cette possibilité).

Envisager de tester les performances de l'installation HIT pour des hauteurs différentes.

Mesurer I'impact du polymére hydrofuge en modifiant l'inclinaison de linstallation FRESO et
éventuellement en I'appliquant sur d’autres types de panneaux (eg : application sur un panneau
HIT).
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ABSTRACT

Photovoltaic thermal hybrid solar collectors or PVTs are solar panels that produce thermal and elec-
trical energy. Therefore, they are able to harvest more energy per unit area compared to conventional
PV modules.

Until today PVTs are predominantly used in conjunction with geothermal probes. In the present pro-
ject the use of PVTs in conjunction with ground water heat pumps is assessed. The thermal energy
produced by the PVTs is used to preheat the ground water for the heat pumps. This increases the
seasonal performance factor (SPF) of the heat pumps - they consume less electrical energy. At the
same time the ground water flow cools the PVTs and raises their electrical efficiency, which results in
a higher electrical energy yield. From the energy point of view the use of PVTs is favorable. But the
financial gains from the reduction of the heat pumps electrical energy demand and increased electri-
cal energy vyield of the modules is believed not to be sufficient to fully compensate the higher cost of
such a system compared to a conventional PV system.

Within the scope of the P&D project operational experience with a system combining PVT and heat
pumps shall be gathered. Furthermore, the conditions, under which the combination of PVTs and
ground water heat pumps is economically viable, are assessed.

For that purpose a PVT and a PV system with an electric power rating of around 230 kWp is installed
on the roof of the linth-arena sgu in Néfels, a building containing a sports center with a swimming
pool, gymnasium, restaurant, hotel, wellness area, etc. The PVT part of the system accounts for ap-
prox. 20% of the roof area used for the solar system. Construction starts in spring 2015.
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Einleitung / Projektziele

Hybrid- oder PVT-Module erzeugen auf derselben Flache sowohl Strom als auch Warme und erlau-
ben deshalb pro Flacheneinheit mehr Energie zu ernten als reine PV-Module. Sie eignen sich insbe-
sondere dann, wenn ein Warmebedarf auch im Sommer besteht oder die Warme gut saisonal gespei-
chert werden kann. Diese Idee wird seit Gber 30 Jahren verfolgt, konnte sich aber bisher auf dem
Markt einerseits aus wirtschaftlichen, andererseits aus technischen Grunden nicht wirklich durchset-
zen[1, 2].

Man unterscheidet zwischen abgedeckten Hybridmodu-
len fur die Warmeerzeugung bei hohen und unabge-
deckten Hybridmodulen fir die Warmeerzeugung bei
niedrigen Temperaturen. Abbildung 1 zeigt ein unabge-
decktes PVT-Modul mit dem auf der Rickseite aufge-
brachten, ungedammten Warmetauscher. Am haufigsten
werden solche Hybridmodule im Zusammenhang mit
Erdwarmesonden und einer Warmepumpe zur Gebau-
deheizung und Warmwassererzeugung eingesetzt [3,4].
Dadurch sollen Erdwarmesonden regeneriert werden
und im Winter héhere Temperaturen fir die Warmepum-
pe liefern, sodass ihre Jahresarbeitszahl (JAZ) verbes-
sert wird.

Das Problem der saisonalen Warmespeicherung entfallt,
wenn die Warme auch im Sommer verwendet werden
kann. Dies ist typischerweise z.B. bei Spitélern, Sport-
zentren, Hallenbadern, usw. der Fall. Nicht publizierte
Untersuchungen der ZHAW Wadenswil haben gezeigt,
dass Hybridmodule beim heutigen Preisstand selbst
Abb. 1: PVT-Modul (Quelle: Meyer Burger) ohne Warmespeicherung nicht wirtschaftlich sind [6]. Die
gleichzeitige Nutzung der solaren Warme ware energe-
tisch sinnvoll, der energetische Mehrertrag vermag aber
die hoheren Kosten der Hybridmodule gegentiber PV-Modulen nicht zu kompensieren [6]. Von den
Herstellern wird demgegentber hdufig argumentiert, der Einsatz von Hybridmodulen sei bereits heute
wirtschatftlich rentabel [5]. Entsprechende Messergebnisse und Kostenrechnungen aus realen Anwen-
dungen wurden aber bisher nicht zur Verfiigung gestellt.

Mit dem vorliegenden Projekt wird auf dem Dach des Sportzentrums linth-arena sgu in Néfels (Sport-
zentrum mit Hallen- und Freibad, Mehrfachturnhalle, Kletterwand, Restaurant, Hotel, Sauna, Fitness,
usw.) eine PV- und eine PVT-Anlage gebaut und die solaren Ertrdge wahrend 5 Jahre gemessen und
verglichen. Dabei werden insbesondere die folgenden Ziele verfolgt:

e Sammeln von Betriebserfahrungen bei der Integration von PVT-Modulen mit Grundwasser-
Warmepumpen zur Vorwdrmung des Grundwassers.

e Messung des elektrischen Mehrertrages von PVT- gegentuiber PV-Modulen

e Anhand der Ertrags-Messungen soll abgeschatzt werden, wie gross die Mehrkosten der Hyb-
ridmodule gegeniber PV-Modulen sein dirfen, damit die Hybridmodule fir solche Anwendungs-
falle wirtschaftlich konkurrenzféhig werden.

e Abklarung welcher Anteil an der Warmeproduktion die Nutzung von Umgebungswéarme in Zeiten
geringer bzw. ohne Solarstrahlung hat

e Erfahrungen sammeln beziglich der optimalen Steuerung der Warmepumpe (Maximierung der
JAZ, evtl. unter Einbezug von Wetterprognosen)

Fur das Berichtsjahr 2014 war die Projektierung der Anlage geplant. Der Bau wird im Jahre 2015
erfolgen, sodass erste Messergebnisse per Ende 2015 zu erwarten sind.
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Kurzbeschrieb des Projekts / der Anlage

Der Verein Energieallianz Glarus-Linth erstellt auf dem Dach der linth-arena sgu (regionales Sport-
zentrum mit Hallen- und Freibad, Mehrfachturnhalle, Kletterwand, Restaurant, Hotel, Sauna, Fitness,
usw.) eine PV-Anlage mit einer elektrischen Leistung von 230 kWp. Eine Studienarbeit an der ZHAW
in Wadenswil mit dem Titel ‘Optimiertes Energiekonzept fiir das Zentrum Lintharena sgu Néafels' [7]
zeigte, dass auch im Sommer ein grosser Warmebedarf besteht. Diese Warme wird im Wesentlichen
durch zwei Warmepumpen bereit gestellt. Als Warmequelle dient Grundwasser, welches je nach
Jahreszeit eine Temperatur zwischen 5° bis 13° C aufweist [6]. Zur Abdeckung von Leistungsspitzen
ist zudem eine Gasheizung vorhanden.

Weitere Studienarbeiten der ZHAW mit den Titeln ‘Konzeptentwicklung & Anlagendokumentation einer
PVT-Testanlage' [8], Evaluation PVT-Module Lintharena’ [6] und ‘Potentialabschatzung von
Solargewinnung in 6ffentlichen Badern‘ [9] haben gezeigt, dass der Einsatz von PVT-Modulen in der
linth-arena sgu vielversprechend ware. Die entstehende Niedertemperatur-Warme koénnte jederzeit
(also auch im Sommer) verwendet werden. Mit der Warme soll das Grundwasser vorgewarmt werden,
sodass die Warmepumpen eine hohere Jahresarbeitszahl erreichen und somit weniger Strom
bendtigen. Die Kiihlung der PVT-Module wird in der warmen Jahreszeit zu einer gegeniiber normalen
PV-Modulen erhdhten Stromproduktion flhren. Abbildung 2 zeigt das Grobschema der Anlage mit der
hydraulischen Einbindung der PVT-Module.

Abb. 2: Prinzipschema der Versuchsanlage

Aus energetischer Sicht sollte das ganze Dach mit PVT-Modulen bedeckt werden, aus finanziellen
Uberlegungen miisste aber das ganze Dach mit ,normalen* PV-Modulen bedeckt werden. Der
Strompreis ist zu tief, sodass die finanziellen Einsparungen beim Stromverbrauch der Warmepumpen
und der prognostizierte elektrische Mehrertrag der PVT-Module die Mehrkosten der PVT-Module
wahrend der Lebensdauer der Anlage nicht kompensieren kdnnen [6].

Mit dieser Ausgangslage werden nun 20% des Solarkraftwerkes auf dem Dach der linth-arena sgu mit
PVT-Modulen ausgefihrt. Dieser Teil der Solaranlage dient als Pilot- und Demonstrationsobjekt zur
Verfolgung der oben beschriebenen Zielsetzungen. Die elektrische Leistung bleibt dadurch gleich wie
bei einer reinen PV-Anlage. Die thermische Leistung der PVT-Module betragt maximal 160 kW,
sodass die entstehende Warme auch im Sommer im Gebdude verwendet werden kann. Abbildung 3
zeigt die vorgesehene Aufteilung der Dachflache fir PVT-Module (rot) und PV-Module (blau).
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Abb. 3: Aufteilung der Dachflache fir PVT-Module in roter Farbe und PV-Module in blau (Bildquelle Google Maps,
2013, bearbeitet)

Durchgefuhrte Arbeiten und erreichte Ergebnisse

Im Jahre 2014 wurde die Anlage projektiert, die Baueingabe eingereicht und der Bau der Anlage
ausgeschrieben. Der Bau der Anlage soll im Frihjahr 2015 erfolgen, deshalb liegen noch keine
Ergebnisse vor.

Nationale Zusammenarbeit
Das Projekt wird in Zusammenarbeit mit den folgenden Partnern durchgefuhrt:

Die Genossenschaft linth-arena sgu stellt das Dach fir den Bau der Solaranlage zur Verfiigung. Bei
der linth-arena sgu handelt es sich um ein grosses, weitherum bekanntes Begegnungs- und
Sportzentrum mit 3-fach Turnhalle, Hallenbad, Freibad, Kletterhalle, Kraftraum, Restaurant, Hotel,
Sauna, Skater-Park, Fussballfeldern, usw. in Néafels, Kanton Glarus. Sie gehoért den Gemeinden
Glarus Nord, Weesen und Schénis sowie den beiden Kantonen St. Gallen und Glarus. Siehe
http://www.linth-arena.ch/
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Die Energieallianz Glarus-Linth ist ein gemeinnutziger Verein, welcher die Energieregion Glarus-
Linth mit einem hohen Energie-Selbstversorgungsgrad anstrebt und dafir Projekte initialisiert und
selber realisiert. Siehe http://www.Energieallianz-Glaruslinth.ch Die Energieallianz Glarus-Linth
realisiert als Bauherrin auf dem Flachdach der Linth-arena sgu in Né&fels eine Photovoltaikanlage mit
einer elektrischen Leistung von rund 230 kWp.

Die Fachgruppe Solartechnik & Energieeffizienz an der Hochschule in Wadenswil (ZHAW)
betreibt angewandte Forschung und Entwicklung fir die effiziente Anwendung von Solartechnologien.
Neben dem effizienten Betrieb von Solaranlagen und Anwendungen fir den Bau von Plusenergie-
Gebéauden steht die Projektierung von PV-Anlagen im Gebirge im Fokus. Die Fachgruppe realisiert
das Pilot- und Demonstrationsprojekt.

Meyer Burger AG gehort zu einer fuhrenden und weltweit aktiven Technologiegruppe fir innovative
Systeme und Prozesse auf Basis von Halbleitertechnologien. Der Fokus der Gruppe liegt auf der
Photovoltaik (Solarindustrie). Das Spektrum an Systemen, Produktionsanlagen und Dienstleistungen
entlang der Wertschopfungskette in der Photovoltaik umfasst die Prozesse Wafering, Solarzellen,
Solarmodule und Solarsysteme. Meyer Burger AG liefert die PV- bzw. PVT-Module und die
Unterkonstruktionen. Zudem finanziert Meyer Burger AG einen Teil des P&D-Projektes.

Service 7000 AG mit Sitz in Netstal (GL) ist ein fuhrendes Dienstleistungsunternehmen und ein
wichtiger Arbeitgeber in der Region Glarus. Service 7000 AG verkauft, installiert, unterhalt und
repariert samtliche Haushaltgerate aller Marken. Das Unternehmen tritt in diesem Projekt als Sponsor
auf.

Die Glarner Kantonalbank (GLKB) ist mit 7 Standorten stark im Kanton Glarus verankert. Als
Universalbank ist die GLKB auf das Hypothekar- und Spargeschéft sowie auf das Vermdégens-
verwaltungs- und Anlagegeschaft fokussiert. lhre Dienstleistungen erbringt die Bank primar an
Kunden im Kanton Glarus und im angrenzenden Wirtschaftsgebiet. Das Unternehmen ftritt in diesem
Projekt als Sponsor auf.

Die glarnerSach ist eine offentlich-rechtliche Anstalt des Kantons Glarus. Sie hat als kantonale
Sachversicherung den gesetzlichen Auftrag Menschen, Tiere, Sachen und die Umwelt im Kanton
Glarus nachhaltig vor Feuer-, Elementar- und anderen Schadenereignissen zu schitzen und zu
bewahren. Die glarnerSach finanziert die reine PV-Anlage auf dem Dach der linth-arena sgu und wird
nach Abschluss des P&D-Projektes die PVT-Anlage weiter betreiben.

Der Kanton Glarus unterstitzt den Bau der PVT-Anlage mit einem namhaften Beitrag aus dem
kantonalen Férderprogramm , Thermische Solaranlagen®.

Das Bundesamt fir Energie (BFE) unterstitzt das P&D-Projekt mit einem Subventionsbeitrag.

Aufgrund der Lage der PVT-Anlage auf einer publikumsintensiven Einrichtung und der hohen
Bekanntheit der linth-arena sgu, der ZHAW Wadenswil sowie der Projektpartner Meyer Burger,
Service 7000, Glarner Kantonalbank, glarnerSach, Kanton Glarus und Energieallianz Glarus-Linth
wird flr dieses Projekt eine grosse Ausstrahlung weit Gber die Region hinaus erwartet.

Referenzen
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[2] Bertram, E.; Kirchner, M.; Rockendorf, G. u. a.: Solarthermie 2000+: Solare Geb&aude-Warmeversorgung mit unverglasten
photovoltaisch-thermischen Kollektoren, Erdsonden und Warmepumpen fur 100% Deckungsanteil. Abschlussbericht zum
Verbundvorhaben. Institut fir Solarenergieforschung GmbH, Hameln (Hrsg.). 2011
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ABSTRACT

The Swiss contribution to the PVPS Programme includes:

National Survey Report, a summary of developments in the market and political areas. The
report’s data is integrated into the IEA’s Trends in Photovoltaic Application Report.

Targeted search for new contacts in the PV area, maintain a network of contacts.
Contributions/organizations to/of national and international workshops.

PR-work in Switzerland. Reference to the programme's international publications.

Providing information for government, industry and media about the global development of PV.

The results of these activities include:

National Survey Report (NSR) based on the statistics provided by the Swiss Association of Solar
Professionals

2 Task 1 meetings in Tel Aviv (Israel) and Kyoto (Japan)

2 Workshops in Amsterdam and Kyoto

Contributions to subtask “New Business Models for PV”

Contribution to Subtask “Soft costs”

Ongoing work:

Workshop organization with focus on utilities and business models in Paris (April 10th), Bangkok
(Sept. 3rd) and Hamburg (Sept. 13th)

Participation at Task 1 Meetings in Denver (April) and Ankara (October)

Swiss data input for the "Snapshot on Global PV 1992 — 2014”

National survey report 2014

Contribution to subtask “New Business Models for PV”, “Soft Costs”, “Self Consumption”
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Einleitung / Projektziele

Innerhalb des IEA Implementing Agreements on Photovoltaic Power Systems kommt der Task 1 eine
wichtige Bedeutung zu. Sie ist nicht nur der Kommunikationskanal flr das gesamte Programm son-
dern seit 2013 beréat sie auch das Executive Committee bei strategischen Fragen und macht Empfeh-
lungen zu neuen Tasks.

Kurzbeschrieb des Projekts

Task 1 unterstutzt die generelle Strategie des PVPS Programmes (PV Technologie Entwicklung /
Wettbewerbsfahige PV Markte / Eine 6kologische und wirtschaftlich nachhaltige PV Industrie / Emp-
fehlungen zu politischen Rahmenbedingungen und Strategien) mit folgenden Produkten:

Neu 2014: Snapshot of Global PV 1992-2013, erste Resultate der jahrlich installierten Leistung.
Publiziert im Fruhjahr 2014

Trends Report (Trends in Photovoltaic Applications, Survey report of selected IEA countries
between 1992 and 2013), ein Jahresbericht zur Markt- und Technologie-Entwicklung der dem Pro-
gramm angeschlossenen Lander sowie weitere wichtige Markte

Reports und Workshops zu spezifischen Themen der Photovoltaik

Eigene Programm-Homepage unter www.iea-pvps.org

Ziel ist es, die identifizierten Zielgruppen (Regierungen, EW'’s, Industrie, Forschung usw.) mittels quali-
tativ hochstehenden Produkten zu informieren.

Durchgefuhrte Arbeiten und erreichte Ergebnisse

Der Schweizer Beitrag innerhalb des PVPS Programms (Task 1) konzentriert sich auf folgende
Schwerpunkte:

Input-Daten Schweiz fiir den Snapshot of Global PV 1992-2013 [1]

National Survey Report [2], eine Zusammenstellung der Marktentwicklung und des politischen Um-
feldes in der Schweiz. Diese Daten werden im Trends Report [3] zusammengefasst und publiziert

Beitrage an Workshops und Konferenzen auf nationaler und internationaler Ebene
Mithilfe bei der Organisation von Workshops an Konferenzen und Meetings

Medienarbeit in der Schweiz: Hinweise auf internationale Publikationen des Programms, Publizie-
ren von Marktstatistiken, insbesondere Snapshot und Trends Report

bei der Subtask ,Self Consumption®, Beitrédge zur Situation in der Schweiz

Mitarbeit in der neuen Subtask ,,New Business Models for PV* und ,Soft Costs*

IEA-PVPS Task1, Pius Husser, Nova Energie GmbH, Aarau
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Daten fur Snapshot of Global PV 1992-2013

In Zusammenarbeit mit Swissolar konnten bereits Anfang Marz 2014 erste Abschéatzungen uber die
installierte Leistung erhoben werden. Gestltzt werden diese Einschatzungen durch Direktinterviews
bei grosseren Marktplayern sowie Umfragen bei der Kommission Markt und Politik von Swissolar.

National Survey Report NSR 2013

Der NSR bildet die Grundlage fir den jedes Jahr erscheinenden "Trends Report”. Als Basis fur die
Statistiken dienen die jahrlichen Erhebungen des Sonnenenergie Fachverbandes Swissolar. Die nach-
folgende Tabelle gibt einen Uberblick (iber die erhobenen Marktzahlen.

TABELLE 1 NUMBERS OF PLANTS / BUILDING TYPE — AUSZUG AUS DEM NSR SWITZERLAND

Type of system 2013 new added 2013 cumulated

single family homes: 4078 16'570
apartment buildings: 781 2'515
Industrial buildings 967 5'485
Farm houses 1063 4'310
Commercial buildings 95 465

(I;/ilrlgiscipal & state owned buil- 274 1'945
;’Irr?;f;c infrastructure and buil 7 60

others: 2 225

Total: 7267 31.765

Source: Markterhebung Sonnenenergie 2013

IEA-PVPS Taskl1, Pius Husser, Nova Energie GmbH, Aarau
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Workshops

Anlasslich der Europaischen Photovoltaik-
Konferenz in Amsterdam organisierte das
PVPS Programm 3 Workshops. Dank langjah-
riger guter Zusammenarbeit mit dem Veran-
stalter WIP, Minchen wurden unsere Work-
shops als Teil des Konferenz-Programmes
aufgenommen. Dies garantiert flir einen sehr
guten Besuch unseres Angebotes.

Task 1 legte das Schwergewicht auf Eigen-
verbrauch und der Wirtschaftlichkeit: ,Self-
Consumption Business-Models: Economic
and technical Challenges”

An der asiatischen Photovoltaik-Konferenz in Kyoto (25. Nov. 2014) organisierte Task 1 zusammen
mit weiteren Tasks einen Workshop zum Thema ,Challenges and Promisses to Large Scale PV
Deployment®.

Konferenzen

Schweizer Photovoltaik-Tagung, Lausanne, April 2014: Operating Agent Gaétan Masson stellte die
aktuelle Marktentwicklung in den PVPS - Mitgliedlandern vor.

EUPVSEC Amsterdam: Siehe Workshops, Task 1 war in mehreren Workshops sowohl bei der Orga-
nisation und Agenda-Setting wie auch als Referenten dabei.

Zusatzlich wurden fur den PVPS-Stand (innerhalb des EPIA-Standes) Flyer mit den neusten Resulta-
ten des Trends Reports aufgelegt.

PVSEC24 und 6. World Conference in Kyoto, Japan: Task 1 und PVPS waren mit mehr als 10 Pra-
sentationen vertreten.

PR und Networking

Mit-Organisation der Schweiz. Photovoltaik-Tagung 2014 von Swissolar in Lausanne. Mitglied des
Programm-Komitees (Task 1 mit Operating Agent Gaétan Masson als Referent organisiert).

Leitung der Kommission Photovoltaik des Branchenverbandes Swissolar

Der direkte Draht zu den Swissolar-Mitgliedern ermdéglicht auch das direkte Abrufen von spezifischen
Informationen zum PV-Markt in der Schweiz.

Mit Hilfe der Medienstelle von Swissolar konnte der Trends Report und der Press Release zum Snap-
shot einer sehr grossen Zahl von Zeitungen und anderen Publikationen per Email zugestellt werden.

Teilnahme am Workshop zur Energiestrategie des Kantons Aargau (Auf Einladung).

Bewertung 2014 und Ausblick 2015

Mit den beiden Task 1 Meetings in Tel Aviv und Kyoto konnten wichtige Arbeiten an unseren neuen
Subtasks weiter entwickelt werden. Self Consumption (Eigenverbrauch) als grosses Thema flihrte zu
vielen Diskussionen. Dies ist auch bedingt durch die stark unterschiedlichen Blickwinkel der verschie-
denen Akteure in den jeweiligen Landern. Hier hilft auch die Sicht von P. Hisser als Verwaltungsrat in
einem lokalen Elektrizitdtsversorgungsunternehmen.

Schwierigkeiten ergeben sich durch die grosse Vielfalt méglicher Themen, die angepackt werden
missten auf einer Seite und den stark beschrankten Ressourcen der Task 1 Experten auf der ande-
ren Seite.

Auch der 2. Snapshop on Global PV fand wiederum ein sehr gutes Echo.

IEA-PVPS Taskl, Pius Hiisser, Nova Energie GmbH, Aarau 237/288



Obwonhl die Daten provisorisch sind, ergeben sie doch einen guten Uberblick iiber das vergangene
Jahr. Damit hat es PVPS geschafft, bereits im Friihjahr publizierbare Daten aufzubereiten und zur
Verflgung zu stellen.

Der Trends Report wurde dagegen wiederum recht spéat (Oktober 2014) verdffentlicht. Dies ist vor
allem auch bedingt dadurch, dass einzelne wichtige Lander ihren NSR National Survey Report zu spét
veroffentlichen.

2015 wird einen Fokus legen auf die Verteilnetzbetreiber und deren Umgang mit héheren Anteilen an
PV im Netz. Dazu werden Workshops in Paris, Denver/Golden und Bangkok organisiert.

Referenzen

[1] A Snapshot of Global PV 1992 — 2013, IEA, PVPS, Task 1 — 24-2014

[2] P.Husser National Survey Report on PV Power Applications in Switzerland 2013, Juni/Aug. 2014

[3] Trends in Photovoltaic Applications in selected IEA countries between 1992 and 2013 IEA, PVPS, Task | — 25:2014

[4] Internet site www.iea-pvps.org
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ABSTRACT

2014 was the second year under the new leadership of Garvin Heath. PVPS Task 12 team members
started working on the three years pilot study within the Product Environmental Footprint activities of
the European Commission. It involves global and European associations and US, European and Chi-
nese manufacturing companies as well as research institutes and consultants.

Within the Swiss contribution to the IEA PVPS task 12, subtask 2, the existing data sets of the photo-
voltaic supply chain have been expanded to four world regions. The consideration of the actual mar-
ket shares of the Silicon supply chain results in a significant increase of the environmental impacts of
solar electricity produced in Europe. Data were aligned with data from SmartGreenScan (Mariska de
Wild-Scholten) and LCI datasets of Chinese production using Chinese information from scientific lit-
erature were established. The report was unanimously approved by the Task 12 members and will be
submitted to the Executive Committee for approval.

The life cycle assessments of future PV electricity production based on three different scenarios were
finalised and data sets for future electricity mixes and future raw materials production were estab-
lished. An IEA-report was unanimously approved by the Task 12 members. After a minor revision it
will be submitted to the Executive Committee for approval.

Contacts with Chinese experts have been established and requests for sharing Chinese data with the
PVPS Task 12 partners were expressed. For the time being data sets of the Chinese supply chain of
multi-cristalline silicon panels are based on Chinese literature data. Data collection related to inverter
manufacture were started in late fall 2014.

LCA activities in 2015 will focus on the revision of the methodology guidelines, the EC pilot study, the
continuation of analysing Chinese production, the LCI of PV recycling, an extension of the water use
analyses and on the termination of the balance of system LCls.
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Einleitung / Projektziele

Okobilanzen sind ein Umweltmanagement-Werkzeug, um die Umweltauswirkungen von Produkten
und Technologien zu analysieren, zu vergleichen und zu verbessern. Eine wesentliche Grundlage fir
Okobilanzen sind Sachbilanzdaten, welche die Energie- und Massenfliisse iber die verschiedenen
Lebensphasen des zu untersuchenden Objektes beschreiben. Okobilanzdaten werden beispielsweise
in der ecoinvent Datenbank [1] und in der KBOB-Empfehlung 2009/1:2014 [2] zur Verfigung gestellt.

Die Photovoltaik(PV)-Sachbilanzdaten wurden in den letzten Jahren regelmassig aktualisiert. Dazu
wurden im Rahmen der IEA PVPS Task 12, Subtask 2 verschiedene PV-Okobilanz-Projekte durchge-
fuhrt. Die Schweizer Projektpartner aktualisierten im Jahr 2008 die Sachbilanzdaten zu Cadmiumtel-
lurid-Modulen [3]. Sie stellten im Jahr 2009 neue Datensatze zu Freiflachen- und Photovoltaik-
Grossanlagen fur eine Implementierung in der ecoinvent Datenbank bereit [4]. 2010 wurden die Solar-
strommixe in 26 Landern aktualisiert sowie verschiedene Chemikalien und Materialien, die in der PV-
Industrie verwendet werden, bilanziert [5]. 2011 wurde der Methodik-Leitfaden der Task 12 zu Okobi-
lanzen von Solarstrom (berarbeitet und die Sachbilanzdaten fir Ethylen-Tetrafluor-Ethylen (ETFE)
erstmals aktualisiert.

Die Situation der amerikanischen und européaischen PV-Industrie sowie die Installation von 3 kWp PV-
Anlagen auf Gebauden sowie von Gross- und Freiflachenanlagen in der Schweiz und in Europa
wurden im Jahr 2012 erarbeitet [6] und sind dffentlich verfugbar'. Diese Sachbilanzdaten sind auch in
den ecoinvent Datenbestand v2.2+ [7] eingeflossen, welcher Grundlage fiir die obengenannte KBOB-
Empfehlung 2009/1:2014 ist. Des Weiteren wurden im Jahr 2012 Sachbilanzdaten erarbeitet zur
Herstellung von a-Si-Modulen und micromophen-Si-Modulen von Schweizer Firmen [8, 9]. In den
Jahren 2013 und 2014 wurden die globale Marktsituation in Bezug auf die Lieferkette von kristallinen
Silizium-Solarzellen und —Modulen abgebildet und in Szenarien die Stromproduktion mit in Zukunft
hergestellten Solarpanels bilanziert [10].

Um die Wahrnehmung der Photovoltaik als umweltfreundliche Technologie aufrecht zu erhalten, sind
seit etlichen Jahren Bestrebungen im Gange, ein Sammelsystem von Modulen nach dem Anlagertick-
bau zu etablieren und ein Recyclingsystem fiir die Photovoltaik-Module aufzubauen. Durch die WEEE
Verordnung [11] ist Bewegung in die Recycling-Aktivitaiten gekommen. Trotzdem sind bis heute nur
punktuell verlassliche Informationen zu den Recyclingaufwendungen verflgbar, weshalb die Arbeiten
der Schweizer Projektpartner der IEA PVPS Task 12 auf das Jahr 2015 verschoben wurden.

Fur das Jahr 2014 plante der Schweizer Projektpartner folgende Arbeiten durchzufiihren:
e Erarbeitung von detaillierten Sachbilanzdatensatzen zur Chinesischen Produktion

e Erarbeitung von IEA-Publikationen zu den aktualisierten Sachbilanzdaten der globalen Zuliefer-
kette von Photovoltaik-Modulen und zu Okobilanzen von Szenario abhéngigen, zukinftigen Pho-
tovoltaik-Modulen mit dem Referenzjahr 2050

e Erarbeitung von Sachbilanzdaten zu Invertern

e Mitarbeit an der EU PEF (Product Environmental Footprint) Pilotstudie Stromproduktion mit So-
larpaneelen

e Methodische Diskussionen, insbhesondere zum Thema ,energy return on investment"

Die Verantwortung Uber die Inhalte und Publikation der Sachbilanzdaten liegt bei treeze GmbH. Es ist
geplant, dass die Daten im Rahmen einer Aktualisierung des ecoinvent Datenbestands publiziert wer-
den (verantwortlich: ecoinvent Centre). Das Review der neu erstellten und Uberarbeiteten Datensétze
durch das ecoinvent Zentrum ist hangig.

! Bericht und Datenfiles sind auf www.lc-inventories.ch abrufbar, einer Webseite, die vom Bundesamt fir Umwelt
betreut wird und aktualisierte Okobilanzdaten enthélt, die (noch) nicht in den ecoinvent Datenbestand v3.0 inte-
griert worden sind.
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Kurzbeschrieb des Projekts

Das Ziel des Gesamtvorhabens, Subtask 2 innerhalb des Task 12, LCA, ist das Erarbeiten von aktuel-
len Sachbilanzdaten zur Stromerzeugung mit Photovoltaikanlagen und das Bereitstellen einer harmo-
nisierten Methodik. In Tab.1 sind die einzelnen Bereiche im Subtask 2 aufgelistet. Wesentliche Aktivi-
taten finden in den USA, Deutschland, der Schweiz, den Niederlanden, Frankreich sowie China und
Japan (letztere vor allem im Bereich fire safety) statt.

Tab.1l: Aktuelle Struktur der Aktivitdten im Subtask 2 des IEA PVPS Task 12
X: Aktiver Beitrag; R: Review
*: separate Finanzierung durch das Projektkonsortium

Subtask 2. LCA Schweizer Beitrag
2.1 LCA Methodology & Methodology Guidelines Lead
2.1a 3rd edition of LCA methodological guidelines X (2015)
2.1b Net energy methodological guidelines R (2014)
2.1c European Commission Product Environmental Footprint Pilot Project X (3 years project) *
2.2 Life Cycle Inventories
2.2a Global supply chain X (2013-14)
2.2b LCI of balance of system X (2014)
2.2c Water use in PV life cycle (manufacturing, panel washing) X (2015)
2.2d Changes in life cycle impacts of PV to 2050 (Average and best system characteri- X (2013-14)
zation)
2.2e LCI of module recycling X (2015)

Durchgefiihrte Arbeiten und erreichte Ergebnisse

Im Rahmen des Schweizer Beitrags zur IEA PVPS Task 12 wurden folgende Arbeiten im Jahr 2014
durchgefuhrt:

e Aktualisierung und Abgleich der Sachbilanzdaten zur globalen Zulieferkette unter Beriicksichti-
gung der vier wichtigsten Produktionsregionen der Welt und Mitarbeit an der Aktualisierung des
bisherigen IEA-Berichts zu den Sachbilanzen.

e Revision der Sachbilanzdaten zu zukiinftigen siliziumbasierten monokristallinen und Cadmium-
Tellurid Modulen und Erstellen eines IEA PVPS-Berichts.

e Vorbereitung der Datenerfassung fur die Sachbilanzen zu Invertern.

e Prasentation der neusten Okobilanzergebnissen zur globalen Zulieferkette an der Europaischen
Konferenz und Ausstellung zu Solarenergie (29th EU PVSEC) in Amsterdam [12].

e Prasentation der neusten Okobilanzergebnissen zur zukiinftigen PV-Stromproduktion an der LCA
XIV in San Francisco, USA [13]

In der Zwischenzeit konnten erste Sachbilanz-Datensétze der Chinesischen Produktion multikristalli-
ner Zellen und Panels erstellt werden. Die Daten konnten aber noch nicht in die bisherigen Sachbilan-
zen eingebettet werden, da die chinesischen Informationen und die bisherigen Bilanzen unterschied-
lich gruppiert und aggregiert sind.

Die Erhebung von Sachbilanzdaten zum Modulrecycling wurde auf 2015 verschoben, da die benétig-
ten Daten noch nicht verfugbar sind.

Die in den letzten Jahren erarbeiteten Sachbilanzdaten stehen Interessierten unter www.lc-
inventories.ch kostenlos zum Download zur Verfigung. Die Daten werden in einem Datenformat zur
Verfiigung gestellt, welches den Import in alle gangigen Okobilanz-Softwareprogramme erlaubt.
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Sachbilanzdaten zur globalen Zulieferkette

Im Berichtsjahr wurde die Uberarbeitung des IEA PVPS-Berichts zu den Sachbilanzen in Angriff ge-
nommen. Zu diesem Zweck hat der Schweizer Projektpartner die im Jahr 2013 erarbeiteten Sachbi-
lanzdaten mit denjenigen von Parikhit Sinha (FirstSolar) und von SmartGreenScan (Mariska de Wild-
Scholten) abgeglichen. Dabei konnten veraltete Daten ersetzt und die Modellierung harmonisiert wer-
den. Letzteres betraf insbesondere den Umgang mit Produktionsabféllen in der Herstellung von mo-
nokristallinen Wafern. Die Silizium-Abfélle vom Zuschneiden der runden Einkristalle in quadratische
Saulen (zur Herstellung monokristalliner Wafer) werden in der Produktion von multikristallinen Wafern
eingesetzt. Der Aufwand zur Bereitstellung von Polysilizium in der Herstellung der Einkristalle wird neu
vollstandig den monokristallinen Wafern verrechnet (also auch derjenige Teil, welcher als Schneideab-
fall fur die Herstellung multikristalliner Wafer genutzt wird). Dies fuhrt dazu, dass die Aufwendungen
fur mono-kristalline Panels grésser sind als bisher, diejenigen fur multikristalline dagegen tiefer und
die Unter-schiede in den Umweltauswirkungen zwischen den beiden Technologien grdsser sind als
bisher

(siehe Fig. 1 und Fig. 2).

Fig. 1. Treibhausgasemissionen der Herstellung einer 3 kWp Anlage mit kristallinen Solarzellen. Die Werte
beziehen sich auf die gesamte Anlage, installiert auf einem Schragdach

Wie Fig. 2 zeigt, sind die spezifischen Treibhausgasemissionen des Solarstroms von monokristallinen
Zellen deutlich angestiegen, wahrend diejenigen des Solarstroms von multikristallinen Zellen heute
nur unwesentlich héher liegen als vor rund 5 Jahren. Diese Entwicklung bildet einerseits die Verlage-
rung der Produktion nach China und anderseits den vorgehend beschriebenen Wechsel in der Model-
lierung der intern genutzten Produktionsabfélle ab.

Fig. 2. Treibhausgasemissionen pro kWh Solarstrom von siliziumbasierten monokristallinen und
multikristallinen Modulen in kg CO»-eq bei einem Ertrag von 975 kWh/kW,
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Sachbilanzdaten zu zukiinftigen Modulen

In Zusammenarbeit mit den Partnern im IEA PVPS Task 12 wurden Szenarien abhangige Entwicklun-
gen zentraler Parameter von monokristallinen Silizium- und von Cadmium-Tellurid-Modulen erarbeitet.
Die drei Szenarien (business as usual BAU, realistic improvements (REAL), optimistic improvements
(OPT)) enthalten unterschiedlich ambitionierte Prognosen fiir 7 beziehungsweise 12 zentrale Parame-
ter wie Zelleffizienz, Waferdicke oder Lebensdauer.

Diese zukiinftigen Parameterwerte wurden verwendet, um Okobilanzen fiir eine Solarstromproduktion
im Jahr 2050 in Abhangigkeit der drei Szenarien zu erstellen. Dabei wurden auch die Hintergrundda-
ten (Strommix, Herstellung von Aluminium und anderen Rohstoffen) Szenario abhéngig an eine zu-
kunftige Produktionsweise angepasst. Je nach Szenario und Indikator liegen die spezifischen Um-
weltauswirkungen pro kWh erzeugtem Solarstrom zwischen 15 % (BAU, Humantoxizitat) bis Uber 85
% (OPT, Versauerung) unter den heutigen Werten (siehe Fig. 3).

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Greenhouse gas emissions

Cumulative energy demand, non-renewable

Acidification potential
M today

N BAU
N REAL
m OPT

Human toxicity potential

Photochemical ozone creation potential

Particulate matter formation potential

Land use

Fig. 3: Umweltauswirkungen pro kWh Solarstrom von siliziumbasierten monokristallinen Modulen; Ertrag
(Durchschnitt Europa): 975 kWh/kWp (unter Beriicksichtigung einer Degradation von 10.5% Uber die ge-
samte Lebensdauer); Moduleffizienz: 15.1% (today), 22.9% (BAU), 25.2% (REAL), 27.6% (OPT); Le-
bensdauer: 30 Jahre (today und BAU), 35 Jahre (REAL), 40 Jahre (OPT).

Nationale / internationale Zusammenarbeit

Auf nationaler Ebene erfolgt die Zusammenarbeit priméar mit dem ecoinvent Zentrum, welches die
Validierung der aktualisierten Datensatze tUbernehmen soll. Das ecoinvent Zentrum hat bislang die
bereit-gestellten Daten nicht in die neue Version des ecoinvent Datenbestands (v3.1) aufgenommen.

Auf internationaler Ebene fanden insbesondere Diskussionen zu den zuklnftigen Arbeiten der IEA
PVPS Task 12 statt. Unter der Leitung von Garvin Heath wurden in zwei produktiven Projekttreffen die
ersten Ergebnisse (Berichte) der Okobilanz-Aktivitaten in Subtask 2 diskutiert und verabschiedet.

Mittlerweilen konnten erste Daten zur chinesischen Produktion (aus wissenschaftlichen Publikationen
stammend) verwertet und Sachbilanz-Datenséatze erstellt werden. Diese Datensatze dienen den
chinesischen Projektpartnern als Benchmark. Sie wurden um aktuellere beziehungsweise reprasenta-
tivere Daten angefragt. Antworten beziehungsweise Datenlieferungen stehen noch aus.

An der Internationalen Okobilanz-Konferenz in San Francisco, USA hat Christian Bauer, PSI die im
Rahmen des IEA PVPS Task 12 von treeze erarbeiteten Ergebnisse der Okobilanzen zukiinftiger
Strom-erzeugung mit Photovoltaik prasentiert [13].
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An der Européischen Photovoltaik Konferenz (29th EU PVSEC) in Amsterdam wurden von den
Schweizer Projektpartnern Ergebnisse zum Einfluss von Marktverschiebungen (im Wesentlichen nach
China) auf die Okobilanzresultate von Solarstrom prasentiert [12].

Dies wurde durch den beachtlichen Unterschied zwischen européischen und chinesischen Modulen
verdeutlicht (siehe Fig. 4). Die Reduktion der Umweltbelastung und der Treibhausgas-Emissionen
durch Effizienzgewinne aufgrund von technischen Fortschritten werden durch den vermehrten Import
von Solarzellen und Modulen aus China deutlich iberkompensiert.

Fig. 4: Treibhausgasemissionen der Herstellung von rahmenlosen Solarpanels in den vier betrachteten Weltre-
gionen (untere Halfte) sowie des Marktmixes der in den vier Weltregionen installierten rahmenlosen Pa-
nels (obere Halfte).

RER: Europa, US: USA, APAC: Asia and Pacific (ohne China), CN: China

Weiter nahm Rolf Frischknecht an zwei Projekttreffen des IEA PVPS Task 12 in Peking, China und in
Kyoto, Japan teil. Dabei ging es um die Verabschiedung der erarbeiteten IEA PVPS-Berichte und die
Planung der Arbeiten und deren Koordination im Jahr 2015.

Bewertung 2014 und Ausblick 2015

Die Erstellung erster Sachbilanzdatenséatze zur chinesischen Produktion konnten abgeschlossen und
in den Bericht zu den Sachbilanzdaten integriert werden. Noch ausstehend ist eine Integration dieser
Daten in die regional differenzierten Wertschépfungsketten kristalliner Solarzellen und —panels (Kon-
sistenzprobleme).

Die Sachbilanzdatensétze zu den globalen Zulieferketten sind erstellt und ausgewertet. Der Bericht zu
den Okobilanzen zukiinftiger mono-kristalliner Silizium- und Cadmium-Tellurid-Modulen [14] wurde
verabschiedet und wird mit ein paar wenigen Anpassungen dem Executive Committee zur Genehmi-
gung unterbreitet. Auch der aktualisierte Bericht zu den Sachbilanzdaten zu Photovoltaik wurde vom
Task 12 genehmigt und wird nun dem Executive Committee zur Genehmigung unterbreitet.

Parallel zum PVPS Task 12 wird eine Pilotstudie durchgefiihrt zum Umweltfussabdruck von Photovol-
taikstrom. Diese Pilotstudie hat im Frihjahr 2014 begonnen, dauert drei Jahre und wird durch Projekt-
partner des PVPS Task 12 und weitere Organisationen und Firmen durchgefihrt.

Fur 2015 sind folgende Arbeiten geplant:

- Weiterfihrung: Erstellung von detaillierten Sachbilanzdatensatzen zur Chinesischen Produktion
(Task 2.2a)

- Mitarbeit am Methodikpapier zur Energetischen Payback Time und zum Energy Return on
Investment (Task 2.1b).

- Zuarbeit zur Pilotstudie ,Product Environmental Footprint of Photovoltaic electricity production”
(Task 2.1c, separat finanziert)

- Abschluss Sachbilanzdaten zu Balance of System, insbesondere Inverter (Task 2.2b).
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Mitarbeit an den Okobilanzen zu Recycling und zu den Wasserfussabdruck-Bilanzen (Tasks 2.2¢
und 2.2e)

Abschluss des IEA-Berichts Okobilanzen zur zukiinftigen Stromproduktion mittels Photovoltaik in
Europa fir das Jahr 2050 (Task 2.2d).

Falls von Mitgliedern der IEA PVPS Task 12 weitere Sachbilanzdaten zu Photovoltaik-Technologien
zur Verfigung gestellt werden, wird angestrebt, diese fur eine Implementierung in den ecoinvent
Datenbestand (weiterhin basierend auf der v2.2 Methodik) aufzubereiten.
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ABSTRACT

Switzerland takes part in the Photovoltaic Power Systems (PVPS) program of the International
Energy Agency (IEA), Task 13: Performance and Reliability of Photovoltaic Systems, 2014 —
2017.The overall objective of Task 13 is to improve the operation, reliability and, thus, electrical and
economic output of photovoltaic power systems and subsystems.

Task 13 is focusing on:

* Providing reliable statistical data for any kind of decision makers for different PV applications and
system locations (e.g. different countries, regions, climates).

» Technical issues such as adapting test methods and reliability assessments of PV modules, com-
paring the long-term behaviour of systems and components, as well as performance analysis and
optimization of PV systems

The Task 13 starts in 2010 and has been extended by decision of the ExCo and the organisation of
the Task in a renewed structure as follow:

Subtask 1: Economic of PV System Performance and Reliability
Subtask 2: System Performance and Analysis

Subtask 3: Module Characterisation and Reliability

Subtask 4: Dissemination

TNC is now responsible in cooperation with Wilfried van Sark, The Netherlands, for Activity 2.1 “Field
Performance Analysis using two complementary approaches” in Subtask 2.

In the year 2014 the 'Input Tool' for the collection of plant- and operational data was used by the
experts. The collected information and performance data was evaluated and controlled by TNC,
imported into the database. It is available in the internet for the PV community and other interested
parties worldwide. 2014 874 datasets of 21 existing PV systems from USA, Sweden and lItaly were
collected, approved and made available in the online database. The installations representing Italy,
USA, Switzerland, Sweden, France, Germany and 6 other countries.
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Einleitung / Projektziele

Der Task 13, gestartet 2010, wurde nach Ablauf der Task-Zeit auf Wunsch des ExCo durch die Task
Experten inhaltlich Gberarbeitet und die Verlangerung der Zeitperiode 2014 — 2017 genehmigt.

Kurzbeschrieb des Projekts

Die Gesamtaufgabe des Task 13 in der zweiten Periode 2014 — 2017 ist die internationale Zusam-
menarbeit weiter zu fihren und zu intensivieren, um die Rolle der Photovoltaik als ein wichtiges Ele-
ment beim Umstieg auf eine nachhaltige Energieversorgung sicher zu stellen. Die Aufgabe vom Task
13 im Besonderen ist es, die Marktteilnehmer zu unterstiitzen bei der Verbesserung der Betriebstiich-
tigkeit, der Zuverlassigkeit und der Qualitat von Photovoltaik-Komponenten und Systemen. Betriebs-
daten von PV-Systemen in verschiedenen Klimazonen der Welt werden analysiert und erlauben
Ruckschlisse auf die Zuverlassigkeit und auf die Ertragsprognosen.

Die Qualifizierung und die Lebenszyklus-Charakteristiken von Photovoltaik-Komponenten und Syste-
men sollen analysiert und identifiziert werden.

Durchgefuhrte Arbeiten und erreichte Ergebnisse

Die Arbeiten der TNC Consulting AG innerhalb vom Task 13 umfassen folgende Themenbereiche:

1. Mitarbeit am Task 13 Workplan 2014 — 2017 (Co-Autor als Activity Leader)

2. Mitarbeit und Teilnahme am letzten Task13 Meeting vom 1. — 3. April 2014, ISE Freiburg i.B. (DE)

3. Ausarbeitung Abschlussredaktion des Report IEA-PVPS T13-05:2014 ,Analysis of Long-Term
Performance of PV Systems — Differenz Data Resolution for Different Purposes” als Hauptautor in
Zusammenarbeit mit den zwei Co-Autoren aus Holland und Israel.

4. Laufender Betrieb und Unterhalt der T13 Performance Web-Datenbank

Vorbereitung der Erfassung von mehreren 1'000 Schweizer KEV-PV-Anlagen in Zusammenarbeit
mit Swissgrid.

Mitarbeit am Task 13 Workplan

Der Task Workplan fir die Verlangerung vom Task 13 von 2014 bis 2017 wurde im Autorenkollektiv
aller beteiligten Subtask- und Activity-Leaders erarbeitet und zusammen gestellt. Dieser Workplan und
die Verlangerung der Tatigkeit 2014 — 2017 wurde anlasslich des 41. PVPS ExCo-Meetings in
Aachen, Deutschland, 28. — 30. April 2014, genehmigt.

Die TNC Consulting AG konzentriert sich dabei im zweiten Teil der Task Arbeiten auf den Bereich
Subtask 2 ,System Performance and Analysis” fur die Activity 2.1 ,Field Performance Analysis using
two complementary approaches”. Dies beinhaltet einerseits die Weiterfihrung der Projektdatenbank
(analytical monitoring) und andererseits die Bereitstellung Schweizer Daten von konkreten Anlagen
(global monitoring). Diese beiden komplementaren Anséatze sollen sich bei der weiteren Taskarbeit
entsprechend ergénzen.Fir diesen Activity Lead sind die zwei Mitarbeiter Thomas Nordmann, TNC
Consulting AG, Schweiz und Wilfried van Sark, Copernicus Institute of Sustainable Development,
Utrecht University, Holland befasst.

Mitarbeit und Teilnahme am Task 13 Meeting 1. — 3. April 2014, Fraunhofer ISE, Freiburg i.B.,
Deutschland

Anlasslich dieses letzten Experten-Meetings im ersten Teil vom Task 13 wurde der erreichte Stand
und die weitere Entwicklung der Performance Database ausfiihrlich diskutiert, auch im Verhaltnis zu
den komplementdren Aktivitaten im Task. Neben der Bearbeitung der anderen Subtask-Aktivitdten
war die Frage von Inhalt und Strategie fir die Task-Verlangerung ein Schwerpunkt am Treffen in Frei-
burg.

Zusétzlich wurden verschiedene Dissermination Aktivitdten geplant und festgelegt, zum Teil an der EU
PVSEC 2014 in Amsterdam, an der Intersolar in Minchen etc.
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Report IEA-PVPS T13-05:2014 ,Analysis of Long-Term Performance of PV Systems — Differenz
Data Resolution For Different Purposes*

Die Arbeiten an diesem Expertenbericht sind abgeschlossen. Der Bericht wurde von allen Task 13
Experten und dem IEA PVPS ExCo genehmigt und am 12.12.2014 auf der Webseite PVPS aufge-
schaltet. Die Veroffentlichung erfolgte mit der Medienmitteilung 19. Januar 2015.

Als Hauptautor war Th. Nordmann verantwortlich fiir die Koordination und den Gesamtbericht in Zu-
sammenarbeit mit den zwei Co-Autoren aus Holland und Israel sowie Autor fir das Kapital 3 ,Data-
base and Analysis of PV Systems".

Englische Zusammenfassung der Publikation:

This report investigates data supplied from installed operating PV plants in different countries in order
to improve understanding of efficiency and reliability issues of current state-of-the-art PV systems.

The first section describes the continued efforts to enrich and maintain the existing online performance
database and to add new operational data from existing and new grid-connected PV systems. This
activity deals with quality data only, selected and analyzed for usability by experts from each of the
contributing countries.

Currently (mid 2014), the PV online performance database contains operational data of nearly 600 PV
systems in 13 countries. The spectrum ranges from small installations of less than 1 kWp to power
plants of more than 2 MWp. The database includes datasets of PV systems with different cell technol-
ogies and type of mounting like flat roof, sloped roof, facade, ground mounted or PV sound barriers.
An important function is the possibility to filter the available data within the database. This allows a
comparison of the different plant data within the sorted arguments. It is possible to export the data to a
spreadsheet application like Microsoft Excel. In this way, it is possible to create own graphs and to
analyze the data in more detalil.

A complementary approach is described in the second section, attempting to answer the question
“How well is PV serving the world”. Therefore, only two parameters from as many PV systems as pos-
sible are analyzed:

e Annual yield (kwh per installed kWp)
e Performance ratio PR

Experts of Task 13 have attempted to collect appropriate data for a large amount of PV systems. No-
tably data from Italy, USA and Australia have been supplied for this. Limited data availability from oth-
er participating countries has been addressed by using so-called web scraping techniques that collect
and organize performance data automatically in databases.

In order to study correlation between performance and system size, data have been divided into sys-
tem power classes ranging from <1 kWp to >10 MWp. In addition, performance data can be related to
climate zones.

It may be concluded that today’s PV systems are in general “delivering what the salesman says”, with
country differences in annual yield that can well be explained by irradiation differences or climate zone
differences.

While the first two sections deal with the analysis of PV system efficiency, the third section aims at
finding the root cause of faults that lead to system downtime or low efficiency, as expressed by a low
overall Performance Ratio.

A study has begun to find correlation between defined faults, either hardware failures or low efficien-
cies, and the system parameters immediately before the fault as compared to long before the fault.
The systems under study were and will be monitored for efficiency. When the efficiency drops or a
failure becomes apparent the system parameters will be examined and compared to periods of time
past. It is assumed that a correlation between monitored system parameters and specific failures can
be found and catalogued. If a statistical correlation can be found between the changing characteristics
of specific parameters and specific fault types, these correlations could be used as signs for impend-
ing failure. Such correlations could then be used to alert the owner on faults when no Performance
Ratio monitoring exists.

The Technical Report can be downloaded from the IEA-PVPS website www.iea-pvps.org.
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Auszugsweise aus dem Bericht Vergleich der technischen Entwicklung der Photovoltaik Jahre 1983 —
1990 im Vergleich zu 2005 — 2012.
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Fig. 1: Final yield vs. reference yield for PV Fig. 2: Final yield vs. reference yield for PV
systems installed between 1983 and 1990 systems installed between 2005 and 2012
(Task 2). (Task 2 & 13).

Figure 1 and Figure 2 show two more graphs of the same PV systems discussed above. Here the final
yield is plotted versus the reference yield. Figure 1 shows data for systems installed from 1983 —
1990, Figure 2 shows data for systems installed between 2005 and 2012. The blue line represents a
PR of 1, i.e. an ideal PV system without losses under standard test conditions. A constant PR <1
would be represented by a line starting at 0 with slope corresponding to the PR. The further a data
point, i.e. the annual final yield is away from the blue PR=1 line the lower the PR of the PV system for
the respective year of operation. Comparing the cloud diagrams the data points in Figure 11 are closer
to the blue line indicating a higher PR for the more recent PV Installations.

Figure 3 shows the fourth predefined type of graph of the database web application for PV systems in
Switzerland (left) and Italy (right). In this graphs the array efficiency etaA (nA) is plotted vs. the theoret-
ical array efficiency etaA STC at standard test conditions. Standard test conditions (STC) are defined
by an irradiation of 1000 W/m? in the module plane, a module temperature of 25°C and a light spec-
trum at air mass (AM) of 1.5. As the charts are based on monthly data it is possible to illustrate and
compare the range of the array efficiencies within the monitored years for selected PV systems. A
major influence to the array efficiency is the seasonal change of the ambient temperature, which af-
fects directly the temperature of the cells and therefore the cell efficiency. The red line in the diagrams
represents an etaA / etaA STC ratio of 1. Although data values above this line are possible for some
sites (e.g. a cold and sunny alpine location), the datasets need to be verified carefully to avoid having
datasets based on measurement or calculation errors in the database.
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Fig. 3: Monitored array efficiency vs. nominal array efficiency at standard test conditions STC;
left: selected PV systems in Switzerland, right: PV systems in Italy.
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Betrieb, Unterhalt und Ergdnzung der Web Performance Datenbank

Die Web Performance Datenbank ist auf der Hauptseite iea-pvps.org mit einem prominenten Link far
jedermann direkt zuganglich. Die in der Datenbank enthaltenen Betriebsdaten sind auch Grundlage
fur Kapitel 3 des IEA PVPS Reports. Seit August 2013 sind fir die Datenbank 210 Benutzer aus 60
Landern registriert. 2014 wurden 21 Anlagen mit 874 Messdatenséatzen aus den USA, 5 Anlagen mit
66 Messdatensatzen aus Schweden und 1 Anlage mit 42 Messdatenséatzen aus Italien modifiziert und

importiert.

Figuren 4a und 4b zeigen aus dem Bericht die Struktur und die zeitliche Abfolge der zuséatzlich bereit

gestellten Messdatensatze.
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Fig. 4a: The amount of datasets collected by March 2014 within Task 13.
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Fig. 4b: Time and country of data collection by March 2014 within Task 13.

Die zusatzlich neuen Anlagen, die in die Datenbank aufgenommen werden, sind noch unter den von
den Experten angekindigten Anzahl Anlagen geblieben. Das hat verschiedene Griinde. Zum Teil
aufgrund der Geheimhaltung von kommerziellen Anlagebetreibern, zum Teil durch die schwierigen
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Marktverhaltnisse am Photovoltaikmarkt per se und auch dem Umstand, dass wenige 6ffentliche For-
schungsmittel fir die Ausmessung und Analyse solcher Anlagen zur Verfligung steht.

Die Verlangerung des Tasks um weitere drei Jahre erlaubt es, hier die Anstrengungen weiter zu fuh-
ren und zu verstarken, um noch weitere qualitativ hochwertige Messdaten erhalten zu kénnen.

Der Direktvergleich der Aktivititen vom Task 2 mit Task 13 zeigt, dass man innerhalb von 8 Jahren
(1999 — 2007) im Task 2 18'528 Betriebsmonate an Messdaten bereitstellen konnte. Fur den Task 13
(2010 — 2014) sind es rund 9'791 Monate. Das heisst, gemessen an den Datensétzen ist das ein etwa
proportionales Resultat.

Nationale / internationale Zusammenarbeit

Task 13 ist Teil der Photovoltaic Power System Vereinbarung der IEA, einer internationalen Zusam-
menarbeit. Folgende IEA PVPS Lander und Institutionen sind am Task 13 beteiligt:

Austria, Belgium, China, Cyprus, EPIA, France, Germany, Israel, Italy, Japan, Malaysia, Netherlands,
Norway, Spain, Sweden, Switzerland, Turkey, UK and USA.

Bewertung 2014 und Ausblick 2015

Im ersten Teil der Arbeiten vom Task 13 konnte TNC die vorgesehenen Aktivitaten erfolgreich durch-
fuhren und konsolidieren. Im Einzelnen das elektronische Import-Tool fir die Projektdatenbank, die
Projektdatenbank selbst aufgesetzt als im Internet vorgehaltene Web-Plattform sowie die Publikation
der Erkenntnisse aus dem gesamten Subtask 1. Allerdings ist die Beteiligung der Lander und Exper-
ten mit eigenen Projektdatensatzen von mindestens einem Jahr noch deutlich hinter den urspriinglich
zugesagten Umfang geblieben. Die verbleibende Task Zeit soll auch dazu genutzt werden, die beste-
hende Plattform mit weiteren Datensatzen und entsprechender Erfahrung auszurtsten.

Die Auswertung mehrerer 1'000 KEV Betriebsdatensatze mit Hilfe der Daten, wie sie bei Swissgrid fur
die Abrechnung der KEV vorliegen, hat sich zeitlich verzégert und kann jetzt Anfang 2015 durchge-
fuhrt werden. Zusammen mit den anschliessend mdglichen retroperspektivischen, standortindividuel-
len Ertragsprognosen kann diese Arbeit 2015 sicher abgeschlossen werden.

Referenzen

[1] IEA PVPS Performance Database http://www.iea-pvps.org

[2] IEA PVPS Task 13 Performance and Reliability of Photovoltaic Systems, Work Plan 2014 — 2017, April 2014, Final
Draft

[8] Report IEA-PVPS T13-05:2014 ,Analysis of Long-Term Performance of PV Systems — Differenz Data Resolution
For Different Purposes*”
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ABSTRACT

The goal of this project was the collaboration in the IEA PVPS Task 13 ,Performance and Reliability
of PV Systems*. Our institute contributes with our research experience to the preparation of two im-
portant IEA reports, the first on the failure analysis of PV modules and the second on the characteri-
zation of thin film modules. Further we collaborate on the topic of power stabilization of PV modules
and comparison of energy production in different climate.
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Einfuhrung

Das Institut ISAAC hat 2010 bis 2014 am Projekt der IEA PVPS Task 13 ,Performance and Reliability
of PV Systems* teilgenommen.

Ziel dieses Projektes war, die Leistung und die Zuverlassigkeit der PV Systeme besser zu verstehen
und damit die Prognose des Energieertrages zu verbessern. Das Projekt wurde in die folgenden Ar-
beitspakete (ST) aufgeteilt:

e ST1 Statistical System Performance Analysis

e ST2 Analytical PV System Assessment

e ST3 Module Characterization and Reliability Assessment
e ST4 Dissemination

SchwerpunktmaRig hat unser Institut am Arbeitspaket ST 3 teilgenommen und aktiv mit Daten und
Berichten zu den Arbeitspaketen ST 1 und ST 4 beigetragen.

Projektmeetings

Fur die Durchfuhrung des Projektes waren halbjahrliche Meetings vorgesehen, welche in folgender
Tabelle aufgefiihrt sind:

Jahr Ort 'IS'EiIIDnSaIr)]me (Anzahl Teilnehmer
2010 Kdln — Start Up meeting JA (2)
2010 Chamberry JA (1)
2011 Madrid JA (2)
2011 Dead Sea JA (1)
2012 Bruxelles JA (2)
2012 Denver JA (1)
2012 Rotterdam JA (3)
2013 Kuala Lumpur NEIN
2014 Freiburg — Abschlussmeeting JA (2)

Im Rahmen der finanziellen Méglichkeiten haben wir versucht, an allen Meetings teilzunehmen und
damit eine Kontinuitat unseres Beitrages zu geben. Einige Meetings mit speziellen fachlichen Argu-
menten wurden auch von den involvierten Mitarbeitern besucht.

Ergebnisse der Zusammenarbeit

Generell war die Teilnahme am Projekt fir die Entwicklung der Kenntnisse an unserem Institut sehr
hilfreich und einige Ergebnisse sind in Projekte am ISAAC eingeflossen. Zudem hat die regelméRige
Teilnahme an Meetings die Zusammenarbeit mit anderen Instituten von Weltruf wie z.B. NREL, ISE,
TuV Rheinland und ECN, wesentlich verbessert und vertieft. Auch die personliche Beziehung zwi-
schen den einzelnen Projektteilnehmern hat sich durch das tber 4 Jahre laufende Projekt positiv ent-
wickelt und weitere Gespréache Uber eine Zusammenarbeit in anderen Projekten ermdglicht.

Die Weiterflihrung des Projektes mit unserer tatkraftigen Unterstiitzung bestatigt, dass der Beitrag des
ISAAC von den Projektpartnern geschatzt wurde.
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Die Zusammenarbeit hat zu zwei 6ffentlichen Berichten von IEA PVPS mit unseren Beitragen gefiuhrt.

Solar simulator and field PV module performance measurements

In diesem Arbeitspaket hat das Institut an der Verfassung des Berichtes, Characterization of Thin Film
PV Technolgies' beigetragen. Der erste Teil behandelt die Indoor-Messung von Dunnschichtmodulen
mit Sonnensimulatoren und die damit verbundenen Problematiken, wie Leistungsstabilisierung der
Module und kapazitive sowie spektrale Einflisse auf die Messergebnisse. Der zweite Teil deckt die
Outdoor-Messungen ab. Hier werden metastabile Effekte der Diinnschichtmodule im Feld und deren
Auswirkung auf die Ergebnisse der Energieertragsmessungen behandelt. Auf Basis dieser Erkennt-
nisse wird eine neue Methode fir die Auswertung der Outdoor-Messungen vorgestellt, welche die
Vergleichbarkeit der Messdaten aus verschiedenen Klimaregionen und Modultechnologien ermdgli-
chen sollte.

Characterizing and classifying failures of PV modules

In enger Zusammenarbeit mit einigen Projektpartnern wurde der Bericht ‘Review of Failures of PV
Modules’ verfasst. Im ersten Teil werden die Messmethoden fir die Fehlererkennung und im zweiten
Teil, die im Feld auftretenden Modulfehler im Detail beschrieben. Der dritte Teil behandelt neue Mess-
verfahren wie die Elektrolumineszenz Aufnahmen und neue mechanische Prifverfahren, um die im
Feld haufig auftretenden Defekte zu simulieren.

Durch den intensiven Erfahrungstausch mit den Mitverfassern sind die Erkenntnisse und Erfahrungen
auch in unseren Beurteilungsmethoden fir PV Module eingeflossen.

IEA Bericht T13-02 IEA Bericht T13-01

‘Characterization of
Thin Film PV Technol-
gies’

‘Review of Failures
of PV Modules’

Die Teilnahme am Projekt war auch fur weitere Argumente, welche am ISAAC bearbeitet werden,
wichtig, wie:

» Neue Methoden fur die Stabilisierung von Dinnschichtmodulen

» Die Auswertungsmethoden von PV Systemen wurde vom ISE - Fraunhofer der Messdaten in
unserer Datenbank implementiert

Referenzen

[1] Characterization of Performance of Thin-film Photovoltaic Technologies, IEA PVPS Task 13, Subtask 3.1, Final
Report IEA-PVPS T13-02:2014, May 2014

[2] Review of Failures of Photovoltaic Modules, IEA PVPS Task 13, Subtask 3.2, External final report IEA-PVPS T13-
01:2014, March 2014
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ABSTRACT

The main purpose of Task 14 is to analyze the role of grid connected PV as an important source in
electric power systems on high penetration level where additional efforts may be necessary to inte-
grate the dispersed generation in an optimum manner. The aim of these efforts is to reduce the tech-
nical barriers to achieve high penetration levels of distributed renewable systems on the electric pow-
er system.

The Swiss team is a collaboration group constituted of employees from the companies Planair,
Meteotest and Basler Hofmann. This year, the following activities have been performed by the swiss
team and shall be mentioned:

e Two reports have been finalized: "Network driven Demand Side Management" (Subtask 1.2) and
"characterization of the spatio-temporal variations of solar radiation and PV" (Subtask 1.3).

e Several contributions have been made reports for Subtasks 2, 3 and 4.

e The 9th workshop of IEA PVPS Task 14 has been organised in Geneva (May 2014) and Jan
Remund was present in Kyoto for the 11th workshop to represent Switzerland (November 2014).

e A case study has been performed in the context of an industrial zone of Geneva to determine PV
integration local limits, using "Power Factory" software for modeling and power flow calculation
(similar purpose to 2013 Zurich’s Luchswiesenstrasse case study but with different means and
methods).
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Buts du projet

Les buts spécifiques de notre contribution a la IEA PVPS Task 14 en 2014 ont été les suivants:

Apporter des réponses concrétes en Suisse a la thématique de l'intégration du photovoltaique
dans les réseaux électriques dans de grandes proportions, avec une attention particuliére sur :

- la gestion locale de I'énergie photovoltaique et des opportunités liées a la maitrise de la con-
sommation,

- la simulation des impacts potentiels dans les réseaux et la sélection des bonnes mesures de
régulation permettant de profiter des opportunités de services auxiliaires au réseau du photo-
voltaique,

- la simulation du mix énergétique Suisse et la simulation des besoins de régulation et de
stockage a I'échelle nationale,

- l'adaptation des normes et des recommandations au niveau de l'intégration dans les réseaux
des onduleurs photovoltaiques afin d’éviter des problemes rencontrés dans d’autres pays eu-
ropéens.

Disséminer les informations et les bonnes pratiques internationales afin de faciliter I'intégration du
photovoltaique dans les réseaux électriques en Suisse.

Breve description du projet

Afin de répondre aux objectifs 2014 décrits ci-dessus, la démarche suivante a été suivie:

Direction et réalisation du rapport (draft) de: IEA PVPS Task 14 Subtask 1 D1.2 [1]. L'auteur
principal de ce rapport est Davy Marcel (Planair) et nous avons sollicité les représentants interna-
tionaux de la IEA PVPS Task 14 pour apporter des cas d’études indépendants.

Direction et réalisation du rapport de: IEA PVPS Task 14 Subtask 1.3 [2]. Les auteurs princi-
paux de ce rapport sont Catarina Calhau et Jan Remund (Meteotest) et plusieurs représentants
internationaux de la IEA PVPS Task 14 ont apporté des cas d'études. Des modeles théoriques
de variabilité du rayonnement solaire, développés par SUNY/Albany (Hoff and Perez, 2011) ont
été validés par Jan Remund (Meteotest) en utilisant des mesures réelles au sol sur 6 régions
tests dans le monde. Ces équations permettent de déterminer la variabilité de la puissance PV a
grande échelle, ce qui permet d’alimenter des modeéles d'études de forte pénétration d’énergie
PV dans le réseau. La vitesse et la taille de déplacement des nuages est le paramétre le plus in-
fluent de cette variabilité. A I'échelle de la seconde, la variabilité est déja tres mal corrélée entre
deux points distants de 100m I'un de l'autre. A I'échelle de la minute, cette limite est plutét de 1-
3km et a I'échelle de I'heure, cette limite est d’environ 150km (voir également [3])

Réalisation d’'une étude de cas suisse et contributions dans le cadre de la: IEA PVPS Task
14 Subtask 2 [4] Un cas d’'étude, réalisé par Christof Bucher (Basler & Hofmann), portant sur
l'intégration de PV au réseau sur la zone de "Luchswiesenstrasse" a coté de Zurich a été synthé-
tisé afin d’apporter une contribution au rapport. Un cas d'étude [5] utilisant des outils et des mé-
thodes différentes, et appliqué a une zone industrielle de Geneve, a été réalisé par Davy Marcel
(Planair) et pourra étre intégré dans un rapport de la IEA PVPS Task 14 au besoin.

Réalisation d’'une étude de cas suisse et contribution dans le cadre de la: IEA PVPS Task
14 Subtask 3 "High penetration solutions for central PV generation scenarios" (intégration dans
les réseaux de transmission). Le cas d'étude [6] réalisé par Jan Remund (Meteotest) a été syn-
thétisé afin d’apporter une contribution a un rapport de la IEA PVPS Task 14 Subtask 3 (en cours
d’édition).
Organisation du 9°™® séminaire de la IEA PVPS Task 14 a Genéve [7]. Cet événement inter-
national en Suisse a Geneve a été géré par la «swiss team ».

Réalisation d’'un document de commentaires et de propositions d’amélioration de I'exigence
technigue de raccordement en cours d’édition "Recommandation pour le raccordement au réseau
des installations de production d’énergie" (document VSE/AES).
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Travaux effectués et résultats acquis

Etude sur I'intégration du photovoltaique en corrélation avec la demande

Le rapport [1], dirigé et réalisé dans sa majorité par Planair a principalement permis de mettre en évi-
dence les points suivants concernant les mécanismes de DSM (« Demand Side Management », que
I'on peut traduire par la « gestion de la consommation électrique »):

Nous pourrions exploiter des performances de contrble en fréquence et contréle en puissance
active au niveau d’'une maison, pour répondre a des besoins de stabilité statique de la fréquence
sur le réseau de transport, et a des besoins de stabilité statique de la tension sur les réseaux de
transport et de distribution. La coordination des contrles entre gestionnaires de réseaux de
transport et de distribution est primordiale, de méme que la description technique des besoins et
des performances attendues. Des propositions de performances et de processus de décisions
sont présentées.

L'analyse de profils de consommation type de différents ménages dans le monde nous a permis
d’étudier la capacité intrinséque d’'une installation PV et/ou de systéme de stockage a augmenter
le niveau d’autoconsommation d’'un ménage. Nous avons mis en évidence les différences impor-
tantes de capacité des ménages a atteindre des niveaux d’autoconsommation, en fonction des
pays du monde, notamment en raison de profil de charge standard différent selon les pays et des
profils de production photovoltaique type. Le rapport compare notamment les performances at-
teintes en fonction de profils standards en Allemagne, en Suisse, aux Etats-Unis, ainsi qu’au Da-
nemark et au Portugal.

Un cas d'étude en Allemagne, réalisé par I'lWES, apporte des chiffres supplémentaires quant a la
capacité d'un systéme PV et/ou de stockage a augmenter le niveau d’autoconsommation d’'un
ménage.

Figure 1 : lllustration des besoins moyens en déplacement de charge basés sur les profils de consommation-type
de ménages et des profils de production d’énergie PV type (ici la Suisse).

Le rapport [1], en cours de publication au sein de la IEA PVPS, est disponible sur demande.
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Etude de cas pour I'intégration du photovoltaique dans les réseaux de distribution

Au cours de I'année 2013, une étude d'intégration électrique a été réalisée par Christof Bucher
(Basler Hofmann) dans le cadre du développement électrique d’une zone résidentielle a Zurich.
La zone, nommée « Luchswiesenstrasse » comprend notamment la présence d’environ 1550
ménages réparties sur le réseau BT et a consisté a déterminer les limites d’intégration d’énergie
photovoltaique. L'étude a permis, a partir d'une modélisation du réseau électrique réalisée sous
le logiciel NEPLAN et d'une analyse des flux de puissance réalisée sous MATLAB, de mettre en
évidence le rbéle que peuvent jouer différentes stratégies de fonctionnement sur une amélioration
de l'intégration du photovoltaique. Les résultats principaux de cette étude de cas sont disponibles
dans le rapport [4], sur le site web du IEA PVPS ("High penetration of PV in local distribution
grids, Report IEA PVPS T14-02 :2014", pages 145 & 159).

Au cours de I'année 2014, nous avons également réalisé des études d’intégration électrique d’'un
lot de parcs photovoltaiques totalisant environ 5SMW sur une zone industrielle en périphérie de
Genéve (« ZI Bois de Bay » area). Pour réaliser cette étude [5], nous avons modélisé le réseau
électrique de la zone et une fois créé, lancé des calculs afin d’analyser les limites locales
d’intégration d’énergie photovoltaique.

L’outil principal utilisé, a la fois pour la modélisation et pour les études de flux de puissance, a été
le logiciel Power Factory de DigSilent. Ce projet, basé sur des informations réelles depuis
I'évaluation du potentiel de puissance PV en fonction de la surface disponible des toits de la Zone
Industrielle, jusqu’aux caractéristigues du réseau électrique utilisé pour la modélisation, nous a
permis de mettre en évidence les points suivants :

- nous pourrions utiliser les capacités en puissance réactive des onduleurs PV classiques, pour
des contrdles en cos phi ou en tension, au bénéfice du Gestionnaire de Réseau,

- une seconde opportunité est d'utiliser le PV par le « producteur-consommateur » pour com-
penser son facteur de puissance,

- le comportement électrique en cas de court-circuit peut étre modifié avec la contribution en
courant de court-circuit des installations photovoltaiques (risque a mitiger).

Le rapport « Etudes d’intégration au réseau d’'un parc photovoltaique sur une zone indus-
trielle », publié le 8 juillet 2014, est disponible sur demande. Il est prévu que le rapport puisse
étre utilisé pour contribution et diffusion dans un rapport de la IEA PVPS Task 14.

En 2014, Christoph Bucher a également apporté une contribution au sujet "DSO as a service
provider to the TSQO", suite a une discussion préalable avec Swissgrid.

Etude de cas pour I'intégration du photovoltaique dans les réseaux de transmission

L'étude de cas [6], réalisée par le bureau d'étude Meteotest, a consisté a évaluer les besoins de

stockage nécessaires a I'échelle fédérale, principalement a partir de données météorologiques prove-

nant de Swissmetnet, mais également a partir de données de consommations électriques provenant

de Swissgrid. Les principales conclusions du rapport sont les suivantes :

le pompage turbinage et le parc hydroélectrique actuel pourraient nous aider a intégrer jusqu’'a
25% de notre mix énergétique par de I'énergie photovoltaique, en compensant les variations
journalieres et saisonniéres de puissance,

un bridage de la puissance max générée par I'énergie photovoltaique est trés recommandée a
une échelle nationale afin d’optimiser le fonctionnement du futur mix électrique,

une gestion de l'orientation des panneaux PV a I'échelle nationale ne semble pas pertinent pour
optimiser le stockage nécessaire.
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Figure 2 : Production et consommation mensuelle dans le scénario 1 (le plus ambitieux vis-a-vis des énergies
renouvelables) (2050)

Le rapport est disponible sur demande et sera diffusé dans le cadre d’'un rapport de la IEA PVPS Task
14, Subtask 3 ("Power system operation planning with PV integration").

Recommandations pour les normes relatives aux réseaux

Les exigences techniques de raccordement électrique des nouvelles sources électriques renouve-
lables sont un aspect primordial du développement du photovoltaique. En Suisse, c’est principalement
au sein de I'AES (Association des Entreprises Electriques Suisses) que les exigences techniques les
plus importantes et influentes sont rédigées.

Durant I'été 2014, les représentants de I'industrie photovoltaique suisse ont dans ce cadre été consul-
tés pour la création du document «Recommandation pour le raccordement au réseau des installations
de production d’énergie — Spécifications techniques du raccordement et de I'exploitation paralléle pour
les NR 3 a 7 », et nous avons en tant que bureau d’ingénieurs, apporté nos commentaires et nos sug-
gestions de modifications.

Notre réponse a I'AES est disponible sur demande.

Au jour de I'édition de ce rapport, et & notre connaissance, le document de I'AES est toujours en cours
d’'édition.

Figure 3 : Exemple de propositions chiffrées de performances électriques de I'énergie photovoltaique, ici les per-
formances statiques de contrble de la puissance réactive, avec un exemple d'illustration proposée pour le "grid
code" Suisse (recommandations de I'AES).
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Christoph Bucher (Basler & Hofmann) participe également en permanence le développement de la
norme "IEC TC 82 - Systéemes de conversion photovoltaique de I'énergie solaire" et du sous-comité
"TC 8a — Grid Integration of Large-capacity Renewable Energy (RE)".

Organisation d’'un meeting international en Suisse

Le 31 mars 2014, nous avons organisé€, en partenariat avec Meteotest et Basler & Hofmann, le gme
séminaire de la IEA PVPS Task 14 concernant l'intégration du PV aux réseaux, qui a réuni les princi-
paux représentants de I'énergie photovoltaique de I'Agence Internationale de I'Energie, avec les in-
dustriels de I'énergie photovoltaique en Suisse [7].

Cet évenement, qui a réuni 36 personnes [8] a I'Hepia a Genéeve, a permis de créer des rencontres et
favoriser des échanges entre professeurs du monde académiques, fabricants d’onduleurs, bureaux
d’'ingénieurs et représentants de gestionnaires de réseaux de distribution suisses.

Lors de la présentation de bienvenue, nous avons mentionné oralement le fait que nous n’aurions pas
pu réaliser cet évenement sans l'aide des SIG. La semaine s’est cléturée par un « guided tour » qui a
consisté en une visite accompagnée du pavillon énergie SIG a Verbois et de I'usine hydroélectrique
du site, ainsi qu’une visite de la soufflerie du CMEFE de I'Hepia a Pont-Butin, et enfin des laboratoires
de 'HEPIA [9].

Le programme de la journée, ainsi que la liste des personnes présentes sont disponibles sur de-
mande. Les présentations sont par ailleurs disponibles sur le site de la IEA PVPS ci-apres
http://www.iea-pvps.org/index.php?id=272.

Figure 4 :  Picture of the main international representatives of IEA present during the 9" Task 14 workshop

Collaboration nationale et internationale

La participation suisse a la IEA PVPS Task 14 consiste en un groupe collaboratif constitué des entre-
prises Planair SA, with Basler & Hofmann AG et Meteotest, que I'on homme dans ce document la
“Swiss team”.

Dans le cadre de toutes les activités mentionnées dans ce document, une collaboration a eu lieu avec
les représentants internationaux de la IEA PVPS Task 14.

La “Swiss team” était intégralement présente lors du séminaire de mai 2014 a Genéve, et Meteotest a
représenté la Suisse durant le IEA PVPS Workshop @ WCPEC-6, Kyoto, 25 November 2014.

Basler & Hofmann est impliqué dans 'lEC TC82 et maintient la communication entre la IEA PVPS
Task 14 et I'lEC.

6/7
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Evaluation de I’'année 2014 et perspectives pour 2015

L'année 2014 a été riche en activités et en production de rapports ou autres cas d'études, et
I'organisation du séminaire en Suisse a été une opportunité pour la Suisse d'affirmer sa visibilité au
sein de la IEA-PVPS.

Il est d'ores et déja prévu par la IEA-PVPS des extensions de Subtasks et notre participation au-dela
de mars 2015 dépendra largement du financement.

Le prochain séminaire aura lieu en mai en Autriche (18-22 mai 2015) durant la semaine du smart grid
a Vienne. Cette réunion serait une bonne opportunité pour disséminer et échanger les connaissances
acquises jusqu’a présent par la swiss team.
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ABSTRACT

The IEA SHC Task "Solar Resource Assessment and Forecasting” will provide the solar energy in-
dustry, the electricity sector, governments, and renewable energy organizations and institutions with
the means to understand the “bankability” of data sets provided by public and private sectors.

A major component of the task is to provide this sector with information on how accurately solar re-
sources can be forecast in the near future (sub-hourly, 1-6 hours, and 1-3 days) so that utilities can
plan for the operation of large-scale solar systems operating within their systems. Another major
component of the task is understanding short-term (1-minute or less) resource variability associated
with cloud passages that cause power “ramps”, an important concern of utility operators with large
penetrations of solar technologies in their system. Although solar heating and cooling technologies
are not, in themselves, “grid-tied” systems, the use of these technologies also impacts grid operations
since they offset the use of conventional fuels or electricity.
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Project goals

The major goal of IEA SHC Task 46 is to provide the solar energy industry, the electricity sector, gov-
ernments, and renewable energy organizations and institutions with the means to understand the
“bankability” of data sets provided by public and private sectors. A major component of the task is to
provide this sector with information on how accurately solar resources can be forecast in the near
future (sub-hourly, 1-6 hours, and 1-3 days) to support utilities in the operation of large-scale solar
systems operating within their systems. Another major component of the task is to understand short-
term (1-minute or less) resource variability associated with cloud passages that cause power “ramps”,
an important concern of utility operators with large penetrations of solar technologies in their system.

There are four main Subtasks to achieve this goal:

e Subtask A: Solar Resource Applications for High Penetration of Solar Technologies
e Subtask B: Standardization and Integration Procedures for Data Bankability

e Subtask C: Solar Irradiance Forecasting

e Subtask D: Advanced Resource Modeling

IEA SHC Task 46 continues the status of “Minimal Collaboration” with the PVPS and SolarPACES
Implementing Agreements that was established earlier under Task 36. In particular, Task 46 main-
tains close collaboration with IEA PVPS Task 14. Jan Remund serves as the Task 46 Representative
to Task 14. We envision the main areas of collaboration to be in solar resource forecasting and varia-
bility analysis leading toward products that are used to improve the operation of high penetrations of
grid-tied solar technologies.

Completed tasks and achieved results

Our last Task Experts Meeting was held on 15-16 April 2014 in St. Pierre, La Réunion Island (France)
hosted by the Laboratory PIMENT of the University of La Reunion. Since that time, Task 46 partici-
pants have been busy presenting their work at a number of conferences and preparing technical re-
ports and journal papers.

In Subtask A, a report on temporal and spatial solar resource variability is under development by
SUNY/Albany (USA). Jan Remund of Meteotest showed the validity of the variability models devel-
oped by SUNY/Albany (Hoff and Perez, 2011) at six test regions worldwide based on ground meas-
urements within an upcoming report of the linked IEA PVPS Task 14 (Calhau et al., 2015) (Figure 1).
Those equations can be used to determine the spatial and temporal smoothing effects and therefore
also the fleet variability of PV installations, which is needed for grid modelling with high penetration of

4 %
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Figure 1: Correlation coefficients of relative ramp rates (“dktcs”) vs. distance for production data of 90 PV installa-
tions in the Canton of Berne (Source: Energiepool Switzerland / “KEV” installations). Left: 15 minute resolution,
right: 1 hour resolution. Dashed and pointed lines: theoretical values based on Hoff and Perez.
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Within this report adequate spatial and temporal resolutions have been calculated. The temporal and
spatial variability are mainly linked to the cloud size and speed. As cloud sizes and speed lay within
some typical ranges, the variability and smoothing show also typical values. Using one second data
two stations are very low correlated already at a distance of 100 m. Using one minute data this limit is
typically in the range of 1-3 km and using one hour data this limit is reached with a distance of 150 km.

A variety of activities are underway in Subtask B, which focuses on ways of improving data quality
and the presentation of data, such as measurement best practices, improved Typical Meteorological
Year data sets, and methods for merging satellite data with ground data to produce bankable solar
resource information. Key achievements during this reporting period include further progress on de-
velopment measurement best practices guidelines for the use of Rotating Shadowband Irradiometers
for obtaining high quality Direct Normal Irradiance and Global Horizontal Irradiance measurements,
which has led to the preparation of a chapter to be included in an upcoming Task 46 interim delivera-
ble. Also in Subtask B key studies have been published showing the importance of using recent data,
rather than long-term historical data, for developing typical meteorological year data sets for use in the
accurate evaluation solar system performance.

Subtask C continues to study and benchmark various solar resource forecasting methodologies over
different timelines (hour-ahead, day-ahead) using techniques such as all-sky cameras, satellite cloud
motion vectors, and Numerical Weather Prediction models combined with high-resolution mesoscale
models. At the PVSEC Conference in the Netherlands in September the results of a national short-
term forecasting study in Germany were presented by the University of Oldenburg, showing that 0-6
hour forecasts are typically much more accurate when aggregated over large areas, and when combi-
nations of methodologies (such as cloud motion vector analysis along with the application of Numeri-
cal Weather Prediction Models) are used (Lorenz et al., 2014). Meteotest presented at the same con-
ference, their validation of the shortest term forecast CloudMove (Miller and Remund, 2014).

Meteotest is part of a new international benchmark study, which is led by University of Oldenburg.
Meteotest will compare their shortest term forecasts (0 — 6 h) “CloudMove” at 12 Swiss meteo loca-
tions with the forecasts of different providers. In a second benchmark Meteotest takes part with its own
“Solar Forecast” (https://solarforecast.meteotest.ch/) for German locations. This 5 day forecast is
based on Model Output Statistics (MOS) and GFS model. First results of the German comparison are
looking promising. The GFS MOS shows the same uncertainty levels as the state of the art model IFS
of ECMWEF. The relative rmse lie at 35-40% for 24 hours forecasts for German locations with one year
of data. The results of the benchmark study will be reported in 2015.

Subtask D continues to investigate ways to improve satellite-derived solar resource models, especial-
ly by taking into consideration 3-dimensional cloud information and improved aerosol data. A key
publication developed by a number of Task 46 participations titled “Direct Normal Irradiance Related
Definitions and Applications: The Circumsolar Issue” has been published shortly in Solar Energy Jour-
nal (Blanc et al., 2014), addressing the importance of understanding the role of circumsolar radiation
in the immediate vicinity of the solar disk in accurately representing DNI measurements for concentrat-
ing solar power applications.

National and international cooperation

The work was done in the framework of IEA Solar Heating and Cooling Task 46. From Switzerland
there is also University of Geneva part of the task team. The results are exchanged with the COST
action ES1002 (“wire”). Task 46 will continue with a level of minimal collaboration with SolarPACES.
Task 46 is closely related to Task 14 in the PVPS (Jan Remund of Meteotest serves as task liaison).

Task 46 also maintains collaboration with the Global Earth Observation System of Systems (GEOSS)
Programme, and the IRENA Global Atlas.

Outlook 2015

The task will go on next year. The team will meet presumably twice with a first meeting end of January
at Almeria (DLR, Plataforma Solar). The benchmark studies of different forecasts products will be final-
ized and published in 2015.

The U.S. Department of Energy has made the decision to withdraw its participation from the IEA/SHC
Implementing Agreement, effective March 2015. At its 76th Meeting in Beijing in October, the IEA/SHC
Executive Committee determined that, due to the minimal collaboration status that Task 46 has with
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both the IEA/PVPS and IEA/SolarPACES Programs, the current U.S. participations can continue their
work on the Task though its completion in June 2016, although they will no longer have official partici-
pation status. Steps are being taken to identify a new country to support the Operating Agent, with the
goal of allowing the current OA to continue his work through the end of the Task. A final decision on
the OA situation will be made at the 77th IEA/SHC Executive Committee meeting in the Netherlands in
June 2015.
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ABSTRACT

Das IEC-TC82 hat im Jahr 2014 vier neue Normen und zwei TS (Technical Specifications) publiziert,
dazu eine kleine Erganzung zu einer bestehenden Norm. Zusatzlich hat Cenelec/TC82 drei eigene
Normen neu in Kraft gesetzt. Das IEC/TC 82 tagte im Juni in Busan und diverse Arbeitsgruppen-
meetings fanden anfangs Dezember in Wels(A) statt. Das CES/TK 82 hatte zwei Sitzungen. Es
besteht gegenwartig aus 24 Mitgliedern und mehrere davon nahmen an internationalen Arbeitsgrup-
pemeetings teil. Insgesamt wurden 132 Dokumente behandelt, zu 63 davon wurde abgestimmt, und
es wurden 17 Dokumente kommentiert. Nationale Schwerpunkte bildeten die Revision des Kapitel
7.12 in der NIN zur Photovoltaik und die Revision der Brandschutzvorschriften. Ergdnzend zum neu-
en Brandschutzmerkblatt "Solaranlagen” wurde das "Stand der Technikpapier" von Swissolar aktuali-
siert. Die Auslegung und Praxisanwendung der Normen fiihrte verschiedentlich zu Unklarheiten bei
der Kontrolltatigkeit durch das ESTI. Mit einem regelméassigen gegenseitigen Informationsaustausch
soll dies inskiinftig verbessert werden.

Neu besteht eine koordinierte Zusammenarbeit mit dem CES/TK 8, Cenelec/TC8 und dem IEC/TC8
(Systems aspects for electrical energy supply). Gemeinsame Themen sind die Anschlussbeding-
ungen fur dezentrale PV-Anlagen und Smart Grid. Fur den Netzschluss von dezentralen Stromerzeu-
gern hat Cenelec ein TS publiziert. Wesentliche Inhalte daraus wurden in ein entsprechendes
VSE-Dokument aufgenommen. Die Photovoltaikbranche ist mit dem Inhalt des TS nicht ganz zufrie-
den und strebt Verbesserungen an. Betreffend Normen fiir die Gebaudeintegrierte Photovoltaik ergab
sich ein nachtraglicher Koordinationsbedarf mit ahnlichen Aktivitaten des ISO TC 160, wo eine DIS
18178 mit dem Titel "Glass in building — Laminated solar PV glass" in Bearbeitung ist. Die Schweiz
hat dazu zahlreiche Kommentare eingereicht. Aus Sicht Schweiz soll zum Thema PV Fassaden
zuerst das laufende CENELEC-Projekt prEN 50583 “Photovoltaics in Buildings" abgeschlossen wer-
den. Innerhalb IEC wurde das BIPV-Vorhaben zurtickgezogen, stattdessen hat Korea ein Vorschlag
fur die "PV Curtain Wall" eingebracht.
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ABSTRACT

SOLAR-ERA.NET is a network that brings together more than 20 RTD and innovation programmes in
the field of solar electricity technologies (photovoltaics and concentrating solar power) in the Europe-
an Research Area.

The network of national and regional funding organisations has been established in order to increase
transnational cooperation between RTD and innovation programmes and to contribute to achieving
the objectives of the Solar Europe Industry Initiative (SEII) through dedicated transnational activities,
especially joint transnational calls.

SOLAR-ERA.NET is an EU funded FP7 project running from 2012 to 2016. Through the support of
the funding organisations, more than 100 MEUR shall be mobilised for transnational RTD and innova-
tion projects in PV and CSP fields.
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Aims of the project / network

The overarching objective of SOLAR-ERA.NET is to effectively implement the Solar Europe Industry
Initiative. On this purpose, SOLAR-ERA.NET needs also to:

e build a strong network involving key stakeholders of national and regional RTD and innovation
programmes relevant for solar energy (PV and CSP)

e create critical mass and mobilise resources for accelerated technology development and deploy-
ment

e apply an efficient and coherent approach for effective transnational collaboration

e support concrete joint activities and projects

If the SOLAR-ERA.NET is effectively implemented, it will:
e contribute to Europe’s leading position in solar technologies and sustainable development

e enhance coherency and durable cooperation in ERA

Description of the project

SOLAR-ERA.NET is a FP7 funded European network of national and regional funding organisations
and RTD and innovation programmes in the field of solar electricity generation, i.e. photovoltaics (PV)
and concentrating solar power (CSP) / solar thermal electricity (STE).

SOLAR-ERA.NET consortium members (organisations participating):
e NET Nowak Energy & Technology, Switzerland (coordinator)
¢ Federal Department for Environment, Transports, Energy and Communication, Switzerland
e Forschungszentrum Jilich, Germany
e Teknologian Ja Innovaatioiden Kehittaemiskeskus (TEKES), Finland
e Agence de 'Environnement et de la Maitrise de I'Energie (ADEME), France
¢ Centro de Investigaciones Energéticas, Medioambientales y Tecnolégicas (CIEMAT), Spain
e Service Public de Wallonie (SPW), Belgium
¢ Agentschap voor Innovatie door Wetenschap en Technologie (IWT), Belgium
e Narodowe Centrum Badan i Rozwoju (NCBR), Poland
o Turkiye Bilimsel ve Teknolojik Arastirma Kurumu (TUBITAK), Turkey
¢ Ministerie van Economische Zaken, Landbouw en Innovatie / NL Agency, The Netherlands
¢ Kentro Ananeosimon Pigon ke Exikonomisis Energeias (CRES), Greece
e The Technology Strategy Board (TSB), United Kingdom
e Research Promotion Foundation (RPF), Cyprus
e Regione Puglia, Italy
¢ Regione Sicilia, Italy
e Bundesministerium fur Verkehr, Innovation und Technologie (BMVIT), Austria
¢ Klima- und Energiefonds, Austria
e Swedish Energy Agency, Sweden

SOLAR-ERA.NET has a double mission:

) as a network in the ERA-NET scheme, it shall improve coordination and cooperation between
national / regional RTD and innovation programmes and

II) as a network in the context of the European Strategic Energy Technology Plan (SET-Plan) and
Solar Europe Industry Initiative (SEII), it shall implement the SEII on the transnational level (com-
plimentary to actions taken on national and EU level).

Altogether SOLAR-ERA.NET shall contribute to reaching the objectives of the Solar Europe Industry
Initiative (SEII) by carrying out the coordination and support actions for the implementation of the SEII
between national and regional RTD and innovation programmes.
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The SEIl is embedded in the European Strategic Energy Technology Plan (SET-Plan) which aims to
increase, coordinate and focus EU support on key low-carbon energy technologies in order to achieve
Europe’s 2020 energy objectives in the future. The SEIl is a joint initiative of the industry sector, EC
and member states. The objective of the SEIIl is to boost the development of the PV and CSP sector
beyond “business-as-usual” in the areas of Research and Development, Demonstration and Deploy-
ment. For the concerned solar electricity technologies Implementation Plans have been developed
setting out priorities for RTD in Europe.

Key activities of SOLAR-ERA.NET are to undertake joint strategic planning, programming and activi-
ties for RTD and innovation in the area of solar electricity generation. Joint activities, namely joint calls,
are defined for key topics and priorities in accordance with the SEIl. Four transnational calls are
planned (one per year) that shall mobilise 50 MEUR of public funding and, in total, 125 MEUR for
industry-led RTD and innovation projects.

Figure 1: Map with countries and regions involved in SOLAR-ERA.NET

Work carried out and results achieved

The network started in November 2012. Two sets of transnational joint calls have been carried out so
far. 15 countries and regions participated in the first set of transnational joint calls, launched in March
2013, covering 5 PV and 3 CSP topics. The number of countries and regions increased to 17 in the
second set of transnational joint calls launched in January 2014. The portfolio of the second joint call
grew up to 7 PV and 4 CSP topics.
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Figure 2: At the last SOLAR-ERA.NET Meeting held in London mid-October 2014, a list of projects suggested for
funding was set up and the third set of transnational calls PV3 and CSP3 was prepared.

Call topics in photovoltaics (PV) and concentrating solar power (CSP) are commonly defined by the
SOLAR-ERA.NET consortium and adopted by the participating programmes and countries according
to their national / regional priorities.

The SOLAR-ERA.NET transnational call PV2 covered the following 7 topics:

e PV2.1 Innovative processes for inorganic thin-film cells & modules

e PV2.2 Dedicated modules for BIPV design and manufacturing

e PV2.3 Grid integration and large-scale deployment of PV

e PV2.4 High-efficiency PV modules based on next generation c-Si solar cells
e PV2.5 Solar glass and encapsulation materials

e PV2.6 Concentrator PV technology

e PV2.7 Sifeedstock, crystallization and wafering

Another topic “Organic solar cells, perovskites and other emerging concepts” was added for the third
joint call.

The SOLAR-ERA.NET transnational call CSP2 covered the following 4 topics:
e (CSP2.1 Cost reduction and efficiency increase in components

e CSP2.2 Dispatchability through storage and hybridisation

e CSP2.3 New fluids for CSP plants

e CSP2.4 Innovative thermodynamic cycles

The transnational call is based on a 2-step/stage- procedure with i) a preproposal and ii) a full pro-
posal stage. Preproposals are checked according to the national / regional regulations and then dis-
cussed in the SOLAR-ERA.NET consortium setting up lists of preproposals recommended respective-
ly not recommended for stepping on to the full proposal phase.

Once the full proposals are evaluated by independent international experts as well as by national
experts, SOLAR-ERA.NET partners discuss the proposals and agree on a list of projects suggested
for funding. The ultimate funding decisions are however taken by the national agencies / ministries.

4/6

270/288
SOLAR-ERA.NET, S. Nowak, NET Nowak Energy & Technology Ltd.



The transnational SOLAR-ERA.NET joint calls are each allocated with a total public funding budget of
approximately 12 million euros provided by the participating national and regional programmes and
agencies. The joint call consortium is mainly composed of SOLAR-ERA.NET partners but can be
extended by associate partners (like Denmark and Israel in the second set of transnational joint calls).
Applicants may also come from other countries (like Ireland and Norway in the second set of transna-
tional joint calls) but they do have to provide their own funding for their participation in the projects.

The two transnational SOLAR-ERA.NET calls found good interest in the solar power industry sector
and research community. Some 109 preproposals were submitted involving 478 partners from 18
countries. 45 full proposals were submitted.

In the second call, 24 full proposals (21 full proposals submitted in first joint call in 2013) with a total
project volume of 24,5 million euros were submitted by the deadline set (15 September 2014). Out of
the 24 full proposals submitted, 22 were for PV topics and only 2 for CSP topics.

122 potential project partners (114 potential project partners in first joint call in 2013) can be counted
from 18 different countries and regions (15 different countries and regions in first joint call in 2013).
Figure 3 shows the number of coordinators and partners in the full proposals submitted by country /
region.

Number of coordinators and partners in full proposals submitted
0 5 10 15 20 25 30
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Germany
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Figure 3: Number of coordinators and partners in full proposals submitted according to the countries / regions
participating in the transnational SOLAR-ERA.NET calls PV2 and CSP2

National and international cooperation

International cooperation is in the very core of SOLAR-ERA.NET with the goal to enhance coordina-
tion and collaboration between more than 20 RTD and innovation programmes from 18 countries and
regions.

The Swiss participation in the first set of transnational calls was good with 10 organisations involved in
8 preproposals and, at the second stage, 5 organisations involved in 4 full proposals projects. The
Swiss participation then dropped down to one project in the second set of transnational calls.

A good example with Swiss participation is reflected in the figure below showing transnational com-
plementarity for R&D and industrial implementation.
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Figure 4: A project funded within SOLAR-ERA.NET with Swiss participation: ,NovaZOlar* — All-non-vacuum
processed ZnO-based buffer and window layers for CIGS solar cell technology.

Evaluation 2014 and outlook 2015

The current situation and competition in the PV and CSP industry sector can be characterised as
harsh and presents a challenging context as well for SOLAR-ERA.NET. SOLAR-ERA.NET strives to
cope best with these challenges and translate them in opportunities for both Europe as a whole and
the participating states individually.

The first set of transnational joint calls PV1 and CSP1 resulted in a list of 13 projects being suggested
for funding. Although this list is a result out of common discussions, it is not a legally binding document
for all national and regional funding agencies. Applicants do have to fulfil all national and regional
requirements as well and some projects find themselves on a waiting list because of oversubscription
of initial funding budgets available in some countries or regions.

First projects could already start in spring 2014 and currently 8 projects have green light from all
national and regional agencies. Another 2 projects are still awaiting the final positive funding decisions
about to be taken by all agencies involved. These 11 projects request a total funding of approx. 10
MEUR. Three projects got stranded, one of which was the largest project that finally cannot take off
due to insolvency of one of the partners. This case reflects the harsh economic situation for the solar
sector in general and in some countries in particular. Some delays were caused by longer / late paral-
lel national calls and budget reservation procedures as well as due to shifts of responsibilities from
one ministry to another.

For the second set of transnational joint calls, different measures were taken to further improve the
procedures in the countries having encountered delays. By the time of writing this contribution, a list of
16 projects suggested for funding was transmitted to the different national /regional agencies for their
funding decisions.

In parallel, the third set of transnational joint calls PV3 and CSP3 was launched — preproposals can be
submitted by end of March 2015.

With respect to the successful projects from the transnational joint calls, relevant information is provid-
ed on the solar-era.net website.

Bibliography

Information can be found on the network’s website www.solar-era.net.
CSP Implementation Plan for 2013 — 2015

PV Implementation Plan for 2013 - 2015
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ABSTRACT

The Swiss State Secretariat for Economic Affairs (SECO), the Swiss Agency for Development and
Cooperation (SDC) and the Swiss Federal Office of Energy (SFOE) have been operating the interde-
partmental platform for the promotion of renewable energy and energy efficiency in international co-
operation since 2004.

In 2014, there was more intensive focus on REPIC projects’ impact factors. Therefore, data from
hands-on experience was systematically collected, tailor-made coaching was offered and communi-
cation measures were strengthened, in order to disseminate the accumulated know-how and to in-
crease the network.

The REPIC Platform contributes to the implementation of global climate protection agreements and to
a sustainable energy supply in developing and transition countries. The activities represent an im-
portant part in the implementation of the Swiss policy for sustainable development on the international
level. The REPIC Platform thereby contributes to the creation of a coherent policy and strategy in
Switzerland, for the promotion of renewable energy in international cooperation. The specific goals of
the REPIC-Platform in relationship with renewable energy in international cooperation are:

1. Project promotion and project realization
2. Information and communication

3. Coordination
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Einleitung / Projektziele

Die seit 2004 bestehende REPIC-Plattform ist eine gemeinsame Initiative des Staatssekretariates fir
Wirtschaft (SECO), der Direktion fir Entwicklung und Zusammenarbeit (DEZA) sowie des Bundes-
amtes fir Energie (BFE) zur Forderung der erneuerbaren Energien und der Energieeffizienz in der
internationalen Zusammenarbeit — Renewable Energy and Energy Efficiency Promotion in Internatio-
nal Cooperation.

Die REPIC-Plattform setzt seit zehn Jahren eine interdepartementale Zusammenarbeit um. Wahrend
friher die einzelnen an der Plattform beteiligten Amter in der Regel individuell und punktuell Projekte
mit erneuerbaren Energien und Energieeffizienz in der internationalen Zusammenarbeit geférdert ha-
ben, erfolgt heute ein koordinierter Ansatz zur Férderung solcher Projekte. Damit werden ein besser
abgestimmtes und einheitlicheres Vorgehen sichergestellt, Doppelspurigkeiten kénnen vermieden und
Synergien zu bestehenden Programmen genutzt werden. Die Plattform wirkt subsidiar zu bestehen-
den Instrumenten der beteiligten Amter.

Die REPIC-Plattform leistet einen wichtigen Beitrag zur Umsetzung einer koharenten Politik und Stra-
tegie der Schweiz zur Férderung der erneuerbaren Energien und der Energieeffizienz in der internati-
onalen Zusammenarbeit. Sie tragt zur Umsetzung der globalen Klimaschutzvereinbarungen und zur
Forderung einer nachhaltigen Energieversorgung in Entwicklungs- und Transitionslandern bei und ist
damit ein wertvoller Bestandteil der Umsetzung der schweizerischen Politik im Bereich der nachhalti-
gen Entwicklung auf internationaler Ebene. Der vorliegende elfte Jahresbericht beschreibt die Aktivita-
ten, Resultate und Erfahrungen im elften Jahr der Plattform.

REPIC versteht sich in ihrem Aufgabengebiet als marktorientiertes Dienstleistungszentrum. Unter
Berucksichtigung der vorhandenen Erfahrungen kann diese Plattform Anschubfinanzierungen fiir neue
konkrete Projekte mit vielversprechendem Multiplikationspotential im Bereich der erneuerbaren Ener-
gien und Energieeffizienz leisten. Ein wichtiges Ziel ist der Wissens- und Technologie-Transfer von
Schweizer Unternehmen und Organisationen in Entwicklungs- und Transitionslander. Die REPIC-
Plattform baut dazu ihr Netzwerk zur Information und Sensibilisierung interessierter Kreise laufend
aus, pflegt den Erfahrungsaustausch zwischen verschiedenen Akteuren und fordert die Kenntnis von
lokalen Rahmenbedingungen und Projektmdglichkeiten. Zusatzlich wirkt die REPIC-Plattform in inter-
nationalen Netzwerken mit.

Die REPIC-Plattform umfasst die folgenden Arbeitsebenen:

1. Strategische Leitung, gebildet durch die Direktoren der beteiligten Bundesamter
2. REPIC-Steuergruppe, gebildet durch Vertreter der beteiligten Bundesamter

3. REPIC-Sekretariat, bei NET Nowak Energie & Technologie angesiedelt

Schwerpunkte 2014, durchgefiihrte Arbeiten und Ergebnisse

Das Ubergeordnete Ziel der REPIC-Plattform ist der Wissens- und Technologietransfer zur Verbrei-
tung der erneuerbaren Energien und der Energieeffizienz in Entwicklungs- und Transitionslandern.

Die Schwerpunkte der REPIC-Plattform 2014 lauteten wie folgt:
*  Projektbezogene Aktivitaten
* Information und Kommunikation

» Koordination innerhalb der Tragerschaft, mit einschlagigen Finanzorganisationen und mit inter-
nationalen Netzwerken
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Projektbezogene Aktivitaten

Im Jahr 2014 erhielt das REPIC-Sekretariat 53 Projektanfragen, es wurden 27 Skizzen und 12 Gesu-
che behandelt, gesamthaft konnten 11 Projekte genehmigt werden. Die Anfragen lagen vermehrt in
den Bereichen Photovoltaik und Diverse, wobei vermehrt Ansatze mit kombinierten Systemen vorge-
schlagen wurden. Die genehmigten und laufenden Projekte liegen zu grossen Teilen in den Bereichen
der Biomasse und der Energieeffizienz, sowie zu einem kleineren Teil in der Photovoltaik.

Abb. 1: Im Jahr 2014 wurden rund 20% der Anfragen genehmigt. Zu beriicksichtigen ist, dass gut 49% der Anfra-
gen nicht mit REPIC weiterverfolgt wurden, nachdem erste Abklarungen erfolgt sind. Dies weist auf ein reges
Interesse einer breiten Interessensgruppe hin, die von REPIC nicht abgedeckt werden kann. Von den eingereich-
ten Projekten konnten 40% genehmigt werden.

Ruckblickend auf die letzten vier Jahre ist erkennbar, dass von der Gesamtzahl der Anfragen (184),
die im REPIC-Sekretariat eintreffen, rund ein Drittel nicht mit REPIC weiterverfolgt wird. Von den An-
fragen, die das zweistufige Genehmigungsverfahren durchlaufen, konnten 42% genehmigt werden.
Von der Gesamtzahl an Anfragen sind dies 29% genehmigte Projekte.

Abb. 2: Durchschnittliches Verhaltnis in den letzten vier Jahren der nicht weitergefuhrten Anfragen, der genehmig-
ten und der nicht genehmigten Projekte an der Gesamtzahl an erfolgten Anfragen. Von den eingereichten Projek-
ten konnten 42% genehmigt werden.

Die REPIC-Plattform stdsst auf reges Interesse, jedoch werden mit dem Fokus auf den Schnittstellen-
bereich der Entwicklungszusammenarbeit und der Erneuerbaren Energien sowie der Energieeffizienz
hohe Anspriiche gestellt. Das Projektteam sollte Uber gute lokale Kenntnisse verfligen, einen Wis-
sens- und Technologietransfer aus der Schweiz ermdglichen, das Projekt in eine Umsetzungs- und
Multiplikationsphase fuhren und gleichzeitig starke Fahigkeiten im Projektmanagement vorweisen
kénnen. Entsprechend wichtig sind gute Partnerschaften.

Das Verfahren der Projektbearbeitung und -genehmigung funktioniert gut, auf die Vielfalt der Projekt-
anfragen wird eingegangen und die Projektierenden werden entsprechend beraten. Vorhandenes
Verbesserungspotential wird regelmassig geprift und Massnahmen dazu umgesetzt. Bei der Mehr-
zahl der Projekte kann das Verfahren effizient und wirksam abgewickelt werden.
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Abb. 3: Kumulative Darstellung der seit 2004 geférderten und gestarteten Projekte, farblich nach Technologiebe-
reich unterschieden. Seit 2008 wurden auch Projekte im Bereich der Energieeffizienz gefordert. Ein stetiger An-
stieg ist insbesondere im Bereich Biomasse, Energieeffizienz und in kombinierten Systemen (Diverse) ersichtlich.

Von 2004 bis Ende 2014 konnte die REPIC-Plattform 98 Projekte genehmigen, wovon bis Ende 2014
93 Projekte gestartet wurden. Im Anhang werden samtliche im Jahr 2014 laufenden und abgeschlos-
senen Photovoltaik Projekte ausfihrlicher erlautert. Die gesamte Anzahl an geférderten Projekten ist
auf der REPIC-Website aufgeschaltet. Die Projektbeschriebe beinhalten das Projektportrait, Angaben
zur Institution und zur Kontaktperson sowie bei abgeschlossenen Projekte die wichtigsten Resultate
und Erkenntnisse. Fur weiterfihrende Informationen ist der Schlussbericht zur Dokumentation hoch-
geladen und frei zugénglich.
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Zur geographischen Verteilung auf die verschiedenen Lander gibt Abb.4 einen Uberblick tber die
geforderten Projekte, davon darstellungsbedingt ausgenommen die internationalen Projekte.

Abb. 4: Verteilung der unterstiitzten Projekte bis Ende 2014 nach Region und Technologiebereich, ohne die internationalen Projekte, die nicht stand-

ortbezogen sind.
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Information und Kommunikation

Am 4. November 2014 hat REPIC eine Fachveranstaltung in Freiburg zum Thema ,Erfahrungen aus
10 Jahren REPIC Projekten, mit einer ersten Projektbérse [1, 2] organisiert. Der Anlass bot rund
70 Teilnehmerinnen und Teilnehmern gute Austauschmdglichkeiten.

Abb. 5: Projektprasentationen im Plenum mit gut Abb. 6: Zeit fir Erfahrungsaustausch und um neue
70 Teilnehmerinnen und Teilnehmern Kontakte zu knlipfen wahrend dem Stehlunch

Die Rickmeldungen zu dieser Veranstaltung waren sehr positiv, die Gesamtbeurteilung fiel gut bis
sehr gut aus, die bewusst langen Pausen und der ausreichende Begegnungsraum fir Gesprache
wurden begrisst. Auch konstruktive Kritik wurde eingebracht, so wird die Projekthdrse weiterentwi-
ckelt und die Thematik der Finanzierungsinstrumente vertieft.

Abb. 7: Der Anlass entsprach bei 61% der Teilnehmerinnen und Teilnehmern den Erwartungen, bei 39% weitge-
hend.

Die bisherigen REPIC-Kommunikationsaktivitdten wurden weitergefuhrt. Die Website (www.repic.ch)
wurde laufend aktualisiert und die neuen Vorlagen und Kriterien hochgeladen.

Zudem fand eine Umfrage zum Jahresbericht 2013 statt, der Gesamteindruck ist sehr positiv, am
meisten werden die Informationen zu den geférderten Projekten und zu den Veranstaltungen ge-
schatzt. Hinweise hinsichtlich einer Auflockerung der Darstellung und einzelne Zusatzinformationen zu
den Projekten wurden aufgenommen, auch in den Folgejahren werden diese Hinweise in die Weiter-
entwicklung miteinbezogen.

Koordination innerhalb der Tragerschaft, mit einschlégigen Finanzorganisationen und mit in-
ternationalen Netzwerken

Die REPIC-Plattform wurde auch 2014 intensiv genutzt, um Informationen zu den Tétigkeiten der
beteiligten Bundesamter im Bereich der erneuerbaren Energien und der Energieeffizienz in der
internationalen Zusammenarbeit auszutauschen und Aktivitdten bei Bedarf abzusprechen. REPIC hat
sich noch starker mit bestehenden Programmen vernetzt. Um den Projektierenden bei den Schwierig-
keiten der Folgefinanzierung Hilfestellung bieten zu kdnnen und verstarkt in eine Multiplikation und
Replikation zu gelangen, wurde laufend das Netzwerk mit Finanzierungsinstitutionen, Forderinstru-
menten, erfahrenen Projektierenden und Experten erweitert. Der Kontakt mit diesem Netzwerk wird
wahrend relevanten Tagungen und Workshops aktiv gesucht, Publikationen werden in diesem Netz-
werk verteilt und Vertreter werden an REPIC-Veranstaltungen eingeladen.
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Stand der bewilligten REPIC-Projekte mit Bezug zur Photovoltaik im Jahr 2014
Neu abgeschlossene Projekte

e Swiss Fresh Water, Senegal: Pilotprojekt eines low-cost und dezentralen Entsalzungssystems im
Sine Saloum Delta in Senegal

e SUPSI-ISAAC, Nepal: Netzgekoppelte PV-Pilotanlage

e Stiftung Solarenergie, Athiopien: Sun-Control - Pilotprojekt zum Einsatz verbesserter Technik zur
Handhabung und Finanzierung von Solar-Home-Systemen

Projekte in Abschlussphase

e Muntwyler Engineering, Indien: Demonstrationsprojekt Solare Elektrofahrzeuge im 6ffentlichen
Verkehr in Clean Air Island

e entec AG, International: Schweizer Beitrag im Projekt ,IEA PVPS Task 9: Photovoltaic Services
for Developing Countries (Photovoltaik)”, aktuelle Arbeitsperiode in Abschlussphase.

Projekte laufend, in Ausfiihrungsphase

e Berner Fachhochschule, Indien: Mikro-Unternehmen und Kleinb&uerinnen im landlichen Indien:
Innovation durch nachhaltige Energietechnologien mit der ,Swiss Solar Water Pump*
e Antenna, Uganda: OOLUX — Field Test of an Advanced Solar Power Kit in Uganda
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Vertrag: 2011.05

Photovoltaik

Pilotprojekt eines low-cost und dezentralen Entsalzungssystems
im Sine Saloum Delta in Senegal
Projektart :  Pilotprojekt Technologie : Photovoltaik
Land : Senegal Projektstatus :  Abgeschlossen
Projektstart : Juni 2011 Projektende : Oktober 2014
Partner : Swiss Fresh Water, Lausanne, www.swissfreshwater.com, Renaud de Watteville

© Swiss Fresh Water © Swiss Fresh Water

Schweizer Beitrag

Swiss Fresh Water ist ein neues Start-up-Unternehmen der ETH Lausanne. Die Leiter weisen breite
Erfahrung im Projektmanagement und der Wasserbehandlung auf. Das Projekt wird in enger
Zusammenarbeit mit der Firma Impact Finance aus Genf durchgefuhrt. Sie ist auf die Entwicklung und
Finanzierung von Projekten in Entwicklungslandern spezialisiert.

Portrait

Swiss Fresh Water (SFW) entwickelte ein low-cost Entsalzungssystem fiir Salz- und Brackwasser,
welches die Aufbereitung von sauberem Trinkwasser erlaubt. Das System wurde fiir eine einfache
Benutzung entwickelt, es ist einfach im Unterhalt und konsumiert wenig Energie. SFW hat entschie-
den, ein Pilotprojekt im Sine Saloum Delta durchzufthren, in dem 225000 Menschen leben. Aus-
serhalb der Regenzeit, d.h. ca. 8-9 Monate des Jahres, trinkt die Bevolkerung vor allem Wasser aus
Brackwasser-Bohrungen. Dieses Wasser ist stark Fluor-belastet und bewirkt ernsthafte Gesundheits-
probleme. Das Projekt von SFW will dazu beitragen, die Auswirkungen der Wasserversorgung auf die
Gesundheit und den Bedarf an Zeit, Geld und Energie (Transport) zu verringern.

Resultate

Nach einem ersten Jahr erfolgreichen Betriebs hat das Pilotprojekt grosse Erwartungen bei der
Bevolkerung ausgelost. Daher wurde das Projekt verlangert. Das Businessmodell wurde weiterentwi-
ckelt um die Replikation innerhalb Senegals und dariiber hinaus zu ermdglichen. Ende 2013 sind
20 Maschinen in Betrieb und mehr als 35000 Personen erhielten neu Zugang zu Trinkwasser
erstklassiger Qualitéat.

Wirkung

Die Wirkung des Projekts kann bereits bei Abschluss des Projekts als nachhaltig bezeichnet werden.
Es sind weniger Bootstransporte fur den Einkauf von Wasser nétig und Diesel wird eingespart. Die
Gesundheit wird langerfristig verbessert, bestehende soziale Strukturen wurden mit dem Projekt
genutzt und gestarkt. Die verbesserten Lebensbedingungen vor Ort reduzieren die landliche Abwan-
derung und pro System werden mind. 1-2 Arbeitspléatze geschaffen.

Dokumentation

Schlussbericht ,Systéeme de désalinisation a bas codts et décentralisé dans le delta du Sine Saloum
au Sénégal” [6] verfugbar auf www.repic.ch.

Kurzfilme http://vimeo.com/38299791 und http://www.rts.ch/emissions/court-du-jour/5644491-lavie-
qui-change-senegal.html .
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Vertrag: 2011.18

Photovoltaik
Netzgekoppelte PV-Pilotanlage in Nepal
Projektart :  Pilotprojekt Technologie : Photovoltaik
Land : Nepal Projektstatus :  Abgeschlossen
Projektstart: September 2011 Projektende: November 2014
Partner : SUPSI-ISAAC, Canobbio, www.isaac.supsi.ch, Domenico Chianese, Roman Rudel
© ISAAC © ISAAC

Schweizer Beitrag

Das Institut ISAAC (Istituto sostenibilita applicata allambiente costruito) der SUPSI (Scuola universita-
ria professionale della Svizzera italiana) bringt breite Erfahrung im Bereich netzgekoppelter Photovol-
taik und Ausbildung mit.

Portrait

Dieses Projekt basiert auf den ermutigenden Resultaten einer bereits durchgefiihrten REPIC-
Machbarkeitsstudie zu netzgekoppelter Photovoltaik in Nepal. Die aktuell unzuverlassige Stromver-
sorgung der Nutzer (kleine und mittlere Unternehmen, Bevolkerung) soll durch eine dezentrale und
partiell autonome Stromversorgung verbessert werden.

Das Pilotprojekt sieht den Bau und das Monitoring einer netzgekoppelten 1 kWp PV-Anlage mit
Back-Up-System vor. Ein wichtiger Bestandteil des Projekts besteht in der Demonstration der
technischen Losungen und der Verbreitung der gewonnen Erkenntnisse.

Resultate

Weil im Verlauf des Projekts zusatzliche finanzielle Mittel gefunden wurden, konnten statt der
geplanten einen Anlage gleich finf Anlagen erfolgreich realisiert, betrieben und Uberwacht werden.
Die Messungen zeigen die Grenzen des lokalen Netzes auf. Haufige Netzausfalle und grosse
Spannungs- und Frequenzschwankungen sind eine Herausforderung fiir die Netzeinspeisung. Nach
Anpassung der Wechselrichter-Parameter laufen die Anlagen mit einer hohen Verfligbarkeit. Mit
verschiedenen Informationsveranstaltungen wurden Vertreter von Regierungsstellen, von Universita-
ten, Netzbetreiber, verschiedene Organisationen sowie viele Fachleute umfassend informiert. Durch
die zuklnftig geplanten Aktivititen der SUPSI mit den verschiedenen Projektpartnern in NEPAL
werden die gewonnen Erkenntnisse auch in Zukunft genutzt und weitergegeben.

Wirkung

Die Arbeiten verbesserten auf der einen Seite die Photovoltaik-Kenntnisse der diversen Veranstal-
tungsteilnehmer. Auf der andern Seite hatte der gute Austausch mit Netzbetreibern und Behérden
einen positiven Einfluss auf neu erlassene Zulassungs- und Forderbedingungen von Photovoltaikan-
lagen in Nepal. Der Prozess ist noch im Gang und ein mdgliches Férderprogramm fiur kleine netzge-
koppelte Anlagen in Diskussion.

Dokumentation

Schlussbericht PV Grid-Connected Pilot Plant in Nepal“ [7] verfiigbar auf www.repic.ch.
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Vertrag: 2012.04

Photovoltaik

Sun-Control: Verbesserte Technik zur Handhabung und Finanzierung
von Solar-Home-Systemen in Athiopien
Projektart :  Pilotprojekt Technologie : Photovoltaik
Land : Athiopien Projektstatus :  Abgeschlossen
Projektstart: Juli 2012 Projektende: Marz 2014
Partner : Stiftung Solarenergie, Zirich, www.stiftung-solarenergie.ch, Harald Schiitzeichel

© Stiftung Solarenergie © Stiftung Solarenergie

Schweizer Beitrag

Die Stiftung Solarenergie hat mit REPIC-Unterstiitzung bereits verschiedene Solar-Center, welche
Solartechniker-Ausbildungen anbieten, aufgebaut und diese anschliessend weitergefiihrt und
ausgebaut. Sie verfiigt tiber sehr viel Erfahrung in Athiopien im Bereich Solarenergie.

Portrait

Im vorliegenden Pilotprojekt sollen in Athiopien 500 neuartige Solar-Home-Systeme eingesetzt und
getestet werden. Diese werden vor Ort zusammengebaut und verkauft, wahrend der Pilotphase
jedoch noch mit Subventionierung. Die neuartigen Solar-Home-Systeme sollen die Verbreitung der
Solartechnik erleichtern, indem sie einen neu entwickelten Laderegler einsetzen. Damit sollen die
Nutzer bessere Informationen Uber den Zustand des Solar-Home-Systems erhalten inklusive der
verbleibenden Nutzungsdauer. Ein integriertes Prepayment System soll die Finanzierung in Raten
erleichtern.

Resultate

Die lokalen Techniker wurden fiir Zusammenbau, Programmierung und Wartung der Laderegler
erfolgreich geschult. Die 500 Systeme wurden vor Ort zusammengebaut und haben alle Qualitatstests
bestanden. Alle Solar Home Systeme wurden bis Ende Oktober 2013 installiert, in Betrieb genommen
und funktionieren einwandfrei. Die eingesetzten 1W LED Lampen erreichen mit gemessenen
116 Lumen hervorragende Helligkeitswerte.

Wirkung

Aufgrund von neuen Auflagen der Behérden konnte das Prepayment-System nicht wie geplant
umgesetzt werden, womit nur ein Teil der erwarteten Wirkungen erzielt werden konnten. Durch die
neue Anzeige der Restenergiedauer ist die Nutzung der Systeme deutlich einfacher und besser
planbar.

Mit 500 baugleichen Systemen in Kenia konnte ausserhalb dieses Projekts die tadellose Abwicklung
der Mikrofinanzierung mittels der neuen CODE-Technologie belegt werden. Dies bewirkte, dass in
Kenia eine Rickzahlungsquote von 100% erreicht wurde. Die Stiftung Solarenergie erwartet, 2014 in
Athiopien, Kenia und den Philippinen insgesamt 5'000 Solarsysteme dieses Typs installieren zu
kénnen.

Dokumentation

Schlussbericht ,Sun Control: Pilotprojekt zum Einsatz verbesserter Technik zur Handhabung und
Finanzierung von Solar-Home-Systemen* [8] verfligbar auf www.repic.ch.
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Vertrag: 2009.07

Photovoltaik
Demonstrationsprojekt Solare Elektrofahrzeuge im 6ffentlichen
Verkehr in Clean Air Island, Mumbai
Projektart :  Pilotprojekt Technologie : Photovoltaik
Land : Indien Projektstatus :  In Abschlussphase
Projektstart : August 2009 Projektende : Geplant 2015
Partner : Ingenieurbiro Muntwyler und Berner Fachhochschule, Technik und Informatik,
Burgdorf, www.ti.bfh.ch, Urs Muntwyler
© Clean Air Island © Clean Air Island

Schweizer Beitrag

Der Schweizer Experte bringt mit seinen umfassenden Erfahrungen sowohl im Bereich der Solarener-
gie als auch im Bereich der Elektrofahrzeuge eine optimale Kombination von Kenntnissen mit, um
dieses Projekt zu unterstiitzen. Weitere Schweizer Technologiepartner werden nach Bedarf einbezo-
gen.

Portrait

Die indische Partnerorganisation Clean Air Island (CAl) ist seit mehreren Jahren bestrebt, die
Lebensqualitat im Stadtzentrum Mumbais zu verbessern. lhre Aktivitaten stiitzen sich dabei haupt-
sachlich auf die drei Aktionsbereiche Begrinung von Strassen und Parks, Kompostierung von
organischen Abfallen und Einsatz von Elektrofahrzeugen.

Im Rahmen dieses Demonstrationsprojekts sollen Elektrofahrzeuge im offentlichen Verkehr zum
Einsatz kommen, deren Batterien mit Solarstrom gespeist werden. Der elektrische Bus (30 Personen)
und das elektrische Sammeltaxi (10 Personen) sollen auf einem Rundkurs zwischen zwei Bahnhofen
und dem Geschéftsviertel Nariman Point verkehren und damit einen Teil der tausenden von Pendlern
in diesem Gebiet transportieren. Auf dem Dach des Busdepots soll die Photovoltaikanlage installiert
werden. Die Fahrzeuge kdnnen dort jeweils ihre Batterien mit Hilfe eines Schnelladesystems aufladen
oder leere Batterien gegen eine geladene austauschen.

Resultate

Trotz starken Verzégerungen u.a. durch technische Anderungen des Ladekonzepts, Finanzierungs-
fragen, Partner- und Standortwechsel konnten schrittweise einige wichtige Resultate erzielt werden:

Das Demonstrationsprojekt wird nun in einem kleineren Rahmen als geplant im Bereich einer
Universitdt (Indian Institute of Technology, Bombay) umgesetzt, dort wird die Ladestation mit
Photovoltaikanlage installiert und der Rundkurs auf dem Campus durchgefiihrt. Nach Aufnahme des
Testbetriebs wird der Kontakt zwischen der Berner Fachhochschule und dem Indian Institute of
Technology weiter aufrechterhalten und die Ergebnisse laufend weiterverfolgt.
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Vertrag: 2013.06

Photovoltaik
Schweizer Beitrag im IEA PVPS-Projekt Task 9
Photovoltaic Services for Developing Countries (PVSDC)
Projektart : Netzwerk Technologie : Photovoltaik
Land : Internationales Projekt Projektstatus :  In Abschlussphase
Projektstart: Aktuelle Arbeitsperiode im August 2013 Projektende: Aktuelle Arbeitsperiode
geplant 2015
Partner : entec AG, St. Gallen; www.entec.ch, Alex Arter, Thomas Meier
© IEA PVPS © IEA PVPS

Schweizer Beitrag

Die Schweizer Erfahrung in der internationalen Zusammenarbeit und das bei entec verfigbare Know-
how aus einem verwandten Gebiet (Kleinwasserkraft) stellen wesentliche Beitrage zu diesem Projekt
dar, insbesondere auch in Bezug auf die Ubertragbarkeit der Resultate auf andere Technologien.

Portrait

Gestutzt auf die umfangreichen weltweiten Erfahrungen mit Photovoltaik Anlagen in Entwicklungslén-
dern strebt dieses Netzwerk die Erhéhung von erfolgreich und nachhaltig betriebenen Anlagen dieser
Art flr unterschiedliche Zwecke an. Die internationale Expertengruppe umfasst auf diesem Gebiet
eine breite Projekterfahrung und konzentriert ihre Arbeit insbesondere auf die nicht-technischen
Aspekte dieser Anwendungen. Durch den Status eines internationalen Netzwerkprojektes ist die
Expertengruppe in permanentem Kontakt mit zahlreichen internationalen Entwicklungsorganisationen.

Dieses Netzwerkprojekt startete 1999 und wird in verschiedene Arbeitsperioden gegliedert. Seit 2010
ist das Thema Photovoltaik und Wasserpumpen ein Schwerpunkt, welcher von der Schweiz koordi-
niert wird. Hauptanliegen ist die Verbreitung der Erkenntnisse aus diesem Netzwerk. Die Arbeitsperio-
de 2013/14 setzt den Schwerpunkt auf den Aufbau von neuen Partnerschaften mit regionalen und
nationalen Organisationen und mit Finanzdienstleistern, um innovative Geschéaftsmodelle und
Finanzierungsmechanismen fiir die Verbreitung von PV-Ldsungen zu starken.

Resultate

Die wichtigsten Resultate der Arbeiten im Rahmen des Schweizer Beitrags im Jahr 2014 sind die
Analyse und Vorbereitung der Publikation ,Innovative Business Models and Financing Mechanism for
PV Deployment in Emerging Regions* (wird im Fruhling 2015 publiziert). Dariiber hinaus erfolgte die
Dissemination dieser und weiterer IEA PVPS Task 9 Resultate am 4th EEP Mekong Annual Regional
Forum in Siem Reap, Kambodscha sowie an der 6th WCPEC World Conference on Photovoltaic
Energy Conversion in Kyoto. Die Publikationen zum IEA PVPS Task 9 sind verfugbar unter
http://www.iea-pvps.org/index.php?id=3. Weitere kiirzlich unter Task 9 erfolgte Publikationen:

e PV Systems for Rural Health Facilities in Developing Areas, IEA-PVPS T9-11: 2014

e Pico Solar PV Systems for Remote Homes, IEA-PVPS T9-12:2012

e Rural Electrification with PV Hybrid Systems, IEA-PVPS T9-13: 2013

Im Rahmen der Expertengruppe von IEA PVPS Task 9 werden die aktuell vorrangigen Themen fur die
Bearbeitung in den folgenden Jahren definiert.
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Vertrag: 2011.25
Photovoltaik

Mikro-Unternehmen und Kleinbauerinnen im landlichen Indien: Innovation
durch nachhaltige Energietechnologien, mit der , Swiss Solar Water Pump*

Projektart :  Pilotprojekt Technologie : Photovoltaik
Land : Indien Projektstatus :  Laufend
Projektstart : Januar 2012 Projektende : Geplant 2015
Partner : Berner Fachhochschule, Technik und Informatik, Biel, www.bfh.ch, Eva Schiipbach
© BFH © BFH

Schweizer Beitrag

Das Labor fir Industrieelektronik an der Fachhochschule Bern in Biel hat fir die Entwicklung der
Wasserpumpe eng mit Fachpersonen der Entwicklungszusammenarbeit wie Caritas und Seecon
zusammengearbeitet. Frau Prof. Dr. Eva Schiipbach pflegt im Bereich der globalen Veranderungen
die regelmassige Zusammenarbeit mit den indischen Hochschulen.

Portrait

Das Ziel des Pilotprojekts ist die Einfuhrung einer nachhaltigen Energietechnologie in kleinen
indischen Landwirtschaftsbetrieben. Fir den Anfang beschrankt sich das Projekt auf die Region
Karnataka. Die angewandte Technologie « Swiss Solar Water Pump » ist ein einzigartiges, kleines
und giinstiges Wasserpumpsystem, welches mit Strom aus 80W Photovoltaikanlagen gespeist wird.
Diese Technologie wurde von der Berner Fachhochschule entwickelt. Sie ist flexibel und von langer
Lebensdauer und kann lokal produziert und gewartet werden. Die Umsetzungsstrategie des Projekts
richtet sich an Frauengruppen und Unternehmerinnennetzwerke. Der Wissenstransfer ist in Form von
Seminaren und Arbeitsgruppen vorgesehen, woran auch die Hochschulen und Schweizer sowie
Indische Unternehmen teilnehmen werden.

Resultate

Das Projekt startete im Februar 2012 mit einem Kick-off-meeting in Bangalore und der Installation der
ersten 8 Pumpen. Aufgrund der ersten Resultate wurde beschlossen, am System zwei wichtige
Anpassungen vorzunehmen. Einerseits werden neu starkere Pumpen eingesetzt, andrerseits wurde
das System mit zusatzlichen Wassertanks erweitert, damit die Bewasserung unabhangig vom Betrieb
der solaren Wasserpumpen auch in der Nacht stattfinden kann. Im Verlauf des Projekts konnten die
Zusammenarbeit mit der Frauenorganisation Kudumbashree verstarkt werden. Dort werden nun sechs
weitere Pumpen zusammen mit Sprinkleranlagen oder Drip Irrigation Systemen installiert. Die
Bauerinnen werden in Gruppen angeleitet und die Installationen werden ihnen anschliessend offiziell
Ubergeben. Die Datenerfassung und die Validierung des Geschéaftsmodells sind in Vorbereitungen.
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Vertrag: 2014.06

Photovoltaik
OOLUX - Field Test of an Advanced Solar Power Kit in Uganda
Projektart :  Pilotprojekt Technologie : Photovoltaik
Land : Uganda Projektstatus : Laufend
Projektstart: Mai 2014 Projektende: Geplant 2015
Partner : Antenna Technologies, Genf, www.antenna.ch, Christophe Hug,
Berner Fachhochschule, www.bfh.ch/
© Antenna Technologies © Antenna Technologies

Schweizer Beitrag

Die Stiftung Antenna Technologies ist in verschiedenen Entwicklungslandern auf diversen Gebieten
von der Landwirtschaft Giber die Wasserreinigung bis hin zur solaren Beleuchtung tatig. Die Berner
Fachhochschule (BFH) bringt fur dieses Projekt ihr Know How in den Bereichen der Solarelektronik
und Softwareentwicklung ein.

Portrait

Nach einer ersten Testphase eines OOLUX Prototyps, unterstiitzt von Caritas Schweiz und der Berner
Fachhochschule in den Jahren 2012 — 2013, werden im aktuellen Projekt 400 Uberarbeitete und
verbesserte OOLUX Solar Kits in Uganda pilotmassig eingesetzt. Wichtigste Neuerung ist die zum
ersten Mal eingesetzte Smartphone-Applikation zur einfachen Umsetzung verschiedener Geschafts-
modelle (Leasing, Miete, Kauf). Der lokale Partner Agrinet (www.agrinetug.net) verfigt tber ein
umfangreiches Netzwerk in der Landwirtschaft und ist fir den Vertrieb der Solar Kits zustandig.

Mit diesem Projekt sollen auf der einen Seite die Tauglichkeit und der marktwirtschaftliche Ansatz der
neu eingesetzten Smartphone-Applikation verifiziert werden. Auf der andern Seite soll die Wirtschaft-
lichkeit des ganzen Solarkits in Hinblick auf die Massenfertigung und Marktumsetzung aufgezeigt
werden.

Resultate

Zur Halbzeit des Projekts wurden alle wichtigen Ziele wie die Entwicklung der Applikation fir mobile
Gerate, die Produktion der notwendigen OOLUX Kits sowie der Start der Feldtests erreicht. Eine Serie
von 500 OOLUX Kits wurde bis Ende Juli 2014 produziert. Der Feldtest wurde nach Plan mit Schwer-
punkt in Uganda gestartet. Zusatzlich wird eine kleinere Anzahl an Kits in einem angrenzenden Gebiet
in Kenia getestet.
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Beurteilung 2014

Ruckblickend auf die letzten vier Jahre entwickelte sich die Plattform mit 53 geférderten Projekten gut.
Das ausgeloste Projektvolumen innerhalb dieser Zeitspanne ist gut dreimal grosser als die verpflichte-
ten REPIC-Beitradge und es konnte mit diesen Projekten das gesamte Budget fir die Zeit von 2011-
2013 verpflichtet werden. Fir die Zeitspanne von 2014-2017 wurden weitere Mittel von CHF 6.8 Mio
gesprochen, die fir die Schwerpunkte der REPIC-Plattform im Bereich der Projektférderung, Informa-
tion und Kommunikation sowie Koordination innerhalb der Tragerschaft, mit einschlagigen Finanzor-
ganisationen und mit internationalen Netzwerken eingesetzt werden kénnen.

Im Jahr 2014 wurden die operativen Unterlagen begleitend zur Projektférderung Uberarbeitet. Wichti-
ge Fragestellungen zu Relevanz, Effizienz, Wirksamkeit, langfristig erzielter Wirkung sowie Nachhal-
tigkeit wurden systematischer in die Vorlagen aufgenommen. Zudem enthalten diese nun einen deut-
lich starkeren Fokus auf die lokalen Bedirfnisse. Diese Anpassungen betreffen insbesondere die Vor-
lagen fir Skizzen und Gesuche, Zwischen- und Schlussberichte. Unter anderem bedeutet dies, dass
der Bezug zu bestehenden Programmen und Projekten in die Vorlagen integriert wurde, damit eine
klare Abgrenzung erfolgt und nach Mdéglichkeit Synergien geschaffen werden kénnen. Oder dass im
Projekt verstarkt Massnahmen fiir erste Schritte in Richtung Multiplikation und Replikation einzuplanen
sind.

Um den Schwierigkeiten bei der Folgefinanzierung entgegen treten zu kénnen, wurde laufend das
Netzwerk erweitert und mdogliche Losungsansatze diskutiert. Diese flossen in das individuelle
Coaching von Projektierenden ein. Eine Gesamtldsung gibt es fir die Vielzahl an Projektanséatzen
nicht, umso wichtiger sind das Aufrechterhalten dieses Schwerpunktes und die Pflege des Netzwerks
mit Finanzierungsinstitutionen, Forderinstrumenten, erfahrenen Projektierenden und Experten.

Die REPIC-Plattform ist unter den relevanten Akteuren gut bekannt. Sie ist etabliert und spielt im
schweizerischen Kontext eine wichtige Rolle. Entsprechend wird die Plattform aktiv genutzt, was sich
unter anderem an den seit 2004 insgesamt bereits 98 geférderten Projekten zeigt. Ein wichtiges Ele-
ment spielen dabei auch die Teilnahme an Tagungen und Workshops und die Organisation von eige-
nen Veranstaltungen beziglich relevanten und aktuellen Themen im REPIC-Netzwerk.

Es kann festgestellt werden, dass die Plattform zum Austausch und zur Koordination rege genutzt
wird. Die Qualitat der Projektférderung wird mit dem zweistufigen Verfahren und den gut begriindeten
Entscheiden gesichert. Der Kontakt mit den Kooperationsbiros ist im Genehmigungsprozess der
REPIC-Projekte integriert, so wird ein intensivierter lokaler Austausch in den Ziellandern gesucht und
Doppelspurigkeiten mit anderen Programmen oder Projekten konnten vermieden werden. Beschrei-
ben Sie (falls zutreffend) die nationale und die internationale Zusammenarbeit mit Forschungsinstitu-
ten, der Privatwirtschaft und weiteren Institutionen sowie die Zusammenarbeit im Rahmen von interna-
tionalen Programmen.

Ausblick 2015

Auch im 2015 werden die Massnahmen in der Projektférderung mit intensiviertem Monitoring und
systematischem Erfassen der Erfahrungen aus der Praxis, dem auf den Bedarf zugeschnittenen
Coaching und den verstéarkten Kommunikationsmassnahmen umgesetzt.

. Die REPIC-Projekte werden verstarkt hinsichtlich deren Relevanz, der Effizienz, der Wirksamkeit,
der langfristig erzielten Wirkung, sowie in Bezug auf deren Nachhaltigkeit abgeklart.

. Um die Projekte weit mdglichst in eine eigenstandige Folgephase fiihren zu kénnen, werden die-
se individuell beraten und mit relevanten Akteuren vernetzt. Mittels Koordinationstreffen und Ver-
anstaltungen wird das Netzwerk weiter ausgebaut, insbesondere mit weiteren Finanzierungspart-
nern und anderen Initiativen in der Entwicklungszusammenarbeit.

. Massnahmen in der Kommunikation (Website, Presse) sollen diese Coaching-Massnahmen stuit-
zen, die Bekanntheit der REPIC-Plattform vergréssern und zu einem zusatzlichen Wissensaus-
tausch unter den Projektierenden fiihren.

Fir 2015 ist erneut eine Veranstaltung vorgesehen, welche Hindernisse in der erfolgreichen Projek-
tumsetzung anspricht und Raum bietet um mit erfahrenen Projektierenden und Experten mogliche
Lésungswege zu diskutieren.
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