WOODHEAD PUBLISHING SERIES IN ENERGY

enductors In
the Power Grid

Materials and Applications

Edited by Christopher Rey

IIIIIIIIII




Contents

List of contributors

Woodhead Publishing Series in Energy
Preface
Acknowledgements

Part One

1

The power grid and the impact of high-temperature superconductor

Fundamentals and materials

technology: an overview
A.P. Malozemoff

1.1
1.2
1.3
1.4
1.5
1.6

Introduction

Overview of the electric power grid

Elements of the electric power grid

Superconductivity

Status and prospects of superconductor power equipment
Conclusion and future trends

Acknowledgments

References

Fundamentals of superconductivity
C.M. Rey, A.P. Malozemoff

2.1
2.2
23
24
25
2.6
2.7
2.8
29
2.10
2.11

History

Meissner effect

London equations and magnetic penetration depth
Critical currents in type I superconductors
Magnetization in type I superconductors
Intermediate state

Coherence length

Type II superconductors

The mixed state: H.; and H.,

Reversible magnetization in type II superconductors
Critical currents and irreversible magnetic properties of type 1I
superconductors

xi
xiii
xxi

xxiii

29

29
30
32
32
33
34
35
36
37
40

41



vi

Contents

2.12  Entropy and free energy

2.13 Bardeen, Cooper and Schrieffer (BCS) theory

2.14 Low-temperature metallic superconductors (LTS): NbTi, NbsSn,
and MgB,

2.15 High-temperature superconductivity

2.16 Comparison of HTS to LTS properties and summary of
fundamental parameters

2.17 Practical superconductors
Acknowledgment
References

Bismuth-based oxide (BSCCO) high-temperature superconducting
wires for power grid applications: properties
and fabrication
K. Sato
3.1 Introduction
3.2 Properties of bismuth-based oxide (BSCCO)
3.3 Fabrication of BSCCO superconducting cables and wires
3.4 Applications of BSCCO superconducting cables and wires
3.5 Future trends

Acknowledgments

References

Second-generation (2G) coated high-temperature superconducting
cables and wires for power grid applications
M.W. Rupich
4.1 Introduction
4.2 Second-generation (2G) materials and wire design
4.3 2G wire fabrication approaches
4.4 2G manufacturers and wire properties
4.5 Applications (brief review of major applications for 2G wire)
4.6 Conclusion and future trends
4.7 Sources of further information and advice
References

Part Two High-temperature superconducting (HTS) cable
technology

5

High-temperature superconducting (HTS) AC cables for power
grid applications

A.P. Malozemoff, J. Yuan, C.M. Rey

5.1 Introduction

5.2 High-temperature superconducting (HTS) AC cable design

56
57

58
62

66
67
70
70

75

75
76
83
87
92
93
93

97

97

98
101
116
118
121
124
125

131

133

133
139



Contents

vii

53
54
5.5
5.6
5.7
5.8
59

AC loss of HTS cables

Terminations

Cryogenic refrigeration systems for HTS AC cables
Principles of fault-current-limiting HTS AC cables
Inductance and capacitance

Some major HTS AC cable projects

Conclusion: commercial prospects for HTS AC cable

Acknowledgments
References

6  Using superconducting DC cables to improve the efficiency
of electricity transmission and distribution (T &D) networks:
an overview

C.E. Bruzek, A. Allais, K. Allweins, D. Dickson, N. Lallouet, E. Marzahn

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11

6.12
6.13

Introduction

Superconducting cable systems: key elements
Superconducting materials

Cable conductors and electrical insulation

Cable cryostat

Cable terminations and joints

Cryogenic machine

DC superconductive cable system configurations
Power dissipation sources in the superconducting system
Power losses from AC ripples

Comparing power dissipation in a DC superconducting
system to a conventional system

Opportunities for DC superconducting cables
Conclusions

References

7  High-temperature superconducting (HTS) power cables cooled
by helium gas
S. Pamidi, C.H. Kim, L. Graber

7.1
7.2
7.3
7.4

7.5
7.6
7.7
7.8
7.9

History of superconducting cables

Introduction to GHe-cooled superconducting cables
Potential applications of GHe cables

Technical issues pertinent to GHe-cooled high-temperature
superconducting (HTS) cables

Dielectric design aspects of helium gas-cooled HTS cables
Design aspects for GHe-cooled HTS cable terminations
Cryogenic helium circulation systems

Ongoing GHe-cooled HTS cable projects

Summary

References

145
149
153
159
170
172
184
185
185

189

189
190
191
195
197
201
203
204
204
208

212
220
223
224

225

225
227
229

231
235
244
245
250
253
253



viii

Contents

High-temperature superconducting cable cooling systems
for power grid applications

J.A. Demko
8.1 Introduction
8.2 Thermal loads

8.3

8.4
8.5
8.6
8.7
8.8
8.9

Topology of high-temperature superconducting (HTS) cable
cooling circuits

Coolant selection

Refrigeration system overview

Types of refrigeration systems

Recent installations

Future trends

Conclusions

References

Part Three Applications

9

10

High-temperature superconducting fault current limiters (FCLs)
for power grid applications
V. Meerovich, V. Sokolovsky

9.1
9.2
9.3

94
9.5
9.6

9.7
9.8

Introduction

Utility requirements for fault-current-limiting parameters
Designs and operation principles of various types of
superconducting fault current limiters (SFCLs)

Status of fault current limiters development and implementation
Comparison of different fault current limiters
Applicability of superconducting fault current limiters in
power systems

Future trends

Sources of further information

References

Further reading

High-temperature superconducting motors and generators for
power grid applications

J.W. Bray

10.1 Introduction

10.2  Principles of superconducting (SC) motors and generators
10.3 Types of SC motors and generators

10.4  Prototypes built to date

10.5 SC wire and cryorefrigeration requirements

10.6  Conclusion and future trends

References

261

261
262

265
266
268
270
274
277
277
278

281

283

283
284

286
299
308

311
314
315
315
323

325

325
326
331
334
335
339
341



Contents ix

11

12

13

Index

High-temperature superconducting magnetic energy storage (SMES)

for power grid applications 345
T.A. Coombs
11.1 Introduction 345
11.2  Construction of superconducting magnetic energy storage
(SMES): maximising energy storage and minimising cost 350
11.3 Materials 357
11.4 Competing technologies 360
11.5 Markets 360
11.6 Future developments 363
References 364

High-temperature superconducting (HTS) transformers for power

grid applications 367
M.P. Staines, Z. Jiang, N. Glasson, R.G. Buckley, M. Pannu
12.1 Introduction 367
12.2  Transformers and the electricity grid 368
12.3 A brief history of superconducting transformers 373
12.4  High-temperature superconducting (HTS) transformers — general

principles 378
12.5 AC loss in transformer windings 379
12.6  Cryogenic systems for HTS transformers 383
12.7 Challenges for HTS transformers 387
12.8 The HTS transformer value proposition — total cost of

ownership (TCO) 392
12.9 Conclusions 393

References 393

Implementing high-temperature superconductors for the power

grid in practice: the case of China 399
LY. Xiao, L.Z. Lin, X.H. Zhang, Y. Xin, Y.J. Tang
13.1 Introduction 399
13.2 Research and development of superconductors in power

in China 400
13.3  The 10 kV superconducting power substation in Baiyin City,

Gansu Province 403
13.4  Superconducting fault current limiters (SFCLs) and the

360 m/10 kA superconducting DC power cable 412
13.5 Superconducting magnetic energy storage 417
13.6  Future trends 423
13.7 Sources of further information and advice 424

References 424

427



	Front Cover
	Related titles
	Superconductors in the Power Grid
	Copyright
	Contents
	List of contributors
	Woodhead Publishing Series in Energy
	Dedication
	Preface
	Acknowledgements
	Part One - Fundamentals and materials
	1 - The power grid and the impact of high-temperature superconductor technology: an overview
	1.1 Introduction
	1.2 Overview of the electric power grid
	1.3 Elements of the electric power grid
	1.4 Superconductivity
	1.5 Status and prospects of superconductor power equipment
	1.6 Conclusion and future trends
	Acknowledgments
	References

	2 - Fundamentals of superconductivity
	2.1 History
	2.2 Meissner effect
	2.3 London equations and magnetic penetration depth
	2.4 Critical currents in type I superconductors
	2.5 Magnetization in type I superconductors
	2.6 Intermediate state
	2.7 Coherence length
	2.8 Type II superconductors
	2.9 The mixed state: Hc1 and Hc2
	2.10 Reversible magnetization in type II superconductors
	2.11 Critical currents and irreversible magnetic properties of type II superconductors
	2.12 Entropy and free energy
	2.13 Bardeen, Cooper and Schrieffer (BCS) theory
	2.14 Low-temperature metallic superconductors (LTS): NbTi, Nb3Sn, and MgB2
	2.15 High-temperature superconductivity
	2.16 Comparison of HTS to LTS properties and summary of fundamental parameters
	2.17 Practical superconductors
	Acknowledgment
	References

	3 - Bismuth-based oxide (BSCCO) high-temperature superconducting wires for power grid applications: properties and fabrication
	3.1 Introduction
	3.2 Properties of bismuth-based oxide (BSCCO)
	3.3 Fabrication of BSCCO superconducting cables and wires
	3.4 Applications of BSCCO superconducting cables and wires
	3.5 Future trends
	Acknowledgments
	References

	4 - Second-generation (2G) coated high-temperature superconducting cables and wires for power grid applications
	4.1 Introduction
	4.2 Second-generation (2G) materials and wire design
	4.3 2G wire fabrication approaches
	4.4 2G manufacturers and wire properties
	4.5 Applications (brief review of major applications for 2G wire)
	4.6 Conclusion and future trends
	4.7 Sources of further information and advice
	References


	Part Two - High-temperature superconducting (HTS) cable technology
	5 - High-temperature superconducting (HTS) AC cables for power grid applications
	5.1 Introduction
	5.2 High-temperature superconducting (HTS) AC cable design
	5.3 AC loss of HTS cables
	5.4 Terminations
	5.5 Cryogenic refrigeration systems for HTS AC cables
	5.6 Principles of fault-current-limiting HTS AC cables
	5.7 Inductance and capacitance
	5.8 Some major HTS AC cable projects
	5.9 Conclusion: commercial prospects for HTS AC cable
	Acknowledgments
	References

	6 - Using superconducting DC cables to improve the efficiency of electricity transmission and distribution (T&D) networks:  ...
	6.1 Introduction
	6.2 Superconducting cable systems: key elements
	6.3 Superconducting materials
	6.4 Cable conductors and electrical insulation
	6.5 Cable cryostat
	6.6 Cable terminations and joints
	6.7 Cryogenic machine
	6.8 DC superconductive cable system configurations
	6.9 Power dissipation sources in the superconducting system
	6.10 Power losses from AC ripples
	6.11 Comparing power dissipation in a DC superconducting system to a conventional system
	6.12 Opportunities for DC Superconducting Cables
	6.13 Conclusions
	References

	7 - High-temperature superconducting (HTS) power cables cooled by helium gas
	7.1 History of superconducting cables
	7.2 Introduction to GHe-cooled superconducting cables
	7.3 Potential applications of GHe cables
	7.4 Technical issues pertinent to GHe-cooled high-temperature superconducting (HTS) cables
	7.5 Dielectric design aspects of helium gas-cooled HTS cables
	7.6 Design aspects for GHe-cooled HTS cable terminations
	7.7 Cryogenic helium circulation systems
	7.8 Ongoing GHe-cooled HTS cable projects
	7.9 Summary
	References

	8 - High-temperature superconducting cable cooling systems for power grid applications
	8.1 Introduction
	8.2 Thermal loads
	8.3 Topology of high-temperature superconducting (HTS) cable cooling circuits
	8.4 Coolant selection
	8.5 Refrigeration system overview
	8.6 Types of refrigeration systems
	8.7 Recent installations
	8.8 Future trends
	8.9 Conclusions
	References


	Part Three - Applications
	9 - High-temperature superconducting fault current limiters (FCLs) for power grid applications
	9.1 Introduction
	9.2 Utility requirements for fault-current-limiting parameters
	9.3 Designs and operation principles of various types of superconducting fault current limiters (SFCLs)
	9.4 Status of fault current limiters development and implementation
	9.5 Comparison of different fault current limiters
	9.6 Applicability of superconducting fault current limiters in power systems
	9.7 Future trends
	9.8 Sources of further information
	References
	Further reading

	10 - High-temperature superconducting motors and generators for power grid applications
	10.1 Introduction
	10.2 Principles of superconducting (SC) motors and generators
	10.3 Types of SC motors and generators
	10.4 Prototypes built to date
	10.5 SC wire and cryorefrigeration requirements
	10.6 Conclusion and future trends
	References

	11 - High-temperature superconducting magnetic energy storage (SMES) for power grid applications
	11.1 Introduction
	11.2 Construction of superconducting magnetic energy storage (SMES): maximising energy storage and minimising cost
	11.3 Materials
	11.4 Competing technologies
	11.5 Markets
	11.6 Future developments
	References

	12 - High-temperature superconducting (HTS) transformers for power grid applications
	12.1 Introduction
	12.2 Transformers and the electricity grid
	12.3 A brief history of superconducting transformers
	12.4 High-temperature superconducting (HTS) transformers – general principles
	12.5 AC loss in transformer windings
	12.6 Cryogenic systems for HTS transformers
	12.7 Challenges for HTS transformers
	12.8 The HTS transformer value proposition – total cost of ownership (TCO)
	12.9 Conclusions
	References

	13 - Implementing high-temperature superconductors for the power grid in practice: the case of China
	13.1 Introduction
	13.2 Research and development of superconductors in power in China
	13.3 The 10kV superconducting power substation in Baiyin City, Gansu Province
	13.3 The 10kV superconducting power substation in Baiyin City, Gansu Province
	13.4 Superconducting fault current limiters (SFCLs) and the 360m/10kA superconducting DC power cable (Xiao et al., 2012b; Xin et ...
	13.5 Superconducting magnetic energy storage
	13.6 Future trends
	13.7 Sources of further information and advice
	References


	Index



