High-Témperature

Solid Oxide Fuel Cells

for the 21 st Century
fment,als, De _,____v -'?‘ 4%




High-temperature
Solid Oxide Fuel Cells
for the 21st Century

Fundamentals, Design and Applications

Edited by

Kevin Kendall and Michaela Kendall

AMSTERDAM * BOSTON » HEIDELBERG * LONDON
NEW YORK « OXFORD + PARIS * SAN DIEGO
SAN FRANCISCO * SINGAPORE ¢« SYDNEY « TOKYO
Academic Press is an imprint of Elsevier




Publisher: Joe Hayton

Acquisition Editor: Raquel Zanol

Editorial Project Manager: Mariana Kiihl Leme

Editorial Project Manager Intern: Ana Claudia Abad Garcia
Production Manager: Anusha Sambamoorthy

Marketing Manager: Louise Springthorpe

Cover Designer: Victoria Pearson

Academic Press is an imprint of Elsevier

125 London Wall, London, EC2Y 5AS, UK

525 B Street, Suite 1800, San Diego, CA 92101-4495, USA

225 Wyman Street, Waltham, MA 02451, USA

The Boulevard, Langford Lane, Kidlington, Oxford OXS5 1GB, UK

Copyright © 2016 Elsevier Ltd. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage
and retrieval system, without permission in writing from the publisher. Details on how

to seek permission, further information about the Publisher’s permissions policies and our
arrangements with organizations such as the Copyright Clearance Center and the Copyright
Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright
by the Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices,
or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge

in evaluating and using any information, methods, compounds, or experiments described
herein. In using such information or methods they should be mindful of their own safety
and the safety of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or
editors, assume any liability for any injury and/or damage to persons or property as a
matter of products liability, negligence or otherwise, or from any use or operation of any
methods, products, instructions, or ideas contained in the material herein.

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN: 978-0-12-410453-2

For Information on all Academic Press publications
visit our website at http://store.elsevier.com/

E Working together

b/ to grow libraries in
asvix | BookAld Jeveloping countries

www.clsevier.com » www.bookaid.org




High-temperature Solid Oxide
Fuel Cells for the 21st Century



sz, 75 258 #EPDFIE U7 iR) . www. ertongbook. com



List of contributors

S.B. Adler University of Washington, Seattle, WA, USA
M. Cassidy University of St. Andrews, St. Andrews, UK
P.A. Connor University of St. Andrews, St. Andrews, UK

J. Druce International Institute for Carbon-Neutral Energy Research (I2CNER),
Nishi-Ku, Fukuoka, Japan

T. Horita National Institute of Advanced Industrial Science and Technology (AIST)
Tsukuba Central 5-2, 1-1-1 Higashi, Tsukuba, Ibaraki, 305-8565 JAPAN

J.T.S. Irvine University of St. Andrews, St. Andrews, UK

T. Ishihara International Institute for Carbon-Neutral Energy Research (I2CNER),
Nishi-Ku, Fukuoka, Japan

Z. Jaworski West Pomeranian University of Technology, Szczecin, Poland

T. Kawada Tohoku University, Sendai, Japan

K. Kendall Adelan Ltd, Weekin Works, Harborne, Birmingham, UK; School of
Metallurgy and Materials, University of Birmingham, UK

J.A. Kilner International Institute for Carbon-Neutral Energy Research (I2CNER),
Nishi-Ku, Fukuoka, Japan

T. Li University of Electronic Science and Technology of China, Chengdu, Sichuan,
China

N.Q. Minh University of California, San Diego, CA, USA
L. Niewolak Forschungszentrum Jiilich, Jiilich, Germany
P. Pianko-Oprych West Pomeranian University of Technology, Szczecin, Poland

W.J. Quadakkers Forschungszentrum lJiilich, Jiilich, Germany



List of contributors

C.D. Savaniu University of St. Andrews, St. Andrews, UK
S. Sui Shanghai Jiao Tong University, Shanghai, China

F. Tietz Forschungszentrum liilich, Jiilich, Germany

W. Wang Chinese Academy of Sciences, Ningbo, China

W. Winkler Retired Professor and Director of Institute for Energy Systems and Fuel
Cell Technology at HAW Hamburg, Germany

G.H. Xiu 23-602 Room, 89 Mudan Rd., Shanghai, China



Preface

The original edition of this book [1] ‘High-temperature solid oxide fuel cells: Funda-
mentals, design and applications’ (solid oxide fuel cells, SOFCs) was published in
2003 to celebrate a century of research, development and demonstration of these
devices since Nernst’s breakthrough in 1897 [2] when he first showed his new incan-
descent lamp based on zirconia formulations. But since the millennium, a number of
very significant advances have been made, illustrating the accelerating pace for
advance of SOFC technology. We believe that this justifies the publication of the pre-
sent book, summarising the older results, then emphasising progress made in the last
15 years. The fact that approximately 4000 copies of the original volume were dis-
persed and downloaded has encouraged us to update the text.
Progress has been made in several areas which are covered in the new chapters:

* Materials invention covered in Chapters 1-7 explain how new electrolyte compositions,
such as scandia-doped zirconia; new cathodes such as LSCF and new interconnects like fer-
ritic stainless steel alloys have shown better performance.

» Stack inventions like m-SOFCs described in Chapters 8-10 have allowed smaller and more
rapid starting devices to be proven.

* Application projects covered in Chapters 8—13 have taken new directions such that ship-
ments and installations of SOFCs have risen exponentially, and the best example being
the many thousands of SOFC CHP generators now installed in Japan.

Some areas such as thermodynamics have not changed much, but additional recent
publications are now covered.

Sad events have also occurred, such as the death of the famous zirconia sensor
researcher Hans-Heinrich Mobius who delivered Chapter 2 in the previous book.
In addition, a number of the previous authors have retired, and so new younger experts
are featured in this volume. We thank Subhash Singhal for instigating this book pro-
ject and also thank all the SOFC authors who have made a contribution to this work.

Other SOFC books have appeared in the interim [3-8], but these have been essen-
tially conference proceedings or have not given a broad coverage of the wider SOFC
field. The present volume is unique in reviewing the big picture in all its complexity.

We thank Elsevier for their support and all the readers who have contributed to
make this project successful.

Dr. Kevin Kendall and Dr. Michaela Kendall
Metallurgy and Materials

University of Birmingham
k.kendall@bham.ac.uk



xii Preface

References

[1] S.C. Singhal, K. Kendall, High Temperature Solid Oxide Fuel Cells: Fundamentals, Design
and Applications, Elsevier Science, Oxford, 2003.

[2] W. Nernst, DRP 104872, 1897.

[3] J.W. Fergus, R. Hui, X. Li, D.P. Wilkinson, J. Zhang, SOFCs: Materials Properties and Per-
formance, CRC Press, Boca Raton, 2009.

[4] J.T.S. Irvine, P. Connor, SOFCs: Facts and Figures, Springer, London, 2013.

[5] J. Milewski, K. Swirski, M. Santarelli, P. Leone, Advanced Methods of SOFC Modeling,
Springer, London, 2011.

[6] T. Ishihara, Perovskite Oxide for SOFC, Springer, London, 2009.

[7]1 H. Yokokawa (Ed.), Fuel Cell Handbook: Fundamentals Technology and Applications,
John Wiley and Sons, New York, 2009.

[8] D. Stolten, B. Emonts (Eds.), In: Fuel Cell Science and Engineering, vol. 2, Wiley-VCH,
Weinheim, Germany, 2012, p. 963.



Contents

List of contributors

Preface

1 Introduction to SOFCs

K. Kendall

1.1  Introduction

1.2 SOFC principles

1.3  Problems to be resolved

1.4  Historical summary
1.5  Zirconia sensors for oxygen measurement
1.6  Zirconia availability and production
1.7  High-quality electrolyte fabrication processes
1.8 Anode-supported SOFC materials and reactions
1.9 Interconnection for electrically connecting the cells
1.10 Cell and stack designs
1.11 SOEFC reactor systems
1.12  Fuel considerations
1.13 Competition and combination with heat engines in applications
1.14  SOFC publications
References
2 History
K. Kendall
2.1  Introduction
2.2 Before the first solid electrolyte gas cells
2.3 From solid electrolyte gas cells to solid oxide fuel cells
2.4  First detailed investigations of solid oxide fuel cells
2.5  Progress in the 1960s
2.6 On the path to practical solid oxide fuel cells
2.7  Ceramic processing for high-quality products
2.8 Anode support
2.9  Better cathodes
2.10 Low-temperature operation with new interconnects
2.11 Application areas
2.12  Summary

References

25

25
25
27
30
32
35
37
39
41
42
a4
45
46



vi

Contents

3 Thermodynamics
W. Winkler

3.1
3.2
3.3
3.4

3.5
3.6
3.7

Introduction

The ideal reversible SOFC

Ohmic losses and voltage dependence on fuel utilisation
Thermodynamic definition of a fuel cell producing electricity
and heat

Thermodynamic theory of hybrid SOFC systems

Design principles of SOFC hybrid systems

Summary

References

4 Electrolytes

JA
4.1
42
43
4.4
4.5

. Kilner, J. Druce, T. Ishihara

Introduction

Fluorite-structured electrolytes

Perovskite and perovskite-related electrolytes
Alternative-structured electrolyte materials
Summary

References

5 Anodes
M. Cassidy, P.A. Connor, J.T.S. Irvine, C.D. Savaniu

5.1
5.2
5.3
5.4
55
5.6
5.7
5.8

Introduction

Cell performance requirements
Cell lifetime requirements
Catalytic and reforming properties
Anode design and engineering
Conventional nickel-based anodes
Alternative cermet materials
General conclusions

References

6 Cathodes
T. Kawada, T. Horita

6.1
6.2

6.3
6.4
6.5

Introduction

Physical and physicochemical properties of perovskite cathode
materials

Chemical stability and compatibility with the cell components
Thermo-chemo-mechanical properties

Summary and further researches

References

7 Interconnects
L. Niewolak, F. Tietz, W.J. Quadakkers

7.1

Introduction

51

51
53
60

67
70
78
80
81

85

85
85
96
112
120
121

133

133
134
135
136
140
142
145
156
157

161

161

162
176
183
188
189

195

195



Contents

vii

10

7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14

SOFC environments

Ceramic interconnects

High-temperature alloys for SOFC applications

Growth rates of chromia base surface scales

Degradation in carbon containing anode gases

Dual atmosphere exposures

Specimens thickness dependence of oxidation behaviour
Electronic conductivity of chromia-based scales

Volatile species and protection against chromium evaporation

Interaction between interconnect and anode side contact materials

Interaction of metallic interconnects with sealing materials
Protective coatings and contact materials

Summary

References

Cell and stack design, fabrication and performance
N.Q. Minh

8.1
8.2
8.3
8.4
8.5

Introduction
Requirements

SOFC single cell
SOFC multi-cell stacks
Summarising remarks
References

System designs and applications
N.Q. Minh

9.1
9.2
9.3
94
9.5
9.6

9.7

Introduction

Overview of SOFC power systems

Type of SOFC power system

SOFC power system design

Applications of SOFC power systems

Solid oxide electrolysis cell (SOEC) systems for hydrogen/
chemical production

Summarising remarks

References

Portable early market SOFCs

K. Kendall

10.1  Introduction

10.2  Sensor SOFCs

10.3 MEMS-based SOFCs

10.4  Micro-tubular SOFCs

10.5  Benefit of improved ceramic processing for quality ceramics
10.6  Benefits of improved power density

10.7  Rapid warm-up

10.8

International efforts on micro SOFCs

195
196
199
213
216
217
219
221
225
228
230
231
238
239

255

255
255
258
268
280
280

283

283
283
284
289
296

319
322
323

329

329
330
332
336
341
343
345
347



viii Contents

10.9  Demonstration projects 349
10.10  Summary 351
References 352
11 Sources of cell and electrode polarisation losses in SOFCs 357
S.B. Adler
11.1 Introduction 357
11.2  Cell losses 359
11.3 Ohmic and gas-phase losses within porous electrodes 363
11.4 Cell losses within a multi-cell stack 364
11.5 Subdivision of local overpotential into specific rate processes 366
11.6 Conclusions and outlook 378
References 379
12 Testing of electrodes, cells and short stacks 383
T.Li, W. Wang
12.1 Introduction 383
12.2 Testing electrodes 384
12.3 Testing single cells and stacks 390
12.4 Area-specific resistance 395
12.5 Testing cells on alternative fuels 399
12.6 Summary 402
References 403
13 Cell, stack and system modelling 407
P. Pianko-Oprych, Z. Jaworski, K. Kendall
13.1 Introduction 407
13.2 Basic definitions 411
13.3 Multi-scale modelling 415
13.4 System level modelling 440
13.5 Oscillations in SOFCs running on methane 447
13.6 Summary and future prospect 452
Acknowledgements 452
References 452
14 Fuels and fuel processing in SOFC applications 461
S. Sui, G.H. Xiu
14.1 Introduction 461
14.2 Range of fuels 464
14.3 Fuel reforming principle 468
14.4 Carbon deposition and removal 477
14.5 Impurity tolerance and purification 480
14.6 Application of typical reforming processes for SOFCs 482
14.7 Brief consideration of present technology and future prospect 489
References 490

Index 497



Introduction to SOFCs

K. Kendall’?
'Adelan Ltd, Weekin Works, Harborne, Birmingham, UK, 2School of Metallurgy and
Materials, University of Birmingham, UK

1.1 Introduction

Solid oxide fuel cells (SOFCs) are the most efficient devices yet invented for conver-
sion of chemical fuels directly into electrical power. Originally the materials’ compo-
sitions were found by Nernst [1-3] in Gottingen in the 1890s as described in Chapter 2,
but considerable improvements in theory and experiment are still being made 120 years
later. During the last decade, significant progress has been made to improve the mate-
rials, to construct better systems, to focus on simpler fuels and to seek premium appli-
cations. This chapter describes these improvements, after summarising the background
and situation at 2000 covered in the last book [4]. Firstly, we describe the basic prin-
ciples and then we review the areas of advance, following with brief descriptions of the
history, materials, processing, stack designs, systems, fuels and applications.

1.2 SOFC principles

Figure 1.1 shows an SOFC scheme. It contains a solid oxide electrolyte made from
ceramic such as yttria stabilised zirconia (YSZ) which behaves as a conductor of
oxygen ions at temperatures from 500 to 1500 °C. This ceramic material allows
oxygen atoms to be reduced on its porous cathode surface by electrons brought in
through the metal interconnect, thus being converted into oxygen ions, which are then
transported through the ceramic oxide electrolyte to a fuel-rich porous anode zone
where the oxygen can react, say with hydrogen, giving up electrons to an external cir-
cuit as shown in Figure 1.1. Only five components are needed to put such a cell
together: electrolyte, anode, cathode and two interconnect wires, although other layers
are often added as described later in the chapter.

Of course, hydrogen is ideal for SOFC. But hydrogen is not the preferred fuel
because it would more likely be used in a polymer electrolyte membrane fuel cell
(PEMFC) which gives extra power at room temperature. Hydrocarbon gases such
as methane, or propane derived from pipelines or liquid stores, or biofuels like
methanol and formic acid are more attractive for SOFCs for several reasons:

(1) They can potentially be reacted directly on the anode, impossible with PEMFCs at room
temperature with existing catalysts.

(2) Hydrocarbons react well with steam or air to provide hydrogen and carbon monoxide
which then combine with oxygen ions at the anode/electrolyte interface.

(3) The thermodynamic efficiency of such internal reforming processes can be impressive.

High-temperature Solid Oxide Fuel Cells for the 21st Century. http://dx.doi.org/10.1016/B978-0-12-410453-2.00001-4
Copyright © 2016 Elsevier Ltd. All rights reserved.



2 High-temperature Solid Oxide Fuel Cells for the 21st Century

Hydrogen fuel Solid oxide Oxygen
electrolyte
Porous anode : Porous cathode
Fuel oxidation at anode ' 2 Oxygen reduction
. T 40
H, + 0% -2 3 H,0 TEYOB 0l 0
500-1500°C
Interconnect
wires
Electrons Electrons

Figure 1.1 Schematic of solid oxide fuel cell (SOFC).

(4) Hydrocarbon fuels give good energy storage density compared to hydrogen, especially
when liquid, for example, propane/butane pressurised at room temperature or methane
below its critical point of —83 °C.,

The anode reactions then become more complicated with a range of possible products
shown in the following chemical equations:

Direct CH, oxidation CH4 + 40’ — 8e — 2H,0 +CO,
Anode CO oxidised CO + 0*~ —2e — CO,

Steam reforming CH4 + H,O — CO + 3H;

Partial oxidation 2CH4 + O, — 2CO +4H>

The key benefits which make the SOFC more attractive than PEMFCs are twofold:

(1) Direct use of liquid fuels which have much superior energy storage capacity (e.g. a factor 6)
when compared with compressed hydrogen gas.

(2) Availability of high-quality heat which can be used to give advance in practical applications
as described in the following chapters.

Examples of applications demanding this heat are domestic homes which need both
power and heat, auxiliary power units (APUs) on vehicles and stationary power gen-
eration. In each of these cases, the electrons are extracted from the fuel in the fuel cell
at a temperature around 600-1000 °C, as shown in Figure 1.1. A domestic system
would then use the heat to produce hot water as currently achieved with simple heat
exchangers. In a vehicle, the heat could be used to warm the cab as illustrated in
Figure 1.2. A stationary power generation system may use the waste heat to drive
a heat engine such as a stirling or gas turbine motor.

It is essential to realise that the heat is inevitably generated in the SOFC by reaction
exotherm, ohmic losses, electrode overpotentials, etc., as described in Chapter 3.
These losses are present in any fuel cell arrangement and cannot be eliminated
completely. Indeed, the heat is necessary to maintain the operating temperature of
the cells, replacing the heat lost by thermal conduction and radiation to the
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Figure 1.2 Truck with APU running on CNG.

surrounding environment. The benefit of the SOFC over competing fuel cells is the
high temperature of the exhaust heat, making its utilisation simple and economic.
Thus both electricity and heat are desirable products from the SOFC. The ratio of
power to heat can realistically be adjusted from 20% to about 70% depending on
the system design, but for basic designs, range from 40% to 60%. These figures com-
pare with about 20-27% for an automobile combustion engine, about 50-60% for the
best combined cycle gas/steam turbine power plant and around 40-60% for a diesel
combustion generator combined with a steam cycle.

From these basic principles, it is possible to recognise the issues that remain to be
solved if SOFCs are to be successful in this century.

1.3 Problems to be resolved

The SOFC process described above is almost magical in its elegance and simplicity,
and it is surprising that this process has not yet been commercialised to supplant the
inefficient and polluting combustion heat engines which currently dominate our
civilisation.

There are several technical reasons why SOFCs have not yet competed successfully
with combustion devices, as shown in Figure 1.3, but cost and durability issues also
need attention. In the first place, combustion has been accepted for several thousand
years, and such established technologies are difficult to supplant. Secondly, combus-
tion does not require any additional materials or interfaces; it can occur freely once

COMBUSTION SOFC
Established technology Disruptive technology
Independent of materials Depends on five materials
Dirty fuels still combust Clean fuels are necessary for SOFC

Figure 1.3 Difficulties of challenging combustion with SOFC.
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ignition of the fuel has occurred. Containment and expansion of the hot gas product is
the only requirement for power production. Contrast this situation with the SOFC
which needs five materials and four interfaces, each of which can block the power
output when contaminated with a single molecular layer of silica. Thirdly, combustion
can occur with almost any oxidisable substance so that cheap available complex fuels,
for example, petroleum or biomass, may be used. Purity is crucial to fuel cells but has
not yet been a barrier to combustion, except where emissions legislation has been
imposed.

Consider these three challenging areas in more detail. The historic dominance of
combustion is difficult to overcome because the concepts are ingrained in our psyches.
From the steam turbine of Hero two millennia ago, to the Watt steam engine two cen-
turies back, to the Diesel engine of 1897, it has been evident that heat engines can
utilise the additional hot gas pressure created by combustion to produce power of
enormous utility. It is much less obvious that electrochemical potential of fuels can
be used in a similar way. Electrochemistry, which can reasonably be dated to Volta's
invention of the battery in 1800, has made enormous strides in two centuries but still
falls short in competition. A recent example is the push towards battery electric cars
which many observers feel should take over soon from combustion engine automo-
biles. Despite a number of advantages of efficiency and reduced emission, these
machines cannot yet beat the consumer preference for combustion vehicles based
on price, range, infrastructure and fuel recharge times [5]. Perhaps the main reason
for this is the complex nature of automobile technology. A recent paper shows that
the use of composite materials in cars is just as important as moving to an electric drive
[6]. However, the longer-term effect of emission regulations together with the simplic-
ity and efficiency of electrical drives should eventually lead to fuel cells taking over
from combustion devices [7].

The materials problems of SOFCs are profound and dominate this book. Although
YSZ has been known for 120 years to provide a suitable electrolyte (Chapter 4), the
present anode composition did not appear until the 1960s and the lanthanum strontium
cobalt ferrite (LSCF) cathode has only just been optimised in this century as described
in Chapters 5 and 6. Moreover, the use of ferritic stainless steel interconnections and
the coatings required to inhibit corrosion are of relatively recent origin as defined in
Chapter 7. The way in which these materials are best assembled to produce working
stacks has been changing continuously since 1990 as illustrated in Chapters 8—10. The
nature of the interfaces, especially the catalytic surfaces, has also been critically
recognised as detailed in Chapters 11-14.

The effect of fuel purity (Chapter 14) is hugely important because our present
infrastructure is based largely on refined petroleum which typically contains hun-
dreds of molecules, including sulphur compounds which corrode SOFC anodes
based on nickel in a very short time. Diesel engines and other combustion systems
can withstand extraordinary variations in fuel composition, which today differs sig-
nificantly from town to town and country to country. But fuel cells make use of cat-
alysts which can easily be poisoned by low-level impurities, and there is great
difficulty attached to running SOFCs on applications now dominated by diesel tech-
nology. Ships, trucks and buses fall into this category. A typical programme to



