Edited by Detlef Stolten $WILEY-VCH
and Bernd Emonts I

Fuel Cell Science
and Engineering

Materials, Processes, Systems and Technology

Volume 1







Edited by Detlef Stolten and Bernd Emonts

Fuel Cell Science and Engineering



Related Titles

Li, X.

Polymer Electrolyte Membrane
Fuel Cells

ISBN: 978-0-470-87110-2

Stolten, D., Scherer, V. (eds.)

Efficient Carbon Capture for
Coal Power Plants

2011
ISBN: 978-3-527-33002-7
Stolten, D. (ed.)

Hydrogen and Fuel Cells
Fundamentals, Technologies and
Applications

2010
ISBN: 978-3-527-32711-9
Hirscher, M. (ed.)

Handbook of Hydrogen Storage

New Materials for Future Energy Storage

2010
ISBN: 978-3-527-32273-2

Barbaro, P., Bianchini, C. (eds.)

Catalysis for Sustainable Energy
Production

2009
ISBN: 978-3-527-32095-0

Mitsos, A., Barton, P. I. (eds.)

Microfabricated Power
Generation Devices
Design and Technology

2009
ISBN:978-3-527-32081-3
Vielstich, W.

Handbook of Fuel Cells

6 Volume Set
2009
ISBN: 978-0-470-74151-1



Edited by Detlef Stolten and Bernd Emonts

Fuel Cell Science and Engineering

Materials, Processes, Systems and Technology

Volume 1

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



The Editors

Prof. Detlef Stolten
Forschungszentrum [iilich GmbH
1EF-3: Fuel Cells
Leo-Brandt-Strafie

52425 Jilich

Germany

Dr. Bernd Emonts
Forschungszentrum [iilich GmbH
IEF-3: Fuel Cells
Leo-Brandt-Strafe

52425 Jiilich

Germany

We would like to thank the following
institutions for providing us with the
photographic material used in the cover
illustration: IdaTech Fuel Cells GmbH,
EnergieAgentur. NRW, and Forschungszen-
trum Jiilich GmbH.

All books published by Wiley-VCH are
carefully produced. Nevertheless, authors,
editors, and publisher do not warrant the
information contained in these books,
including this book, to be free of errors.
Readers are advised to keep in mind that
statements, data, illustrations, procedural
details or other items may inadvertently be
inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication
Data

A catalogue record for this book is available
from the British Library.

Bibliographic information published by
the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek

lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data are available on the Internet at
<http://dnb.d-nb.de=-.

© 2012 Wiley-VCH Verlag & Co. KGaA,
Boschstr. 12, 69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No part
of this book may be reproduced in any
form — by photoprinting, microfilm, or any
other means — nor transmitted or translated
into a machine language without written
permission from the publishers. Registered
names, rademarks, etc. used in this book,
even when not specifically marked as such,
are not to be considered unprotected by law.

Print ISBN:  978-3-527-33012-6
ePDF ISBN: 978-3-527-65027-9
ePub ISBN: 978-3-527-65026-2
mobi ISBN:  978-3-527-65025-5
oBook ISBN:  978-3-527-65024-8

Cover Design Formgeber, Eppelheim
Typesetting Laserwords Private Limited,
Chennai, India

Printing and Binding  betz-druck GmbH,
Darmstadt

Printed in the Federal Republic of Germany
Printed on acid-free paper



Contents to Volume 1

List of Contributors XIX

Part | Technology 1

1 Technical Advancement of Fuel-Cell Research and Development 3
Bernd Emonts, Ludger Blum, Thomas Grube, Werner Lehnert, Jiirgen
Mergel, Martin Miiller, and Ralf Peters

1.1 Introduction 3

1.2 Representative Research Findings for SOFCs 4
121 Tubular Concepts 4

122 Planar Designs 6

1.23 Actors and Major Areas of Development 8

1.2.4 State of Cell and Stack Developments 10

1.3 Representative Research Findings for HT-PEFCs 11
131 Actors and Major Areas of Development 11

132 Characteristic Data for Cells and Stacks 12

1.4 Representative Research Findings for DMFCs 12
141 DMFCs for Portable Applications 13

142 DMFCs for Light Traction 14

15 Application and Demonstration in Transportation 17
1.5.1 Fuel Cells and Batteries for Propulsion 17

1.5.2 On-Board Power Supply with Fuel Cells 22

1.6 Fuel Cells for Stationary Applications 24

161 Stationary Applications in Building Technology 24
1.6.2 Stationary Industrial Applications 26

1.7 Special Markets for Fuel Cells 26

1.8 Marketable Development Results 27

1.8.1 Submarine 27

1.8.2 DMFC Battery Chargers 27

1.8.3 Uninterruptable Power Supply/Backup Power 29

1.8.4 Light Traction 30



Vi

Contents

1.9

2.1
2.2
2.21
2.2.2
2.23
224
2.25
2.2.6
2.2.7
2.28
23
231
23.2
233
2331
2.33.2
2333
234
2.35
24

2.5

3.1

3.1.1
3.1.2
3.13
3.1.4
3.1.5
3.1.6
3.1.7
3.2

3.21
3.2.2
3.23
33

3.3.1
3.3.2

Conclusion 30
References 32

Single-Chamber Fuel Cells 43
Téko W. Napporn and Melanie Kuhn
Introduction 43

SC-SOFCs 44

Basic Principles of Single-Chamber Fuel Cell Operation 44

Catalysis in SC-SOFCs 46

Heat Production and Real Cell Temperature 47
Current Collection 48

Electrode and Electrolyte Materials 48
Anode Materials 48

Cathode Materials 49

Electrolyte Materials 50

SC-SOFC Systems 50
Electrolyte-Supported SC-SOFCs 50
Anode-Supported SC-SOFCs 51
SC-SOFCs with Coplanar Electrodes 52
Cell Performance 52

Miniaturization 56

Limitations and Challenges 57

Fully Porous SC-SOFCs 59

Tubular SC-SOFCs 60

Applications of SC-SOFCs Systems 60
Conclusion 61

References 61

Technology and Applications of Molten Carbonate Fuel Cells
Barbara Bosio, Elisabetta Arato, and Paolo Greppi
Molten Carbonate Fuel Cells overview 67
Operating Principle 67

Operating Conditions 69

Geometry and Materials 70

Reforming 71

Balance of Plant 73

Vendors 75

State of the Art 75

Analysis of MCFC Technology 76

Approach 76

Technology Optimization 79

Scientific Knowledge 81

Conventional and Innovative Applications 86
Distributed Generation 86

Carbon Capture, Storage, and Transportation 87

67



3.3.3
3.3.4
3.3.5
3.4

4.1

4.2

4.21
4.2.2
4.23
4.24
425
4.2.6
4.2.7
4.2.8

4.2.81
4.29
4.2.10
4.2.10.1
4.2.10.2
4.2.11
4.2.12
4.3

4.4
4.4.1
4.4.2
4.5

4.6

5.1
5.2

53

53.1
53.2
5.3.3
5.3.4

Contents

Hydrogen Co-generation 89
Renewable Fuels 89
Other Applications 90
Conclusion 90

List of Symbols 91
References 92

Alkaline Fuel Cells 97

Erich Giilzow

Historical Introduction and Principle 97

Concepts of Alkaline Fuel-Cell Design Concepts 99
Traditional Stacks 100

Eloflux Cell Design 100

Falling Film Cell 101

Bipolar Stack Concept by DLR 101

Hydrocell Concept 102

Ovonics Concept 103

Stack Design with Anion-Exchange Membranes 104
Alkaline Direct Ethanol Fuel Cells Assembled with a Non-Platinum
Catalyst 104

Electrode Types 105

PTFE-Bonded Gas Diffusion Electrodes 105
Double-Skeleton Electrodes 106

Preparation and Electrode Materials 106

Dry Preparation of PTFE-Bonded Gas Diffusion Electrodes 108
Reduction of NiO 111

Production of Cathode Gas Diffusion Electrodes 113
Electrolytes and Separators 113

Degradation 114

Gas Diffusion Electrodes with Raney Nickel Catalysts 114
Gas Diffusion Electrodes with Silver Catalysts 121
Carbon Dioxide Behavior 123

Conclusion 126

References 126

Micro Fuel Cells 131

Ulf Groos and Dietmar Gerleisen

Introduction 131

Physical Principles of Polymer Electrolyte Membrane Fuel Cells
(PEMFCs) 132

Types of Micro Fuel Cells 134

Hydrogen-Fed Micro Fuel Cell 134

Micro-Reformed Hydrogen Fuel Cell 135

Direct Methanol Fuel Cell (DMFC) 135

Direct Ethanol Fuel Cell (DEFC) 136

v



Vil | Contents

5.4 Materials and Manufacturing 137
541 Miniaturization 137

5.5 GDL Optimization 138

5.5.1 Flow-Field Design 139

5.5.2 Miniaturized DMFC 141

5.5.3 Discharge of Carbon Dioxide 142
5.5.4 Passively Operating DMFC 142
5.6 Conclusion 142

References 143

6 Principles and Technology of Microbial Fuel Cells 147
Jan B.A. Arends, Joachim Desloover, Sebastid Puig, and Willy Verstraete

6.1 Introduction 147

6.2 Materials and Methods 149

6.2.1 Electrode Materials 149

6.2.2 Membrane 151

6.2.3 Configurations and Design 151

6.2.4 Measurements, Techniques, and Reporting Values 152

6.2.4.1 Biological Measurements 152

6.2.4.2 Electrochemical Measurements 152

6.2.4.3 Reporting Performance 156

6.3 Microbial Catalysts 157

6.3.1 Anode Reactions 157

6.3.1.1 Electron Donors 158
6.3.1.2 Biocatalysis 158
6.3.1.3 Electron-Transfer Mechanisms 159

6.3.2 Cathode Reactions 160

6.3.2.1 Biocatalysts 161

6.3.2.2 Electron-Transfer Mechanisms 161

6.3.2.3 Electron Acceptors 162

6.3.3 Pure Cultures and Mixed Microbial Communities 162
6.3.4 Photosynthetic Biocatalysts 163

6.3.5 Biological Limitations 163

6.4 Applications and Proof of Concepts 164

6.4.1 Energy and Wastewater Concept 164

6.4.1.1 Wastewater Treatment 164

6.4.1.2 Sediments, Plants, and Photosynthesis in a BES 168
6.4.1.3 Electro-Assisted Anaerobic Digestion 168

6.4.2 Product Concept 169

6.4.2.1 Desalination 169

6.4.2.2 Caustic Soda and Hydrogen Peroxide Production 170
6.4.2.3 Organic Alcohols and Acids 170

6.43 Providing Environmental Services 171

6.43.1 Recalcitrant Compounds 171

6.4.3.2 Greenhouse Gas Mitigation 171






