35th European Photovoltaic
Solar Energy Conference
and Exhibition

Proceedings of the International Conference
held in Brussels, Belgium

24 September - 28 September 2018

Edited by:

P. VERLINDEN
Amrock Pty Ltd
Adelaide, Australia

R. KENNY
European Commission Joint Research Centre
Ispra, Italy

P.HELM
WIP Renewable Energies
Munich, Germany


https://www.flickr.com/photos/81421588@N03/collections/72157698359933592/

Coordination of the Technical Programme:

European Commission Joint Research Centre
Via E. Fermi 1

21020 Ispra (VA)

Italy

Institutional Support:

European Commission

UNESCO — United Nations Educational, Scientific and Cultural Organization, Natural Sciences Sector
WCRE — World Council for Renewable Energy

Supporting Organisations:

ARE — Alliance for Rural Electrification

Energy Ville

EREF — European Renewable Energies Federation

ESA — European Space Agency

EUFORES —The European Forum for Renewable Energy Sources

EUREC — The Association of European Renewable Energy Research Centres
European Technology & Innovation Platform PV

IEA PVPS — International Energy Agency, Photovoltaic Power Systems Programme
imec

REN21 — Renewable Energy Policy Network for the 21st Century

Institutional PV Industry Cooperation:
SolarPower Europe
SOLARUNITED

Supporting Associations:

AIE — European Association of Electrical Contractors
AREA — African Renewable Energy Alliance

CABA — Continental Automated Buildings Association
EPIC — European Photonics Industry Consortium
MPIA - Malaysian Photovoltaic Industry Association
SASIA - Saudi Arabia Solar Industry Association

EU PVSEC realised by:

WIP

Sylvensteinstr. 2, 81369 Miinchen, Germany
Tel: +49 89 720 12 735, Fax: +49 89 720 12 791
Email: pv.conference@wip-munich.de
www.photovoltaic-conference.com
www.wip-munich.de

Proceedings produced and published by:

WIP

Sylvensteinstr. 2, 81369 Miinchen, Germany
Tel: +49 89 720 12 735, Fax: +49 89 720 12 791
Email: pv.conference@wip-munich.de
www.photovoltaic-conference.com
www.wip-munich.de

Legal notice
Neither the European Commission, the Organiser or the Publisher nor any person acting on their behalf is
responsible for the use which might be made of the following information.

© 2018 WIP

All rights reserved. No part of this publication may be reproduced in any form or by any electronic or
mechanical means, including photocopying, recording or by any information storage and retrieval system
without permission in writing from the copyright holder and the publisher.

Despite due diligence no liability for accuracy and completeness of the information and material offered in
this document can be assumed by WIP.

ISBN 3-936338-50-7
ISSN 2196-0992



35th EUROPEAN PHOTOVOLTAIC SOLAR ENERGY
CONFERENCE AND EXHIBITION

24 SEPTEMBER - 28 SEPTEMBER 2018
BRUSSELS, BELGIUM

EU PVSEC COMMITTEES

INTERNATIONAL SCIENTIFIC ADVISORY
COMMITTEE (ISAC)

Chair
P. Szymanski, European Commission JRC, Director of
Energy, Transport and Climate, Petten, The Netherlands

Committee Members

P. Frankl, Head of the Renewable Energy Division,
International Energy Agency, France

M. Getsiou, European Commission, DG RTD, Brussels,
Belgium

S.W. Glunz, Head of Division “Solar Cells — Development
and Characterization”, Fraunhofer ISE, Freiburg, Germany

R. Kenny, European Commission JRC, Institute for Energy
and Transport, Ispra, Italy

P. Malbranche, General Director, CEA INES, France

P. Menna, European Commission, DG ENER, Brussels,
Belgium

S. Nowak, Managing Director of NET Nowak Energy &
Technology, St. Ursen, Switzerland

W.C. Sinke, Principal Scientist Solar Energy, ECN part of
TNO, The Netherlands

M. Topi¢, Chairman ETIP PV, Head of Laboratory of
Photovoltaics and Optoelectronics of the University of
Ljubljana, Slovenia

P. Verlinden, Director at Amrock Pty Ltd, Visiting Professor
at Sun Yat-Sen University, Guangzhou, China

P. Helm, Scientific & Managing Director, WIP - Renewable
Energies, Munich, Germany

A. Grassi, Managing Director, ETA - Renewable Energies,
Florence, Italy

CONFERENCE EXECUTIVE COMMITTEE

Conference General Chair
P. Verlinden, Director at Amrock Pty Ltd, Adelaide,
Australia

Technical Programme Chair
R. Kenny, European Commission JRC, Institute for Energy
and Transport, Ispra, Italy

Committee Members

H. Ossenbrink, ret. European Commission JRC, Italy

S. Nowak, Managing Director of NET Nowak Energy &
Technology, St. Ursen, Switzerland

W.C. Sinke, Principal Scientist Solar Energy, ECN part of
TNO, The Netherlands

P. Helm, Scientific & Managing Director, WIP - Renewable
Energies, Munich, Germany

A. Grassi, Managing Director, ETA - Renewable Energies,
Florence, Italy

I

2018 SCIENTIFIC COMMITTEE
Topic Organisers and Paper Review Experts

Topic 1 — New Materials and Concepts for Photovoltaic
Devices

N.J. Ekins-Daukes, UNSW Australia, Sydney, Australia
L.C. Hirst, University of Cambridge, United Kingdom
A. Marti Vega, UPM, Madrid, Spain

J. Poortmans, imec, Leuven, Belgium

L.H. Slooff, ECN part of TNO, Petten, The Netherlands

J. Govaerts, imec, Genk, Belgium

J.-F. Guillemoles, CNRS, Palaiseau, France

M.A. Hernandez-Fenollosa, UPV, Valencia, Spain

J.C. Hummelen, University of Groningen, The Netherlands

D. Konig, UNSW Australia, Sydney, Australia

1. Konovalov, University of Applied Sciences Jena, Germany

C. Lévy-Clément, CNRS, Thiais, France

Y. Okada, University of Tokyo, Tokyo, Japan

D.L. Patrick, Western Washington University, Bellingham,
USA

B. Rech, HZB, Berlin, Germany

F. Roca, ENEA, Portici, Italy

M. Rusu, HZB, Berlin, Germany

V. Saly, Slovak University of Technology, Bratislava,
Slovakia

R.E.L. Schropp, Utrecht University, Driebergen, The
Netherlands

J.-W. Schiittauf, CSEM, Neuchatel, Switzerland

J. van Deelen, TNO/Solliance, Eindhoven, The Netherlands

W. Warta, Fraunhofer ISE, Freiburg, Germany

Topic 2 — Silicon Cells

0. Anspach, PV Crystalox Solar, Erfurt, Germany

D.L. Bétzner, Meyer Burger Research, Hauterive,
Switzerland

R. Brendel, ISFH, Emmerthal, Germany

J. Carabe, CIEMAT, Madrid, Spain

F. Ferrazza, eni spa, San Donato Milanese, Italy

S.W. Glunz, Fraunhofer ISE, Freiburg, Germany

G. Hahn, University of Konstanz, Germany

D. Muiioz, CEA, Le Bourget du Lac, France

S. Riepe, Fraunhofer ISE, Freiburg, Germany

M. Topic, University of Ljubljana, Slovenia

A.W. Weeber, ECN part of TNO, Petten, The Netherlands

P. Wohlfart, Singulus Technologies, Kahl am Main,
Germany

N. Azkona, UPV/EHU, Bilbao, Spain

P.A. Basore, Solana Beach, USA

M.P. Bellmann, SINTEF, Trondheim, Norway

D. Bredemeier, ISFH, Emmerthal, Germany

T.M. Bruton, Progress in Photovoltaics, Woking, United
Kingdom



A. Ciesla, UNSW Australia, Sydney, Australia

A. Danel, CEA, Le Bourget du Lac, France

B. Dauksher, Arizona State University, Tempe, USA

P. Delli Veneri, ENEA, Portici, Italy

S. Dubois, CEA, Le Bourget du Lac, France

T. Dullweber, ISFH, Emmerthal, Germany

O. Eibl, Vienna University of Technology, Austria

M. Ernst, ANU, Canberra, Australia

P. Fath, RCT-Solutions, Konstanz, Germany

W. Favre, CEA, Le Bourget-du-lac, France

S. Gall, HZB, Berlin, Germany

I. Gordon, imec, Leuven, Belgium

C. Hagendorf, Fraunhofer CSP, Halle (Saale), Germany

J. Haschke, EPFL, Neuchatel, Switzerland

K. Hesse, Wacker Chemie, Burghausen, Germany

J. Horzel, CSEM, Neuchatel, Switzerland

J.-R. Huang, Motech Industries, Taoyuan County, Taiwan
G.J.M. Janssen, ECN part of TNO, Petten, The Netherlands
J. John, imec, Leuven, Belgium

S.D. Kim, SAIT, Yongin-si, Republic of Korea

J. Laurent, Vesuvius, Feignies, France

J. Levrat, CSEM, Neuchatel, Switzerland

Y.-S. Lin, E-TON Solar Tech., Tainan, Taiwan

A. Meeder, Geo-En Energy Technologies, Berlin, Germany
J. Meier, Meier Technologies, Berlingen, Switzerland

A. Metz, Alzenau, Germany

J.W. Miiller, Hanwha Q CELLS, Bitterfeld-Wolfen, Germany
R.C.G. Naber, Tempress, Vaassen, The Netherlands

Y. Ohshita, Toyota Technological Institute, Nagoya, Japan
S. Peters, Hanwha Q CELLS, Bitterfeld-Wolfen, Germany
K. Petter, Hanwha Q CELLS, Bitterfeld-Wolfen, Germany
R. Preu, Fraunhofer ISE, Freiburg, Germany

J. Rentsch, Fraunhofer ISE, Freiburg, Germany

H. Schlemm, Meyer Burger, Hohenstein-Ernstthal, Germany
J. Schmidt, ISFH, Emmerthal, Germany

M.C. Schubert, Fraunhofer ISE, Freiburg, Germany

B. Terheiden, University of Konstanz, Germany

M. Vetter, IPHT, Jena, Germany

A. Yamada, Tokyo Institute of Technology, Japan

D.L. Young, NREL, Golden, USA

J. Zhao, Meyer Burger, Hohenstein-Ernstthal, Germany

Topic 3 — Non Silicon-Based Thin Film Photovoltaics

C. Camus, ZAE Bayern, Erlangen, Germany

A. Redinger, University of Luxembourg, Luxembourg

AN. Tiwari, EMPA, Diibendorf, Switzerland

S.C. Veenstra, ECN part of TNO, Eindhoven, The
Netherlands

W. Wischmann, ZSW, Stuttgart, Germany

G. Bardizza, European Commission JRC, Ispra, Italy

V. Bermudez Benito, QEERI, Doha, Qatar

C.J. Brabec, FAU, Erlangen, Germany

S. Cros, CEA, Le Bourget du Lac, France

T. Dalibor, Avancis, Torgau, Germany

B. Dimmler, NICE Solar Energy, Schwibisch Hall, Germany

D. Dimova-Malinovska, Bulgarian Academy of Sciences,
Sofia, Bulgaria

K. Durose, Stephenson Institute for Renewable Energy,
Liverpool, United Kingdom

C.J. Fell, CSIRO Energy Technology, Mayfield West,
Australia

S. Huang, UNSW Australia, Sydney, Australia

S.J.C. Irvine, Swansea University, St. Asaph, United
Kingdom

S. Ishizuka, AIST, Tsukuba, Japan

v

P. Kratzert, Solibro, Bitterfeld-Wolfen OT Thalheim,
Germany

C.-F. Lin, NTU, Taipei, Taiwan

M. Lira-Cantt, CIN2, Barcelona, Spain

M.Ch. Lux-Steiner, HZB, Berlin, Germany

M. Meuris, imec, Genk, Belgium

R. Po, eni, Novara, Italy

M. Powalla, ZSW, Stuttgart, Germany

A. Romeo, University of Verona, Italy

J.R. Sites, Colorado State University, Fort Collins, USA

V. Sittinger, Fraunhofer IST, Braunschweig, Germany

W. Tress, EPFL, Lausanne, Switzerland

A. Virtuani, EPFL, Neuchatel, Switzerland

Topic 4 — Concentrator and Space Photovoltaics

G. Flamand, imec, Leuven, Belgium
C. Signorini, European Space Agency, Noordwijk, The
Netherlands

1. Anton Hernandez, UPM, Madrid, Spain

R. Campesato, CESI, Milan, Italy

V. Khorenko, AZUR SPACE, Heilbronn, Germany
R. King, Arizona State University, Tempe, USA
G. Siefer, Fraunhofer ISE, Freiburg, Germany

G. Timo, RSE, Piacenza, Italy

Topic 5 — Photovoltaic Modules and BoS Components

M. de Wild-Scholten, SmartGreenScans, Groet, The
Netherlands

R. Gottschalg, Fraunhofer CSP, Halle (Saale), Germany

W. Herrmann, TUV Rheinland Energy, Cologne, Germany

N.M. Pearsall, Northumbria University, Newcastle upon
Tyne, United Kingdom

M. Perrin, Oscarlab, BERNIN, France

K. Wambach, Wambach-Consulting, Aindling, Germany

K. Baert, KU Leuven, Heverlee, Belgium

G. Beaucarne, Dow Silicones, Seneffe, Belgium

C. Buerhop-Lutz, ZAE Bayern, Erlangen, Germany
R. Einhaus, Apollon Solar, Lyon, France

G. Friesen, SUPSI, Canobbio, Switzerland

V. Fthenakis, Columbia University, New York, USA
W.J. Gambogi, DuPont, Wilmington, USA

G. Graditi, ENEA, Portici, Italy

Y. Hishikawa, AIST, Tsukuba, Japan

U. Jahn, TUV Rheinland Energy, Cologne, Germany
A.R. Lagunas, CENER, Sarriguren-Navarra, Spain
J. Lopez-Garcia, European Commission JRC, Ispra, Italy
M. Mittag, Fraunhofer ISE, Freiburg, Germany

C. Monokroussos, TUV Rheinland, Shanghai, China
M.A. Muiioz-Garcia, UPM, Madrid, Spain

H. Nagel, Fraunhofer ISE, Freiburg, Germany

H. Nussbaumer, ZHAW, Winterthur, Switzerland

S. Oktik, Sisecam, Kocaeli, Turkey

G. Oreski, PCCL, Leoben, Austria

W. Palitzsch, Loser Chemie, Zwickau, Germany
J.N. Roy, IIT Kharagpur, India

T. Sample, European Commission JRC, Ispra, Italy
R. Sinton, Sinton Instruments, Boulder, USA

M. Van Iseghem, EDF R&D, Moret-sur-Loing, France
E. Voroshazi, imec, Leuven, Belgium

A. Wade, First Solar, Mainz, Germany



Topic 6 — PV Systems - Performance, Applications and
Integration

F.P. Baumgartner, ZHAW, Winterthur, Switzerland

F. Frontini, SUPSI, Canobbio, Switzerland

P. Lechner, ZSW, Stuttgart, Germany

O. Mayer, Munich, Germany

C. Nyman, Soleco, Porvoo, Finland

C. Protogeropoulos, EEPS, Athens, Greece

A. Sabene, ENEL Green Power, Rome, Italy

A. Scognamiglio, ENEA, Portici, Italy

W.G.J.H.M. van Sark, Utrecht University, The Netherlands
I. Weiss, WIP Renewable Energies, Munich, Germany

C. Alonso-Tristan, UBU, Burgos, Spain

P. Blanc, MINES ParisTech, France

P. Bonomo, SUPSI, Canobbio, Switzerland

F. Bourry, CEA, Le Bourget du Lac, France

E. Cunow, LSPV Consulting, Grobenzell, Germany

I. de la Parra, UPNa, Pamplona, Spain

G.C. Eder, OFI, Vienna, Austria

B. Gaiddon, Hespul, Lyon, France

M. Grottke, WIP Renewable Energies, Munich, Germany

I.B. Hagemann, Architekturbiiro Hagemann, Aachen,
Germany

B. Herteleer, Ekistica, Alice Springs, Australia

T. Huld, European Commission JRC, Ispra, Italy

E. Kaijuka-Okwenje, Rural Electrification Agency, Kampala,
Uganda

S. Koopman, Enterag South Africa, Cape Town, South Africa

K. Lappalainen, Tampere University of Technology, Finland

G. Makrides, University of Cyprus, Nicosia, Cyprus

P. Malbranche, CEA, Le Bourget du Lac, France

U. Muntwyler, BUAS, Burgdorf, Switzerland

N. Munzke, Karlsruhe Institute of Technology, Eggenstein-
Leopoldshafen, Germany

G. Miitter, Alternative Energy Solutions, Vienna, Austria

K. Peter, ISC Konstanz, Germany

T. Reijenga, BEAR-iD, Gouda, The Netherlands

J. Remund, Meteotest, Bern, Switzerland

S. Rodrigues, M-ITI, Funchal, Portugal

K.T. Roro, CSIR, Pretoria, South Africa

M. Schroedter-Homscheidt, German Aerospace Center,
Wessling, Germany

M. Sengupta, NREL, Golden, USA

K. Sinapis, SEAC, Eindhoven, The Netherlands

J.S. Stein, Sandia National Laboratories, Albuquerque, USA

D. Stellbogen, ZSW, Stuttgart, Germany

R.M.E. Valckenborg, SEAC, Eindhoven, The Netherlands

J.A.M. van Roosmalen, ECN part of TNO, Petten, The
Netherlands

M. Zehner, Rosenheim University of Applied Sciences,
Germany

Topic 7 — PV Economics, Markets and Policies

C. Breyer, Lappeenranta University of Technology,
Lappeenranta, Finland

M. Getsiou, European Commission DG RTD, Brussels,
Belgium

G. Masson, Becquerel Institute, Brussels, Belgium

T. Nordmann, TNC Consulting, Feldmeilen, Switzerland

S. Nowak, NET Nowak Energy & Technology, St. Ursen,
Switzerland

H. Ossenbrink, Former European Commission, Italy

S. Caneva, WIP Renewable Energies, Munich, Germany

1. Kaizuka, RTS Corporation, Chuo-ku, Japan

P. Mazzucchelli, EUREC, Brussels, Belgium

D. Polverini, European Commission DG GROWTH,
Brussels, Belgium

S. Szabo, European Commission JRC, Ispra, Italy

N. Taylor, European Commission JRC, Ispra, Italy

Awards Coordinators

Student Awards Coordinator
A.H.M. Smets, Delft University of Technology, Delft, The
Netherlands

Poster Awards Coordinator
A.H.M. Smets, Delft University of Technology, Delft, The
Netherlands



SUBJECT INDEX

New Materials and Concepts for Photovoltaic Devices
Sessions 1AP.1, 140.1, 140.2, 140.3, 1CO.1, 1CO.2, ICV.4
Silicon Cells

Sessions 2BP.1, 240.4, 240.5, 240.6, 2BO.1, 2B0O.2, 2B0.3, 2BO.4, 2C0.9, 2C0.10, 2C0O.11, 2C0O.12, 2DO0O.1,
2D0.2, 24V.1, 24AV.2, 24AV.3, 2DV.3

Non Silicon-Based Thin Film Photovoltaics
Sessions 3CP.1, 3CO.6, 3CO.7, 3CO.8, 3D0O.4, 3DO.5, 3DO.6, 3BV.2, 3BV.3

Concentrator and Space Photovoltaics

Sessions 4CP.2, 4CO.5, 4BV .4

Photovoltaic Modules and BoS Components

Sessions 5DP.1, 5B0O.9, 5B0.10, 5B0.11, 5B0.12, 5D0.7, 5D0.8, 5D0.9, 5EO.1, 5CV.1, 5CV.3

PV Systems - Performance, Applications and Integration

Sessions 6DP.2, 640.7, 640.8, 640.9, 6B0.5, 6B0.6, 6BO.7, 6B0O.8, 6CO.3, 6CO.4, 6D0.10, 6D0O.11, 6DO.12,
6EO.2, 6BV.1, 6CV.2, 6DV.1

PV Economics, Markets and Policies

Sessions 7EP.1, 7D0O.3, 7EO.3, 7DV.2

Topic Code Session Type Day Codes

1 New Materials and Concepts for Photovoltaic Devices P = Plenary Session A =Monday, 24 September 2018

2 Silicon Cells O = Oral Session B = Tuesday, 25 September 2018

3 Non Silicon-Based Thin Film Photovoltaics V = Visual Session C = Wednesday, 26 September 2018
4 Concentrator and Space Photovoltaics D = Thursday, 27 September 2018

5 Photovoltaic Modules and BoS Components E = Friday, 28 September 2018

6 PV Systems - Performance, Applications and Integration
7 PV Economics, Markets and Policies

e.g. 2BP.1 = 2=Silicon Cells, B=Tuesday, P=Plenary Session, 1=Session 1

VI



TABLE OF CONTENTS
of 35th EU PVSEC 2018 Proceedings Papers

EU PVSEC Committees
Subject Index

Foreword

New Materials and Concepts for Photovoltaic Devices
Plenary SESSION 1AP.1 Routes to High Efficiency Photovoltaics

1AP.1.3  Electronic Ratchets as Necessary Stepping Stones for New PV Concepts
A. Delamarre, D. Suchet, N. Cavassilas, Z. Jehl Li Kao, Y. Okada, M. Sugiyama, J.-F. Guillemoles

Oral PRESENTATIONS 1A0O.1 Fundamental Studies

1A0.1.1  Analysis for Non-Radiative Recombination in Quantum Dot Solar Cells and Materials
L. Zhu, K.-H. Lee, M. Yamaguchi, H. Akiyama, Y. Kanemitsu, K. Araki, N. Kojima

1A0.1.3  The Use and Abuse of Woc as a Figure of Merit
N. Ekins-Daukes, A. Pusch

1A0.1.6  Transition Metal Oxides as Passivated Hole-Contacts Layer for Silicon Solar Cells: Intrinsic and Extrinsic
Defects in MoO3 from First-Principles Calculations
M.A. Hossain, S.N. Rashkeev, V. Erkkara Madhavan, T. Zhang, C.-Y. Lee, B. Hoex, N. Tabet, A. Abdallah

Oral PRESENTATIONS 1A0.2 Advanced Material Combinations for n-Terminal Multijunctions

1A0.2.1  Nearly 30% High Efficiency Low Concentration InGaP/GaAs//Si 3-Junction Solar Cells Using Smart Stack
Technology
K. Makita, H. Mizuno, M. Baba, R. Oshima, T. Tayagaki, T. Aihara, T. Nakamoto, N. Yamada, H. Takato,
T. Sugaya

1A0.2.2  Exploring New Convergences between PV Technologies for High Efficiency Tandem Solar Cells: Wide Band
Gap Epitaxial CIGS Top Cells on Silicon Bottom Cells with III-V Intermediate Layers
D. Lincot, N. Barreau, A. Ben Slimane, T. Bideaud, S. Collin, M. Feifel, F. Dimroth, M. Balestrieri,
D. Coutancier, S. Béchu, M. Bouttemy, A. Etcheberry, O. Durand, M.A. Pinault-Thaury, F. Jomard

1A0.2.3  Performance Optimization of a Four-Terminal Cu20/c-Si Tandem Heterojunction Solar Cell
O. Nordseth, H. Haug, R. Kumar, K. Bergum, F. Dragan, D. Craciunescu, L. Fara, 1. Chilibon, E. Monakhov,
S.E. Foss, B.G. Svensson

1A0.2.4  Three-Terminal Tandem Solar Cells Combining Bottom Interdigitated Back Contact and Top Heterojunction
Subcells: A New Architecture for High Power Conversion Efficiency
J.-P. Kleider, Z. Djebbour, A. Migan-Dubois, W. El-Huni, C. Leon, M.E. Gueunier-Farret, J.P. Connolly
1A0.2.6  Screening Carrier Selective Contact Combinations for Novel Crystalline Si Cell Structures
R. Brendel, C. Kruse, A. Merkle, H. Schulte-Huxel, F. Haase, R. Peibst
Oral PRESENTATIONS 1A0.3 Advanced Materials for Solar Cells
1A0.3.1 Simple Yet Efficient Chemically Deposited Ag Rear Side Metallization on ITO for High-Efficiency c-Si
Solar Cells
H. Nagel, D. Sontag, M. Glatthaar, S.W. Glunz

1A0.3.2  Nanoabsorbers for PV: New Potential Applications
V. Steenhoff, N. Osterthun, K. Gehrke, M. Vehse, C. Agert

1A0.3.5 Whisperonic Solar Cells
S. Chandran, T.K. Das, P. llaiyaraja

vl

I

VI

XXXVIIT

12

15

20

23

29

35

39

47

51

55



6DV.1.38

6DV.1.41

6DV.1.42

6DV.1.43

6DV.1.44

6DV.1.45

6DV.1.51

6DV.1.53

6DV.1.54

6DV.1.55

6DV.1.56

Observations in PV Module Operation Voltage Distribution Along a PV Array. An In-Deep Look on
Mismatch Losses
C.H. Rossa, E. Lorenzo, F. Martinez-Moreno

Estimation of the PV Output Power in the Various Setting Directions and Angles from the IV Characteristics

of the Inclined PV Module
K. Saito, M. Sato, M. Kondo

Performance of a Remote Hybrid PV System Based on Real and Modelled Data in Indonesia
K. Kunaifi, A.HM.E. Reinders

Yield of Small Roof-Top PV Systems in Germany 2017
H. te Heesen, V. Herbort, M. Rumpler

Data-Filtering-Dependent Variability of Long-Term Degradation Rates of MW-Scale Photovoltaic Power
Plants from “Non-Ideal” Monitoring and Weather Data
C. Camus, M. Hiittner, D. Lassahn, C. Kurz, J. Hauch, C.J. Brabec

Performance of Si-Heterojunction Modules with Different Cell Interconnection and Module Technologies
A. Titov, K. Emtsev, D. Andronikov, A. Abramov, B. Bulygin, A. Dubrovskiy, E. Terukov, D. Orekhov,
L Shakhray

Prioritization of Test Execution with Operational Profile Mechanism for Software Reliability of Solar Energy

Monitoring System
W.S. Jang, B.K. Park, R.Y.C. Kim

Methods for Quality Control of Monitoring Data from Commercial PV Systems
M.B. Ogaard, H. Haug, J.H. Selj

Photovoltaic Climate Classification for the Degradation Study
P. Mundle, N. Shiradkar, J. Vasi, S. Patwardhan

Impact of Environmental Factors on the Efficiency of a PV System: Case Study in Ouarzazate, Morocco
K. Ettalbi, Z. Naimi, H. Bouzekri, I. Munoz Morales, M. Ezquer Mayo, A.R. Lagunas, M. Maaroufi

Performance Analysis and Evaluation of Different Grid-Connected Photovoltaic System Technologies in

Bolivia, Chile and Germany
L. Clasing, M. Raabe, U. Blieske, R. Gecke

XXXV

2051

2056

2060

2066

2069

2075

2079

2083

2089

2094

2098



35th European Photovoltaic Solar Energy Conference and Exhibition

PERFORMANCE OF A REMOTE HYBRID PV SYSTEM BASED ON REAL AND MODELLED DATA
IN INDONESIA

Kun Kunaifi'?, A.H.M.E. Reinders'-2
! University of Twente, Faculty of Engineering Technology, Department of Design, Production and Management,
P.O. Box 217, 7500 AE Enschede, The Netherlands; k.kunaifi@utwente.nl; a.h.m.e.reinders@utwente.nl.
2 Eindhoven University of Technology, Department of Mechanical Engineering, Energy Technology Group,
P.O. Box 513, 5600 MB Eindhoven, The Netherlands; a.h.m.e.reinders@tue.nl.
3 UIN Suska Riau University, Faculty of Science and Technology, Department of Electrical Engineering,
J1. H.R. Soebrantas No. 115, Pekanbaru 28292, Indonesia: kunaifi@uin-suska.ac.id.

ABSTRACT: This paper is aimed at assessing the performance of a remote hybrid PV/diesel system located on the
Island of Kri in Papua, Indonesia. For this purpose, monitoring data of electrical variables at 5 minutes recording
intervals were used. Using the INSEL simulation environment, in-plane irradiance (G:) was modeled from global
horizontal irradiance (Gr) data from five weather stations at various distances from the hybrid PV system. Also, PV
module temperature (7,») was predicted from ambient temperature (7%) and wind speed (v) according to the Sandia
model for module temperature. The performance of the PV element of the hybrid system was compared with data from
another PV system in Jayapura (also in Papua) which is grid-connected. We found that the performance ratio (PR) of
the PV systems in Kri and Jayapura during the observation period were 41% and 90%, respectively. We also found that
data from remote weather stations with a distance of up to 100 km from the reference PV system could be used to get
the same PR values. However, with greater distance, the PR deviates non-linearly in the range of 20% to 50%, which
is in line with previous findings indicating no correlation occurs. Our advice is, therefore, to apply local irradiance

monitoring at PV sites instead of extrapolating irradiance over significant distances.
Keywords: Grid-Connected, Modelling, Monitoring, Performance, PV System, Rural Electrification.

1 INTRODUCTION

For many years, diesel generators (gensets) have been
used for producing electricity in remote areas of
Indonesia. However, they have high operation and
maintenance costs, create noise, cause pollution, and
emit carbon dioxide (CO2) [1]. Given the increasing costs
of diesel fuel and decreasing costs of PV modules, hybrid
PV/diesel have become favorable alternatives for diesel
gensets. They are economically viable for 15-20 years of
project lifetimes [2], especially in rural areas and remote
islands [3].

Highly performing hybrid PV systems are required
and therefore, understanding their performance is
important for further improvements. However, the
essential variables that are needed for analyzing their
performance are not always measured on-site. This
especially applies to small hybrid PV systems [4] for
which monitoring systems are considered to be too

expensive. Alternatively, their performance can be
assessed using data from other locations, such as
meteorological stations or other PV systems that are
monitored [5].

Based on that background, this study evaluates the use
of remote data to estimate the performance of a selected
hybrid PV system in Indonesia. This study proposes a
modeling and statistical approach for performance
analysis of a PV system with incomplete on-site datasets.
The procedure involves two PV systems and seven
automatic weather stations (AWS) of the Indonesian
Agency for Meteorological, Climatological and
Geophysics (BMKG) which are available online (Figure
1).

This study is relevant for Indonesia because
Indonesia lacks best practices in implementing PV
systems while these could be a proper alternative power
source for thousands of communities in rural areas or
small islands.

Figure 1: Locations of PV systems and the automatic weather stations.
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2 MONITORING AND METHODS

2.1 Hybrid PV/diesel system on Kri Island

The hybrid system on the island of Kri (0° 557 'S,
130°685 'E) in the Raja Ampat Regency, the Province of
West Papua, Indonesia, consists of three PV arrays with a
total capacity of 28.8 kWp and two 42 kVA and a 60 kVA
Yanmar gensets connected in an AC-coupled
configuration (see Figure 2). The PV arrays are ground-
mounted close to the equator with 15° tilted angle to the
North (two arrays) and to the South (one array). Each array
consists of 6 panels which contain 8 monocrystalline PV
modules of 200 Wp from Sky Energy. Every two panels
are connected to one inverter from Murata.

L}
Acompres-
i sor

|I/ i

il

Figure 2: Schematic diagram of the hybrid PV/diesel
systems on Kri Island, reproduced with permission of
Murata. Photo credits: Kri Eco Resort (Herbert Innah).
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Being a diving resort, two main electrical loads on Kri
include the resort load and the compressor load. The resort
load comes from guest accommodations, restaurant,
offices, and workshop located at two locations namely Kri
Eco Resort and Sorido Bay Resort. The two resorts are
about 700 m apart. The compressor load comes from three
compressors for filling the compressed air tanks for divers.
The energy management system (EMS) of Murata
measures power and energy from the PV panels, gensets,
and loads with 5 minutes recording intervals. However,
global in-plane irradiance (G:) and PV module temperature
(T'n) were not measured on-site.

2.2 Grid-connected PV system in Jayapura

As areference, a 34 kWp grid-connected PV system has
been operating since 2012 in the City of Jayapura (2°562 'S,
140°692 'E) for research purpose and has been extensively
monitored and analyzed [6-8]. The PV modules are tilted
10° to the North. It consists of four arrays of different sizes
and types of PV modules. Due to the availability of data, in
this study, we use only the 7 kWp array of micro-amorphous
silicon modules (Ample Sun) which are connected to an
SMA Sunny Mini Central (SMC) inverter.

All variables for performance analysis were measured
on-site at a recording interval of 5 minutes for electrical
variables and 1 minute for meteorological variables. They
include the following variables: total energy production,
currents, power, voltage, global horizontal irradiance (G»),
global in-plane irradiance (G;), ambient temperature (7a),
and PV module temperature (7).

2.3. Automatic weather stations (AWS)
Data from seven AWSs were used as modeling inputs.
Three variables monitored by the AWSs used in this study
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include G, Ts, and wind speed (v). The data sampling
varies from one sensor to others, but the recording
intervals were the same, namely 10 minutes.

Because the timeframe of the available data from the
PV systems at Kri and Jayapura do not match one and
each other, we selected only AWSs that provide data in
similar time frames. Therefore, the AWS stations used
for the performance analysis of PV system in Jayapura
are different to the AWS stations used for the analysis of
PV system in Kri. As shown in Figure 1, stations with
green background refer to Kri and orange refer to
Jayapura. To model the Gi and T for the performance
analysis of power system at Jayapura, data from AWSs
at Lereh, Timika, and Labuha with the distance of 100
km, 475 km, and 1,500 km, respectively, from PV system
at Jayapura, will be used. Also, the AWSs at Sorong,
Labuha, Manokwari, Timika and Jayapura with the
distances of 70 km, 355 km, 375 km, 820 km, and 1,147
km respectively, from Kri island, will be used to model
the G:i and Tw for the performance analysis of power
system at Kri, see Figure 1.

The big distances among the PV systems and the AWSs
are proportionate to the size of Indonesia which lies over
more than 5,000 km length from its easternmost to its
westernmost.

2.4. Modeling Gi from G

Some models offer validated approaches of estimating
G from the Gi. Each model differs from others depending
on how the diffuse fraction of the solar irradiance is
handled. The Liu and Jordan model [9], for example,
assumes an isotropic distribution over the complete
skydome, while Hay [10] assumes a brightening of the
horizon band and the circumsolar region [11].

In general, modeling the G: from G involves two
steps. First, the decomposition of G, to its direct and
diffuse components. Second, the transposition of these
components to Gi. The conversion has a typical
uncertainty of 2% to 5% [12].

In this study, we evaluated 60 combinations of
decomposition and transposition models available in
INSEL® software. INSEL is a simulation tool that uses
block diagram for engineering programming, including
applications of the renewable energy sector, which is
mainly intended for use in research and education [13].

2.5. Modelling T from 7, and v
Because the PV module temperature (77) is often not
measured on-site in many PV systems, including in Kri,
we use the Sandia Module Temperature Model (SMTM).
SMTM uses 7u and v as inputs to predict the Tm.
The T according to the SMTM is given by:
T =G.(%PY) + Ty oo,
where a and b are parameters that depend on the
module construction and materials as well as on the
mounting configuration of the module. A more detailed
explanation about the SMTM including the values of a

and b can be found at the Sandia Laboratories website
[14].

2.6. Performance assessment

Performance assessment of the hybrid PV system and
the reference system was be conducted according to
monitoring standard IEC 61724 [5]. Figure 3 shows the
complete procedure applied in this study which involves
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the modeling of the G: and Tm, and the calculations of the
performance of the PV systems. The performance
assessment will involve two main operations. First, using
the G as input, the G; will be calculated using INSEL.
Then, using the 7, and v, T» will be modeled according to
the Sandia Temperature Model [14]. This step will be first
applied to the reference PV system in Jayapura.

Second, based on the results from the first step, the
performance of the PV system in Jayapura and Kri be
calculated. This process will use the modeled G; and T
and measurement data from each PV system.

The procedure used to calculate the performance
analysis according to IEC 61724 was developed in Python
environment.

Gh, Tom, and v
measured by remote
weather stations

Gy, Gj, Ty, and Ty,
measured on-site
at Jayapura

P and E measured,
on-site at Kri

Orgil-Hollands i
& Perez
Models

+

Sandia Module

Temperature
Model

v
Performance analysis of
the reference PV system

I
Results based on
Data measured
on-site and

Performance
analysis of hybrid
system on Kri
Island

Results based on

data measured
on-sit
remote weather site
stations

Compare to
estimate the

accuracy

Not
verified

Verified

P: Power
E: Energy

’
I
i

Figure 3: Flowchart of the method.

2.7. Treatment to the datasets

All irradiance values, either measured or modeled,
which lie beyond 10 W/m? and 1500 W/m? have been
removed from the datasets. The reason for this is because
the former is prone to error due to extraneous night-time
data values and the latter is because it is too high. Further,
all the daytime data, between 06:00 and 18:00 local time,
were kept for the analysis. All missing data were excluded
from the analysis.

For the ambient temperature, only values between -40
and 60 °C were used. For the module temperature, values
between ambient and ambient plus 40 °C were used
because the studied PV systems are open rack-mounted
systems. As such, any 7 values lower than 7, that might
occur in the early morning due to irradiation to the sky
were not included in the analysis.

For the electrical data of the PV system, the values used
for the array voltage only those between 0 and 1.3 x V. of
the array under STC. Also, the array current values between
0 and 1.5 x Isc under STC were used in the analysis. Various
Python codes were written for managing the data.

3. RESULTS AND DISCUSSION

As shown in Table 1, weather data from seven remote
weather stations and electrical data from two PV systems
were used in this study. Weather data four stations were
used for performance analysis of PV system at Jayapura
(7:15 January to 15 March 2015), while data from five
stations were used for PV system at Kri (7:20 September
2017 to 20 February 2018). Data from Labuha and Timika
were commonly used for performance analysis of both PV
systems.

All data have been checked for consistency and gaps
to identify obvious anomalies. All nighttime data (between
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18:05 and 15:55) have been excluded from the analysis,
including outliers and discovered missing data.

Table I: Data locations and measured variables

Location Measured Record Time

Variables Interval Period

(min)

1.Jyp (AWS)  Gn Ta v 10 20/9/17-20/2/18
2. Jyp (PV) Erot, lac, Ipv, 5 15/1/15-15/3/15

Pac, Vuc, VPV
3.Jyp (AWSpv) Gu, Gi, Ta, T 1 15/1/15-15/3/15
4. Kri (PV) Lr, Lc, PG, 5 20/9/17-20/2/18

Pry,ER, Ec,

Epc, Epy
5. Labuha G, To, v 10 15/1/15-15/3/15

20/9/17-20/2/18

6. Lereh G, Ta, v 10 15/1/15-15/3/15
7. Manokwari G, Ta, v 10 20/9/17-20/2/18
8. Sorong G, Ta, v 10 20/9/17-20/2/18
9. Timika G, Ta, v 10 15/1/15-15/3/15

20/9/17-20/2/18

Jyp: Jayapura; L: Load (kW); P: Power output (kW), R:
Resort; C: Compressor;, DG: Diesel genset; PV: PV
array; E: Energy (kWh); AWS: automatic weather station
of BMKG, AWSpy: automatic weather station included in
a PV system.

3.2. Dealing with missing parameters
3.2.1. Tilted irradiance

An INSEL model was developed to convert G to Gi
using 60 combinations of decomposition and transposition
models. First, the horizontal extraterrestrial irradiance (/o)
was extracted using G measured by the AWS during the
r as input. Second, using the G, and I, the diffuse
component (/z) of the irradiance was generated.

Third, the G; was produced with inputs of Gy, /a4, tilted
angle, azimuth degree, and ground reflectance. The last
step can also generate other elements of irradiation,
namely tilted beam radiation, tilted /s, and tilted ground
reflected radiation, but they were not used in this study.

Only 46 of 60 model combinations have produced
acceptable results, while all models containing the
Gueymard transposition model [15] were excluded
because they gave very small or very large values in this
particular study.

In the analysis, we found that the combination of Reindl
Beckman and Dufie (RB) [16] and Willmott (WM) [17]
models performs best in this study. However, their
capability cannot be generally justified over the other
model combinations because we tested them only at one
location. Therefore, for further analysis in this study, we
use the commonly accepted Orgill & Hollands (OH) [18]
decomposition model and Perez (PZ) [19] transposition
model instead [20]. Some other model combinations give
small variation in their results.

The comparison of all modeled G; with ground
measurements was assessed using scatter plots, and on the
basis of the coefficient of determination of linear
regression (R?) and root mean square error (RMSE), where
the measured G; was used as the reference data. Figure 4
shows small differences of R? ranging between 0.70 and
0.99 with the mean value equal to 0.97. A wide range of
RMSE from 16.98 to 201.24 takes place with the
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Figure S: Scatterplot of the measured global horizontal

irradiance (Gr) versus the global tilted irradiance (Gi)

based on data from the PV system in Jayapura (15 January

— 15 March 2015).

Next, the comparison statistics of the measured G; in
Jayapura to the modeled G:; from remote AWSs were
separately calculated to assess whether these statistics
were dependent on location. The statistical significance of
the differences in the comparison statistics derived for the
weather stations was tested using the two-sided paired
linear fitting tests. Figure 6 shows significant reductions in
the R? values. Referring to G; in Jayapura, R? value for
Lereh was 0.48411, 0.32156 for Timika, and 0.30392 for
Labuha (a). The distances, however, do not correlate with
the fitness of the G datasets (b and c).
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irradiances respectively based on data from PV system in
Jayapura and remote AWSs; (a) R? of measured G; and
modeled Gi, (b and c) relation of R? and the distance.

3.2.2. PV module temperature

The SMTM has been applied to predict the 7, using
the 7, and v as inputs. Further, the similar statistical
approach used for analyzing the G: (see Sec. 3.2.1) was
also applied to analyze the Ti.

Although the previous datasets showed for the G; were
not linearly fit, the hourly means of G; (daytime) were
close to one and each other. This also applies to 7w as
shown in Tabel II and Figure 7.

3.3. Performance of the PV systems
The performance of the PV system in Jayapura has
been extensively monitored and analyzed as appear in the
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publications [6-8]. In general, the present analysis
produces the same performance ratios (PR) as those
publications.

Table II: The hourly averaged values of Gi, Gi, and Tm

Location Gn Gi Tn
Jayapura (PV) 368 353 39
Jayapura (AWS) 385 348 39
Labuha 452 441 39
Lereh 338 332 36
Manokwari 405 384 41
Sorong 394 348 38
Timika 419 394 40

R? values from Jayapura (AWS), Labuha, Manokwari, and
Timika are referred to Sorong. R’ values from Labuha,
Lereh, and Timika are referred to Jayapura.
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Figure 7: The hourly averaged values of G, Gi, and T,

Figure 8 shows the weekly PR calculated using five
meteorological stations. They were calculated based on
eight weeks of measurements from 22 January 2015. For
the calculation, the PV system in Jayapura was used as the
reference. According to the IEC 61724 [5], data during
system unavailability were excluded from the analysis.
Therefore some missing points can be observed on the
graph.

Figure 8: The weekly PR calculated based on data from
the reference system in Jayapura and five remote
meteorological stations (22 January - 15 March 2015).

As shown in Figure 8, the measured data show PR of
90% which was very close to PR 91% as reported in
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previous studies [6-8]. We found that, as expected, the
PRs calculated using data from AWSs in Jayapura and
Lereh were very close to 90% because they are relatively
closely located, namely 3 km and 100 km from the
reference PV system, respectively. However, with the
distance above 100 km, the same PR of 70% was
observed, although the great difference of distance from
Timika and Labuha to the reference system exists (475
km and 1500 km for Timika and Labuha, respectively).
Therefore, it can be concluded that with the distance
greater distance 100 km, the correlation between the G
and G; cannot be observed.

Figure 9 shows the weekly PR calculated using 22
weeks data from five meteorological stations measured
from 20 September 2017 to 20 February 2018. Because the
PV system at Kri does not measure meteorological
parameters on-site, the G; and Tm were taken from AWS
measurement in Sorong which is 70 km separated by sea
from Kri. The data regarding power production from the
PV system at Kri, however, was measured on-site.
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Figure 9: The weekly PR calculated based on data from
the reference system in Sorong and four remote
meteorological stations (20 September 2017 - 20 February
2018).

As shown in Figure 9, the mean PR of PV system in
Kri using the reference meteorological data in Sorong is
41% (solid line). The PR calculated based on modeled
data from other remote AWSs (dash lines) were 48%,
42%, 43%, and 50% for Manokwari, Labuha, Timika,
and Jayapura, respectively. The distance from Sorong to
Manokwari, Labuha, Timika, and Jayapura are 310 km,
420 km, 750 km, and 1077 km, respectively. Again,
distances from the source of data and the reference
system do not show any correlation in the calculation of
PR.

There are three possible reasons for the low PR of the
PV system at Kri. First, the value of the PR depends on the
local energy consumption on the island. It means that the
loads do not always utilize the produced energy from the
PV array. Second, the efficiency of the system component,
particularly the inverter. The inverter used at Kri is a new
model with no information about its efficiency. Third, the
measurement accuracy issues both from the PV system
and from the AWSs.

However, if compared to the PR of other stand-alone
PV systems, the PR of the PV system at Kri lies in the
correct range. The majority of stand-alone PV systems
have PR ranging from 0.3 and 0.4 [21].
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4. CONCLUSION

In the absence of in-plane irradiance and PV module
temperature, the performance of the PV system can still be
estimated using the global horizontal irradiance and
ambient air temperature and wind speed, respectively. This
approach has been applied in this study under the tropical
climate of Indonesia. A 34 kWp grid-connected PV system
in Jayapura, Papua, was used as a reference system. The
analysis results from the reference PV system was applied
for predicting the performance of a 28.8 kWp PV array,
which is part of a hybrid power system on a remote island
of Kri in Raja Ampat, West Papua.

It has been found that the PR of PV system in Jayapura
was 90%. We also found that using data from remote AWS
with the distance up to 100 km from the reference PV
system produce the same result. However, with distance
more than that, the PR deviate in the range from 20% to
50%, which is in line with previous findings indicating no
correlation occurs. Our advice is, therefore, if possible, to
always apply local irradiance monitoring at PV sites instead
of extrapolating irradiance over significant distances.

The PR of the hybrid PV system at Kri was 41% which
is characteristics for stand-alone PV systems including in
Indonesia [21].
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