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(2000) and Geräte-batterien (2001), edited by H. A. Kiehne, both originally published by

Expert Verlag, Renningen-Malsheim, Germany.

Expert Verlag GmbH

Fachverlag fur Wirtschaft & Technik

Wankelstrasse 13, D-71272, Renningen-Malsheim, Germany

Although great care has been taken to provide accurate and current information, neither the

author(s) nor the publisher, nor anyone else associated with this publication, shall be liable for

any loss, damage, or liability directly or indirectly caused or alleged to be caused by this book.

The material contained herein is not intended to provide specific advice or recommendations

for any specific situation.

Trademark notice: Product or corporate names may be trademarks or registered trademarks

and are used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

A catalog record for this book is available from the Library of Congress.

ISBN: 0-8247-4249-4

This book is printed on acid-free paper.

Headquarters

Marcel Dekker, Inc.

270 Madison Avenue, New York, NY 10016, U.S.A.

tel: 212-696-9000; fax: 212-685-4540

Distribution and Customer Service

Marcel Dekker Inc.

Cimarron Road, Monticello, New York 12701, U.S.A.

tel: 800-228-1160; fax: 845-796-1772

Eastern Hemisphere Distribution

Marcel Dekker AG

Hutgasse 4, Postfach 812, CH-4001 Basel, Switzerland

tel: 41-61-260-6300; fax: 41-61-260-6333

World Wide Web

http://www.dekker.com

The publisher offers discounts on this book when ordered in bulk quantities. For more

information, write to Special Sales/Professional Marketing at the headquarters address above.

Copyright # 2003 by Expert Verlag. All Rights Reserved.

Neither this book nor any part may be reproduced or transmitted in any form or by any means,

electronic or mechanical, including photocopying, microfilming, and recording, or by any

information storage and retrieval system, without permission in writing from the publisher.

Current printing (last digit):

10 9 8 7 6 5 4 3 2 1

PRINTED IN THE UNITED STATES OF AMERICA

Copyright © 2003 by Expert Verlag. All Rights Reserved.

www.dekker.com


ELECTRICAL AND COMPUTER ENGINEERING 
A Series of Reference Books and Textbooks 

FOUNDING EDITOR 

Marlin 0. 7'hurston 
Department of Electrical Engineering 

The Ohio State University 
Columbus, Ohio 

1. Rational Fault Analysis, edited by Richard Saeks and S. R. Liberty 
2. Nonparametric Methods in Communications, edited by P. Papantoni-Kazakos and 

Dimitri Kazakos 
3. Interactive Pattern Recognition, Yi-tzuu Chien 
4. Solid-state Electronics, Lawrence E. Murr 
5. Electronic, Magnetic, and Thermal Properties of Solid Materials, Klaus Schroder 
6. Magnetic-Bubble Memory Technology, Hsu Chang 
7. Transformer and Inductor Design Handbook, Colonel Wm. T. McLyman 
8. Electromagnetics: Classical and Modern Theory and Applications, Samuel Seely 

9. One-Dimensional Digital Signal Processing, Chi-Tsong Chen 
and Alexander D. Poularikas 

10. Interconnected Dynamical Systems, Raymond A. DeCarlo and Richard Saeks 
11. Modern Digital Control Systems, Raymond G. Jacquot 
12. Hybrid Circuit Design and Manufacture, Roydn D. Jones 
13. Magnetic Core Selection for Transformers and Inductors: A User's Guide to 

Practice and Specification, Colonel Wm. T. McLyman 
14. Static and Rotating Electromagnetic Devices, Richard H. Engelmann 
15. Energy-Efficient Electric Motors: Selection and Application, John C. Andreas 
1 6. Electromagnetic Compossi bility, Heinz M. Schlicke 
17. Electronics: Models, Analysis, and Systems, James G. Goftling 
18. Digital Filter Design Handbook, Fred J. Taylor 
19. Multivariable Control: An Introduction, P. K. Sinha 
20. Flexible Circuits: Design and Applications, Steve Gurley, with contlributions by 

Carl A. Edstrom, Jr., Ray D. Greenway, and William P. Kelly 
21. Circuit Interruption: Theory and Techniques, Thomas E. Browne, Jr. 
22. Switch Mode Power Conversion: Basic Theory and Design, K. Kit Sum 
23. Pattern Recognition: Applications to Large Data-Set Problems, Sing-7-ze Bow 
24. Custom-Specific Integrated Circuits: Design and Fabrication, Stanley L. Hurst 
25. Digital Circuits: Logic and Design, Ronald C. Emery 
26. Large-Scale Control Systems: Theories and Techniques, Magdi S. Mahmoud, 

Mohamed F. Hassan, and Mohamed G. Darwish 
27. Microprocessor Software Project Management, Eli T. Fathi and Cedric V. W. 

Armstrong (Sponsored by Ontario Centre for Microelectronics) 
28. Low Frequency Electromagnetic Design, Michael P. Perry 
29. Multidimensional Systems: Techniques and Applications, edited by Spyros G. 

30. AC Motors for High-Performance Applications: Analysis and Coritrol, Sakae 

31. Ceramic Motors for Electronics: Processing, Properties, and Applications, edited 

Tza festas 

Yamamura 

by Relva C. Buchanan 

Copyright © 2003 by Expert Verlag. All Rights Reserved.



32. Microcomputer Bus Structures and Bus Interface Design, Arthur L. Dexter 
33. End User's Guide to Innovative Flexible Circuit Packaging, Jay J. Miniet 
34. Reliability Engineering for Electronic Design, Norman B. Fuqua 
35. Design Fundamentals for Low-Voltage Distribution and Control, Frank W, Kussy 

and Jack L. Warren 
36. Encapsulation of Electronic Devices and Components, Edward R. Salmon 
37. Protective Relaying: Principles and Applications, J. Lewis Blackbum 
38. Testing Active and Passive Electronic Components, Richard F. Powell 
39. Adaptive Control Systems: Techniques and Applications, V. V. Chalam 
40. Computer-Aided Analysis of Power Electronic Systems, Venkatachari 

Rajagopalan 
41. Integrated Circuit Quality and Reliability, Eugene R. Hnatek 
42. Systolic Signal Processing Systems, edited by Earl E. Swartzlander, Jr. 
43. Adaptive Digital Filters and Signal Analysis, Maurice G. Bellanger 
44. Electronic Ceramics: Properties, Configuration, and Applications, edited by Lionel 

M. Levinson 
45. Computer Systems Engineering Management, Robert S. Alford 
46. Systems Modeling and Computer Simulation, edited by Naim A. Kheir 
47. Rigid-Flex Printed Wiring Design for Production Readiness, Walter S. Rigling 
48. Analog Methods for Computer-Aided Circuit Analysis and Diagnosis, edited by 

Taka0 Ozawa 
49. Transformer and Inductor Design Handbook: Second Edition, Revised and 

Expanded, Colonel Wm. T. McLyman 
50. Power System Grounding and Transients: An Introduction, A. P. Sakis 

Meliopoulos 
51. Signal Processing Handbook, edited by C. H. Chen 
52. Electronic Product Design for Automated Manufacturing, H. Richard Stillwell 
53. Dynamic Models and Discrete Event Simulation, William Delaney and Erminia 

Vaccari 
54. FET Technology and Application: An Introduction, Edwin S. Oxner 
55. Digital Speech Processing, Synthesis, and Recognition, Sadaoki Furui 
56. VLSl RlSC Architecture and Organization, Stephen B. Furber 
57. Surface Mount and Related Technologies, Gerald Ginsberg 
58. Uninterruptible Power Supplies: Power Conditioners for Critical Equipment, David 

C. Grififh 
59. Polyphase Induction Motors: Analysis, Design, and Application, Paul L. Cochran 
60. Battery Technology Handbook, edited by H. A. Kiehne 
61. Network Modeling, Simulation, and Analysis, edited by Ricardo F. Gatzia and 

Mario R. Gatzia 
62. Linear Circuits, Systems, and Signal Processing: Advanced Theory and 

Applications, edited by Nobuo Nagai 
63. High-Voltage Engineering: Theory and Practice, edited by M. Khalifa 
64. Large-Scale Systems Control and Decision Making, edited by Hiroyuki Tamura 

and Tsuneo Yoshika wa 
65. Industrial Power Distribution and Illuminating Systems, Kao Chen 
66. Distributed Computer Control for Industrial Automation, Dobrivoje Popovic and 

Vijay P. Bhatkar 
67. Computer-Aided Analysis of Active Circuits, Adrian loinovici 
68. Designing with Analog Switches, Steve Moore 
69. Contamination Effects on Electronic Products, Carl J. Tautscher 
70. Computer-Operated Systems Control, Magdi S. Mahmoud 
71. Integrated Microwave Circuits, edited by Yoshihiro Konishi 
72. Ceramic Materials for Electronics: Processing, Properties, and Applications, 

Second Edition, Revised and Expanded, edited by Reba C. Buchanan 
73. Electromagnetic Compatibility: Principles and Applications, David A. Wesfon 

Copyright © 2003 by Expert Verlag. All Rights Reserved.



74. Intelligent Robotic Systems, edited by Spyros G. Tzafestas 
75. Switching Phenomena in High-Voltage Circuit Breakers, edited by Kunio 

Nakanishi 
76. Advances in Speech Signal Processing, edited by Sadaoki Furui and M. Mohan 

Sondhi 
77. Pattern Recognition and Image Preprocessing, Sing-Tze Bow 
78. Energy-Efficient Electric Motors: Selection and Application, Second Edition, John 

C. Andreas 
79. Stochastic Large-Scale Engineering Systems, edited by Spyros G. Tzafestas and 

Keigo Watanabe 
80. Two-Dimensional Digital Filters, Wu-Sheng Lu and Andreas Antoniou 
81. Computer-Aided Analysis and Design of Switch-Mode Power Supplies, Yim-Shu 

Lee 
82. Placement and Routing of Electronic Modules, edited by Michael Pecht 
83. Applied Control: Current Trends and Modern Methodologies, edited by Spyros G. 

Tza fes ta s 
84. Algorithms for Computer-Aided Design of Multivariable Control Systems, Stanoje 

Bingulac and Hugh F. VanLandingham 
85. Symmetrical Components for Power Systems Engineering, J. Lewis Blackburn 
86. Advanced Digital Signal Processing: Theory and Applications, Glenn Zelniker and 

Fred J. Taylor 
87. Neural Networks and Simulation Methods, Jian-Kang Wu 
88. Power Distribution Engineering: Fundamentals and Applications, James J. Burke 
89. Modern Digital Control Systems: Second Edition, Raymond G. Jacquot 
90. Adaptive IIR Filtering in Signal Processing and Control, Phillip A. Regalia 
91. Integrated Circuit Quality and Reliability: Second Edition, Revised and Expanded, 

Eugene R. Hnatek 
92. Handbook of Electric Motors, edited by Richard H. Engelmann and William H. 

Middendorf 
93. Power-Switching Converters, Simon S. Ang 
94. Systems Modeling and Computer Simulation: Second Edition, Naim A. Kheir 
95. EM1 Filter Design, Richard Lee Ozenbaugh 
96. Power Hybrid Circuit Design and Manufacture, Haim Taraseiskey 
97. Robust Control System Design: Advanced State Space Techniques, Chia-Chi 

Tsui 
98. Spatial Electric Load Forecasting, H. Lee Willis 
99. Permanent Magnet Motor Technology: Design and Applications, Jacek F. G i e m  

and Mitchell Wing 
100. High Voltage Circuit Breakers: Design and Applications, Ruben D. Garzon 
101. Integrating Electrical Heating Elements in Appliance Design, Thor Hegbom 
102. Magnetic Core Selection for Transformers and Inductors: A User’s Guide to 

Practice and Specification, Second Edition, Colonel Wm. T. McLyman 
103. Statistical Methods in Control and Signal Processing, edifed by Tohru Katayama 

and Sueo Sugimoto 
104. Radio Receiver Design, Robert C. Dixon 
105. Electrical Contacts: Principles and Applications, edited by Paul G. Slade 
106. Handbook of Electrical Engineering Calculations, edited by Arun G. Phadke 
107. Reliability Control for Electronic Systems, Donald J. LaCombe 
108. Embedded Systems Design with 8051 Microcontrollers: Hardware and Software, 

Zdravko Karakehayov, Knud Smed Christensen, and Ole Winther 
109. Pilot Protective Relaying, edited by Walter A. Elmore 
1 10. High-Voltage Engineering: Theory and Practice, Second Edition, Revised and 

Expanded, Mazen Abdel-Salam, Hussein Anis, Ahdab El-Morshedy, and 
Roshdy Radwan 

Copyright © 2003 by Expert Verlag. All Rights Reserved.



111. EM1 Filter Design: Second Edition, Revised and Expanded, Richard Lee 
Ozenbaugh 

I 12. Electromagnetic Compatibility: Principles and Applications, Second Edition, 
Revised and Expanded, David Wesfon 

11 3. Permanent Magnet Motor Technology: Design and Applications, Second Edition, 
Revised and Expanded, Jacek F. Gieras and Mitchell Wing 

114. High Voltage Circuit Breakers: Design and Applications, Second Edition, 
Revised and Expanded, Ruben D. Ganon 

11 5. High Reliability Magnetic Devices: Design and Fabrication, Colonel Wm. T. 
McLyman 

1 16. Practical Reliability of Electronic Equipment and Products, Eugene R. Hriatek 
1 17. Electromagnetic Modeling by Finite Element Methods, Jo30 Pedro A.. Basfos 

and Nelson Sadowski 
118. Battery Technology Handbook: Second Edition, edited by H. A. Kiehne 

Additional Volumes in Preparation 

Copyright © 2003 by Expert Verlag. All Rights Reserved.



Preface to the Second Edition

There have been many changes since the first edition of the Battery Technology
Handbook, such as technical progress, worldwide changes in the ownership of the
battery companies, and the merging of companies into conglomerates. There were
also changes in the group of contributors of this book. Some former contributors are
no longer with us, while others retired and were replaced by younger experts. All the
chapters have been revised, and some chapters are completely new.

Chapter 1, ‘‘Electrochemical Energy Storage,’’ has been revised and expanded
by D. Berndt, one of the leading battery experts. Completely revised is Chapter 5,
‘‘Battery-Powered Traction: The User’s Point of View,’’ by a new author, W. König.
Also new is Chapter 8, ‘‘The Operation of Batteries,’’ written by U.-C. Stahl.
Chapter 9, ‘‘Motor Vehicle Starter Batteries,’’ has been revised by, G. Sassmanhau-
sen and E. Nann, describing the coming 48-volt technology for cars. Chapter 10,
‘‘High Energy Batteries,’’ is now nearly completely new and was revised by C.-H.
Dustmann, based on the former chapter by W. Fischer. Chapter 15, ‘‘Batteries, an
Overview and Outlook’’ has been revised by H. A. Kiehne, as has Chapter 16,
‘‘Feasibility Study for Appliances’’ based on the former chapter by W. Raudzsus.
Chapter 17, ‘‘Maintenance-Free Lead Batteries with Immobilized Electrolyte’’ is
completely new and was written by H. Tuphorn, a well-known expert in the field of
valve-regulated lead batteries. A new author and an expert on lithium battery
technology, W. Jacobi, has entirely rewritten Chapter 18, ‘‘Lithium Batteries: The
Latest Variant of Portable Electrical Energy.’’ Following the demand for
information on the actual situation in the disposal and recycling of used batteries,
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the two authors J. L. Fricke and N. Knudsen give an exciting report in Chapter 19,
‘‘The Disposal of Portable Batteries.’’

The book is not meant to be a scientific report on brand new developments,
which is the task of events such as scientific conferences and their proceedings, but
delivers basic information and instructions on how batteries work.

I thank all the authors for their contributions, and the patience of the
publishers, Expert Verlag and Marcel Dekker, Inc., in the completion of the
manuscripts. I also thank my wife, Renate Kiehne, who assisted me in correcting the
translation of the original German manuscripts.

H. A. Kiehne
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Preface to the First Edition

Batteries in various applications as rechargeable secondary batteries or as non-
rechargeable primary batteries have to be adapted to steadily changing demands.
Improvements to the existing and well-established systems, e.g., the lead-acid
battery, the nickel-cadmium battery, and the well-known primary battery systems,
have been made in recent years. Increased energy density and maintenance-free
operation, as well as an extended temperature range, are the main aims of
development. At the same time, research and development on new systems, e.g.,
fuel cells and high-temperature batteries, are needed for coming applications as
battery-powered road vehicles with a wider range are already being demonstrated
with the existing types of batteries. Furthermore, miniaturized batteries, such as
lithium batteries, are needed as power sources for appliances and electronic
watches.

The origins of this book go back to two-day seminars on batteries taught at the
Technical Academy of Esslingen. In 1980, Expert Verlag published the first edition
of Batteries. By 1983, a revised second edition was necessary. The chapters dealing
with primary batteries and small rechargeable batteries (lead-acid and nickel-
cadmium batteries) were published at the same time as a separate book, Portable
Batteries, which now constitutes the second half of this volume.

Updated editions of Batteries and Portable Batteries appeared in 1988. It is
hoped that this present English edition will be of help to those who want an extensive
survey on the technical level of commercial batteries as well as insight into their
emerging applications.
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I would like to thank all the contributors and the translator for their
cooperation and the Technical Academy of Esslingen for lecture materials. My
thanks also to Expert Verlag, the original publisher.

H. A. Kiehne
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