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Preface

Carbon capture and sequestration (CCS) are essential technologies if we are not to
have to spend ruinously in converting our energy supply in its entirety to renewable
sources and to avoid very dangerous rises in average global temperatures. In order
for this to happen there must first be the political will, a subject beyond the scope
of this book, and the availability of cheap, effective methods of achieving widespread
implementation of CCS technology. Low cost, in particular, will make CCS more
palatable and hasten its universal adoption.

To this end, there is a continuous effort on the part of the global R&D community to
develop cheaper and better methods of carbon capture and sequestration. While amine
scrubbing in its various forms still represents the gold standard, and is finally seeing its
first full-scale demonstrations, the cost and other aspects of this technology remain
problematic. To that end, the use of solids instead of liquids to capture CO, and release
it in a concentrated form in combustion, gasification, and reforming or to convert
hydrocarbon fuels directly to CO, and H,0, thus allowing the production of pure
CO; streams has become increasingly important.

This book examines two new technologies designed to achieve these ends: Ca loop-
ing for CO, capture and chemical looping combustion (CLC) for fuel conversion using
solid oxygen carriers. Both technologies have been under development by the research
community in the last couple of decades and both technologies have now been imple-
mented at the large pilot plant scale (several MWt). While Ca Looping and CLC
technologies still await demonstration at the industrial scale, they continue to be
explored in several hundred centers worldwide. This book presents these two technol-
ogies and demonstrates that both of them represent vibrant areas of research and that
both have the potential to significantly advance CCS technology at the industrial and
utility level.

P.S. Fennell (Imperial College)
E.J. Anthony (Cranfield University)



Contents

List of contributors
Woodhead Publishing Series in Energy
Preface

Part One Introduction to calcium and chemical looping
technology

1 Calcium and chemical looping technology: an introduction
P. Fennell
1.1 Introduction
References

2 Energy and exergy pertaining to solid looping cycles

L.M. Romeo, P. Lisbona, Y. Lara, A. Martinez

2.1 Introduction

2.2 Energy penalty in capture and conditioning

2.3 Energy and exergy pertaining to calcium looping (Cal.)

24  Energy and exergy pertaining to chemical looping
combustion (CLC)

2.5 Future trends

2.6 Conclusions
References

3 Economics of chemical and calcium looping
P. Fennell
3.1 Introduction
3.2 Economics of calcium looping
3.3 Costs of chemical looping
3.4 Conclusions
Acknowledgements
References

xi
xiii
Xix

15

15
16
19

25
30
33
33

39

39
42
44
47
47
47



vi

Contents

Part Two

4

Synthetic calcium oxide-based carbon dioxide sorbents for calcium

Fundamentals of calcium looping technology

looping processes
M. Broda, A.M. Kierzkowska, C.R. Miiller

4.1
4.2
4.3
44

4.5

Enhancement of natural limestone sorbents for calcium looping

Introduction

Unsupported CaO

Supported CaO

Approaches to manipulate the porosity of CaO-based CO,
sorbents

Outlook and conclusions

References

processes
J. Blamey, J.G. Yao, Y. Arai, P. Fennell

5.1
5.2
5.3
5.4
b {5
5.6
5.7

Introduction

Reactivation by hydration

Reactivation by extended carbonation
Reactivation by grinding and repelletization
Doping pretreatment

Thermal pretreatment

Conclusions

References

Calcium looping reactor design for fluidized-bed systems
M.E. Diego, I. Martinez, M. Alonso, B. Arias, J.C. Abanades

6.1
6.2
6.3
6.4

6.5
6.6

Introduction

Main reactors and solid residence-time-distribution curves
Basic modelling of the carbonator reactor

Basic design of a calciner reactor in fluidized-bed calcium
looping systems

Other reactor designs in postcombustion calcium looping
Conclusions

References

Calcium looping technologies for gasification and reforming
N. Florin, M. Boot-Handford, P. Fennell

7.1
7.2
7.3
7.4
$3
7.6

Introduction

Combined shift and carbonation reactions
Sorption-enhanced reforming

Gasification of solid fuels

ZEC process

CalL by pressure-swing and the Endex concept

49

51

51
54
56

65
68
70

73

73
75

86
89
96
100
101

107

107
108
112

120
125
133
134

139

139
139
144
146
147
148



Contents

vii

Part Three

7.7
7.8

CaL coupled with CLC
Conclusions and observations
References

End use of lime-based sorbents from calcium looping systems
J. Blamey, E.J. Anthony

8.1
8.2
8.3
8.4
8.5

Introduction

The scale of spent sorbent production

The use of sorbent for cement manufacture
Alternative uses of spent sorbent
Concluding remarks

Acknowledgements

References

Pilot plant experience with calcium looping
H. Dieter, A.R. Bidwe, G. Scheffknecht

9.1
9.2
93
9.4
9.5

Introduction

Calcium looping facilities around the world
Plant operating experiences

Parametric studies in pilot plants

Summary

References

technology

10

11

Fundamentals of chemical looping combustion and introduction

to CLC reactor design
T. Proll

10.1
10.2
10.3
10.4

10.5
10.6

Introduction

Fundamentals of chemical looping combustion
Chemical looping reactor systems

Specific design aspects of chemical looping combustion
systems

Modelling options for chemical looping combustion systems

Industrial application and future trends in chemical looping
combustion

References

Appendix: list of symbols

Oxygen carriers for chemical-looping combustion

A. Lyngfelt
11.1 Introduction
11.2 Range of oxygen-carrier materials

Fundamentals of chemical looping combustion

149
150
151

153

153
153
156
164
167
167
167

171

171
171
181
187
192
193

195

197

197
198
204

209
213

214
216
218

221

221
221



viil

Contents

12

13

14

15

11.3
11.4
11.5
11.6
11.7

Manufactured oxygen carriers

Ores and waste materials

Concluding remarks

Future trends

Sources of further information and advice
References

Chemical looping combustion of gaseous fuels

J. Addnez

12.1 Introduction

12.2  Oxygen carriers suitable for gaseous fuels
12.3 Pilot testing for gaseous fuels

12.4 Process modelling and reactor design
12.5 Future trends ’

Acknowledgements
References

Chemical looping combustion of liquid fuels

M. Rydén
13.1 Introduction
13.2 The range of liquid fuels for chemical looping combustion
13.3 Reactor design for chemical looping combustion of
liquid fuels
13.4 Oxygen carrier selection for liquid fuels
13.5 Future trends

References

Chemical-looping combustion of solid fuels
C. Linderholm, A. Lyngfelt

14.1
14.2
14.3
14.4
14.5
14.6
14.7

Introduction

Choice of fuel

Oxygen carriers for solid fuels

Operational experience

Reactor design and modeling fuel conversion
Cost and energy penalty

Conclusions and outlook

References

Chemical looping for hydrogen production

A. Abad

15.1 Introduction

15.2 Steam reforming integrated with chemical looping
combustion (SR-CLC)

15.3 Auto-thermal chemical looping reforming

15.4 Chemical looping gasification

231
239
242
242
243
243

255

255
258
265
273
278
278
278

287

287
287

289
294
295
296

299

299
301
304
307
314
317
319
321

327
327
329

335
349



