Editors
Sven G. Sommer, Morten L. Christensen, Thomas Schmidt

and Lars Stoumann Jensen

Animal Manure
Recycling

Treatment and Management







Animal Manure Recycling






Animal Manure Recycling

Treatment and Management

Edited by

SVEN G. SOMMER

Institute of Chemical Engineering, Biotechnology and Environmental Technology,
University of Southern Denmark, Denmark

MORTEN L. CHRISTENSEN

Department of Biotechnology, Chemistry and Environmental Engineering,
Aalborg University, Denmark

THOMAS SCHMIDT
Technology Transfer Office, Aarhus University, Denmark

LARS S. JENSEN

Department of Plant and Environmental Sciences, University of Copenhagen,
Denmark

WILEY



This edition first published 2013
© 2013 John Wiley & Sons Ltd

Registered office
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, United Kingdom

For details of our global editorial offices, for customer services and for information about how to apply for permission to reuse the copyright material in
this book please see our website at www.wiley.com.

The right of the author to be identified as the author of this work has been asserted in accordance with the Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, except as permitted by the UK Copyright, Designs and Patents Act 1988, without the prior permission
of the publisher.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in electronic books.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and product names used in this book are
trade names, service marks, trademarks or registered trademarks of their respective owners. The publisher is not associated with any product or vendor
mentioned in this book.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in preparing this book, they make no representations
or warranties with respect to the accuracy or completeness of the contents of this book and specifically disclaim any implied warranties of merchantability
or fitness for a particular purpose. It is sold on the understanding that the publisher is not engaged in rendering professional services and neither the
publisher nor the author shall be liable for damages arising herefrom. If professional advice or other expert assistance is required, the services of a
competent professional should be sought.

The advice and strategies contained herein may not be suitable for every situation. In view of ongoing research, equipment modifications, changes in
governmental regulations, and the constant flow of information relating to the use of experimental reagents, equipment, and devices, the reader is urged to
review and evaluate the information provided in the package insert or instructions for each chemical, piece of equipment, reagent, or device for, among
other things, any changes in the instructions or indication of usage and for added warnings and precautions. The fact that an organization or Website is
referred to in this work as a citation and/or a potential source of further information does not mean that the author or the publisher endorses the information
the organization or Website may provide or recommendations it may make. Further, readers should be aware that Internet Websites listed in this work may
have changed or disappeared between when this work was written and when it is read. No warranty may be created or extended by any promotional
statements for this work. Neither the publisher nor the author shall be liable for any damages arising herefrom.

Library of Congress Cataloging-in-Publication Data

Animal manure : recycling, treatment, and management / edited by Sven Gjedde Sommer, Lars Stoumann Jensen, Morten L. Christensen, Thomas Schmidt.
pages cm
Includes index.
ISBN 978-1-118-48853-9 (cloth)
1. Animal waste—Recycling. 2. Biomass energy. 3. Farm manure. 4. Manures. 1. Sommer, Sven Gjedde, 1955— editor of compilation. II. Jensen,
Lars Stoumann, editor of compilation. III. Christensen, Morten L., editor of compilation. IV. Schmidt, Thomas, editor of compilation.
S655.A55 2013
628'.7466-dc23
2013015045

A catalogue record for this book is available from the British Library.
ISBN: 9781118488539

Typeset in 10/12pt Times by Aptara Inc., New Delhi, India

1 2013


http://www.wiley.com

Contents

List of Contributors

Preface

Acknowledgements

1 Animal Manure - From Waste to Raw Materials and Goods
Sven G. Sommer

References

2 Animal Production and Animal Manure Management
Sven G. Sommer and Morten L. Christensen

2.1
22

23

24

25

Introduction

Housing, Feedlots and Exercise Areas

22.1 Cattle

2.2.2 Pigs

2.2.3  Poultry

2.24 Integrated Production Systems
Management of Manure

2.3.1 Deep Litter Management

2.3.2  Slurry Management

2.3.3 Separation of Slurry

Systems Analysis Method for Assessing Mass Flows
2.4.1 Mass Balance and Process Specifications
Summary

References

3 Regulations on Animal Manure Management
Sven G. Sommer, Oene Oenema, Teruo Matsunaka and Lars S. Jensen

3.1
32
33
34
3.5

3.6

Introduction

Environmental Issues

Need for Government Regulations

Global Regulation — Multilateral Environmental Agreements

Regional Regulations — Exemplified with EU Directives and Regulations
3.5.1 EU CAP and its Reforms

3.5.2 EU Environmental Directives

3.5.3 Reducing Ammonia Emissions from Manure Management in Europe
National Regulations on Agricultural Pollution

3.6.1 United States

xiii
XV

Xvii

11
12
14
15
15
16
17
18
19
23
23

25

25
26
29
30
31
31
32
33
34
34



vi

Contents

3.7

3.6.2
3.6.3

Japan
Denmark

Summary
References

Manure Characterisation and Inorganic Chemistry
Morten L. Christensen and Sven G. Sommer

4.1
4.2
4.3

4.4

4.5

Introduction
Livestock Manure Categories
Physical Characterisation of Manure

43.1
432
433

Particle Size
Manure Density and Viscosity
Electrochemical Properties

Manure Inorganic Chemistry

4.4.1 Ions in Solution

4.42 pH Buffer System

4.4.3 Volatile Components

4.4.4 Absorbed Exchangeable Cations
4.4.5 Crystals and Adsorbed Ions
Summary

References

Manure Organic Matter — Characteristics and Microbial Transformations
Lars S. Jensen and Sven G. Sommer

5.1
52

53

54

5.5

5.6

Introduction

Manure Organic Matter Composition

5.2.1 Carbon

5.2.2 Nitrogen

5.2.3 Characterisation of Manure Organic Matter

Manure Microbiology

Microbial and Biochemical Transformations in Manure

5.4.1 Aerobic Decomposition of Organic Matter

5.4.2  Anaerobic Decomposition of Organic Matter

Transformations of Nitrogen

5.5.1 Urea and Uric Acid Transformation

5.5.2  Ammonification or Mineralisation — Organic Nitrogen Transformation
to Ammonium

5.5.3 Immobilisation

5.5.4 Nitrification

5.5.5 Nitrification—Denitrification Coupling

Summary

References

Sanitation and Hygiene in Manure Management
Bjorn Vinneras

6.1

Hygiene Risks Associated with Manure Management

35
37
38
39

41

41
42
45
45
46
47
49
50
51
55
58
59
63
63

67

67
68
69
70
71
73
75
78
80
82
83

84
84
85
86
87
87

91

91



6.2  Why Must the Pathogens in Manure be Managed?
6.2.1 Manure Treatment
6.2.2 Expression of Pathogen Reduction
6.3  Manure Treatment Alternatives
6.3.1 Storage
6.3.2 Anaerobic Treatment
6.3.3 Composting
6.4  Chemical Treatment
6.4.1 Ammonia Treatment
6.4.2 Ammonia Sanitisation at the Farm Level
6.5 Summary
References

Solid-Liquid Separation of Animal Slurry
Morten L. Christensen, Knud V. Christensen and Sven G. Sommer

7.1  Introduction
7.2 Removal and Separation Efficiency
7.3  In-House Separation
7.4 Solid-Liquid Separation of Manure Slurry
7.4.1 Sedimentation
7.4.2 Centrifugation
7.4.3 Drainage
7.4.4 Filtration with Pressure
7.4.5 User Demand on Performance of the Technology
7.5  Pre-Treatment: Chemical Additives
7.5.1 Precipitation, Coagulation and Flocculation
7.5.2  Struvite Crystallisation
7.6  Post-Treatment: Separation Techniques
7.6.1 Evaporation of Water and Stripping of Ammonia
7.6.2 Membranes
7.7 Summary
References

Gaseous Emissions of Ammonia and Malodorous Gases
Sven G. Sommer and Anders Feilberg

8.1  Introduction
8.2  Characteristics of Ammonia and Hydrogen Sulfide
8.3  Processes Involved in Emission
8.3.1 Liquid and Air Diffusion Processes
8.3.2 Air—Water Equilibrium
8.3.3 Acid-Base Equilibrium
8.4  Two-Layer Transport and Release Model
8.4.1 Gas or Liquid Film Controlling Transfer
8.5  Assessment of Gas Release and Emission
8.5.1 Calculations Using Emission Coefficients
8.5.2 Gas Release and Chemical Equilibrium

Contents

vii

92
93
93
95
96
96
97
99
99
102
102
103

105

105
106
107
108
108
111
113
116
118
119
119
122
124
124
125
129
129

131

131
132
133
134
136
138
141
144
147
147
148



viii  Contents

8.6

8.5.3 Effects of Air Turbulence and Surface Component Concentration on Emissions
Summary
References

9 Ammonia and Malodorous Gases: Sources and Abatement Technologies
Anders Feilberg and Sven G. Sommer

9.1
9.2

9.3

94

9.5

9.6

Introduction

Measurement Methods

9.2.1 Odour Measurement

9.2.2 Relationships Between Odour and Odorants

Ammonia Emissions

9.3.1 Pig and Cattle Houses — Slatted Floor and Slurry Pits

9.3.2 Pig and Cattle Houses — Solid Floor and Deep Litter

9.3.3 Poultry Houses

9.3.4 Ammonia Emissions from Manure Storage

9.3.5 Field-Applied Manure

Odour Emissions

9.4.1 Livestock Buildings

9.4.2 Volatile Organic Compounds and Hydrogen Sulphide Emissions from
Livestock Production

Technologies and Additives to Reduce NH3 and Odour Emissions

9.5.1 Air Treatment Techniques

9.5.2 Aeration

9.5.3 Additives

Summary

References

10 Greenhouse Gas Emissions from Animal Manures and Technologies for Their Reduction
Sven G. Sommer, Tim J. Clough, David Chadwick and Sgren O. Petersen

10.1
10.2
10.3

10.4

10.5

Introduction

Processes of Methane and Nitrous Oxide Production
Methane Production from Manure

10.3.1 Effect of Temperature

10.3.2 Manure Storage Methods

10.3.3 Field-Applied Manure

Nitrous Oxide Production from Manure

10.4.1 Stored Manure

10.4.2 Field-Applied Manure

Reduction in Greenhouse Gas Emissions

10.5.1 Reduced Inoculum

10.5.2 Mitigation Technologies and Management
10.5.3 Reducing Volatile Solids and Nitrogen
10.5.4 Additives

10.5.5 Covers

10.5.6 Whole System Analysis of Technologies to Reduce Greenhouse Gases

149
150
151

153

153
154
155
156
157
157
159
159
161
162
164
165

166
167
167
170
171
172
173

177

177
179
180
181
181
182
183
183
185
186
188
188
188
189
190
190



11

12

10.6

Contents

Summary
References

Nutrient Leaching and Runoff from Land Application of Animal Manure and Measures
for Reduction
Peter Sgrensen and Lars S. Jensen

11.1

11.2

11.3

11.4
11.5

Introduction
Leaching and Runoff of Manure Nitrogen
11.2.1 Leaching of Manure Nitrogen in the First Year after Application and Methods
for Reducing the Risk
11.2.2 Long-Term Leaching of Manure Nitrogen
11.2.3 Nitrogen Losses via Runoff and Strategies for Reducing the Risk
Leaching and Runoff of Manure Phosphorus
11.3.1 Leaching of Manure Phosphorus
11.3.2  Phosphorus Losses via Runoff and Strategies for Reducing the Risk
Leaching and Runoff of Potassium
Summary
References

Technologies and Logistics for Handling, Transport and Distribution of Animal Manures
Claus A.G. Sprensen, Sven G. Sommer, Dionysis Bochtis and Alan Rotz

12.1
12.2
12.3
12.4

12.5

12.6

12.7

12.8

12.9
12.10

Introduction
Overview of Manure Systems
Animal Manure Characteristics
Removal from Animal Houses
12.4.1 Solid Manure
12.4.2  Liquid Manure and Slurry
Manure Storage
12.5.1 Solid Manure Stores
12.5.2 Liquid Manure Stores
12.5.3 Stirring — Homogenising Liquid Manure
Transport of Manure
12.6.1 Liquid Manure Transport by Gravity
12.6.2 Transport of Slurry by Pumping
12.6.3 Tanker Transport
Application of Manure in the Field
12.7.1 Solid Manure Application
12.7.2 Liquid Manure Application
Manure Operations Management
12.8.1 Emptying the Animal House
12.8.2 Transport of Manure
12.8.3  Application in the Field
Farm Scenarios
Summary

References

ix

191
192

195

195
199

199
201
203
203
204
206
207
207
208

211

211
213
213
214
214
217
217
217
218
219
219
219
219
220
220
220
220
222
222
224
228
232
234
234



X

13

14

15

Contents

Bioenergy Production
Sven G. Sommer, Alastair J. Ward and James J. Leahy

13.1 Introduction
13.2 Biomass and Energy
13.2.1 Operation of Combustion Plant
13.2.2 Pre-Treatment of Biomass
13.2.3 Energy Production Using Straw Residues
13.2.4 Residues from Incineration
13.3 Biogas Production
13.3.1 Biogas Process
13.3.2 Inhibition of the Biogas Production Process
13.3.3  Gas Production Rates
13.3.4 Biogas Digester Design
13.3.5 Sizing Digesters
13.3.6 Water Removal
13.3.7 Dihydrogen Sulfide Removal
13.3.8 Carbon Dioxide Removal and Upgrading Biogas for the Natural
Gas Network and Transport Fuels
13.4  Summary
References

Animal Manure Residue Upgrading and Nutrient Recovery in Biofertilisers
Lars S. Jensen

14.1 Introduction
14.2 Manure Upgrading Options
14.3 Composting of Manures
14.3.1 Basic Composting Concepts
14.3.2  Control of the Composting Process
14.3.3 Biofertiliser Value of Manure-Based Composts in Agriculture
14.3.4  Use of Compost Products in the Non-Agricultural Sector
14.4  Drying and Pelletising Solid Manures
14.5 Manure Combustion and Gasification Ash
14.5.1 Ash Extraction and Conversion
14.6  Biochar from Pyrolysis or Carbonisation of Solid Manures
14.7 Precipitates and Mineral Concentrates from Liquid Manures
14.7.1 Struvite
14.7.2  Mineral Concentrates
14.8 Summary
References

Animal Manure Fertiliser Value, Crop Utilisation and Soil Quality Impacts
Lars S. Jensen

15.1 Introduction
15.2 Fertilisation and Crop Nutrient Use Efficiency
15.2.1 Source of Nitrogen Supply to Crops

237

237
240
247
250
251
252
252
253
256
260
261
264
266
266

266
267
267

271

271
272
276
276
279
281
282
283
284
285
287
288
288
288
290
291

295

295
296
297



Contents  xi

15.2.2  Crop Yield Response to Fertiliser Nitrogen and the Economic Optimum 298
15.2.3 Crop Nitrogen Uptake Efficiency 299
15.3 Use of Animal Manures as Organic Fertilisers 302
15.3.1 Manure Chemical Properties and Effects on Soil Fertility 302
15.3.2 Manure Effects on Soil Biological Activity and Nutrient Turnover 304
15.3.3 Manure Effects on Soil Physical Properties 308
15.4 Manure Fertiliser Value as Affected by Application Method, Manure Type
and Treatment 308
15.4.1 MEFE Value 309
15.4.2 Manure Application Methods 311
15.4.3 First-Year N-MFE Value for Various Manure Types 314
15.4.4 Long-Term Manure Nitrogen Turnover and Residual MFE Value 320
15.4.5 Strategies for Combined Manure and Mineral Fertiliser Use 323
15.5 Summary 324
References 325
16 Life Cycle Assessment of Manure Management Systems 329
Sander Bruun, Marieke T. Hoeve and Morten Birkved
16.1 Introduction 329
16.2 Introduction to the Life Cycle Assessment Methodology 330
16.3  Four Phases of a Life Cycle Assessment 330
16.4 Goal and Scope 330
16.4.1 System Boundaries 331
16.4.2  Allocation Problems 331
16.4.3 Consequential versus Attributional Life Cycle Assessments 333
16.5 Inventory Analysis 334
16.6 Impact Assessment 336
16.6.1 Impact Category Definition, Classification and Characterisation 336
16.6.2 Normalisation 337
16.6.3 Weighting 338
16.7 Interpretation 340
16.8  Summary 340
References 341
17 Innovation in Animal Manure Management and Recycling 343
Thomas Schmidt
17.1 Introduction — Why is Innovation Important? 343
17.2  Innovation Typology 345
17.3  Identifying New Innovations 347
17.4  Assessing the Potential of New Innovations 350
17.5 Commercialisation of New Innovations 352
17.6  Summary 355
References 355

Index 357






List of Contributors

Morten Birkved, Department of Management Engineering, Technical University of Denmark, Denmark
Dionysis Bochtis, Department of Engineering, Aarhus University, Denmark
Sander Bruun, Department of Plant and Environmental Sciences, University of Copenhagen, Denmark

David Chadwick, School of Environment, Natural Resources & Geography, Bangor University, Environment
Centre for Wales, UK

Knud V. Christensen, Institute of Chemical Engineering, Biotechnology and Environmental Technology,
University of Southern Denmark, Denmark

Morten L. Christensen, Department of Biotechnology, Chemistry and Environmental Engineering, Aalborg
University, Denmark

Tim J. Clough, Faculty of Agriculture and Life Sciences, Lincoln University, New Zealand

Anders Feilberg, Department of Engineering, Aarhus University, Denmark

Lars S. Jensen, Department of Plant and Environmental Sciences, University of Copenhagen, Denmark
James J. Leahy, Department of Chemical and Environmental Sciences, University of Limerick, Ireland
Teruo Matsunaka, Faculty of Dairy Science, Rakuno Gakuen University, Japan

Oene Oenema, Environmental Sciences, Wageningen University, Netherlands

Sgren O. Petersen, Department of Agroecology, Aarhus University, Denmark

Alan Rotz, USDA-ARS Pasture Systems and Watershed Management Research Unit, USA

Thomas Schmidt, Technology Transfer Office, Aarhus University, Denmark

Sven G. Sommer, Institute of Chemical Engineering, Biotechnology and Environmental Technology,
University of Southern Denmark, Denmark

Claus A.G. Sgrensen, Department of Engineering, Aarhus University, Denmark
Peter Sgrensen, Department of Agroecology, Aarhus University, Denmark
Marieke ten Hoeve, Department of Plant and Environmental Sciences, University of Copenhagen, Denmark

Bjorn Vinneras, Department of Energy and Technology, Swedish University of Agricultural Sciences;
National Veterinary Institute, Sweden

Alastair J. Ward, Department of Engineering, Aarhus University, Denmark



