
Bioenergy & 
Sustainability:  
bridging the gaps

SCOPE • FAPESP • BIOEN • BIOTA • FAPESP CLIMATE CHANGE

EDITED BY

Glaucia Mendes Souza
Reynaldo L. Victoria
Carlos A. Joly
Luciano M. Verdade



CLIMATE
CHANGE



Bioenergy & 
Sustainability:  
bridging the gaps

EditED BY

Glaucia Mendes Souza
Universidade de São Paulo, Brazil

Reynaldo L. Victoria
Universidade de São Paulo, Brazil

Carlos A. Joly
Universidade Estadual de Campinas, Brazil

Luciano M. Verdade
Universidade de São Paulo, Brazil

São Paulo • 2015



Copyright © 2015 Scientific Committee on Problems of the Environment (SCOPE)

All rights reserved. No part of this publication may be reproduced in any form 
or by any means, electronically, mechanically, by photocopying, recording 
or otherwise, without the permission in writing of the copyright owners.

Permission to reproduce portions of this book, or inquiries regarding licensing 
publication rights to this book as a whole should be addressed to SCOPE 
(Scientific Committee on Problems of the Environment, 1 rue Miollis, 75732 
Paris Cedex 15, France. Email secretariat@scopenvironment.org) 

Bioenergy & Sustainability: bridging the gaps / edited by Glaucia Mendes 
Souza, Reynaldo L. Victoria, Carlos A. Joly and Luciano M. Verdade.

SCOPE 72. Includes bibliographical references and index.

Graphic design: Áttema Editorial :: Assessoria e Design (www.attemaeditorial.com.br) 
Cover design and publishing: Fernando Sian Martins 
Publishing assistant: Rhaiza Fontes Cirilo

 

ISBN: 978-2-9545557-0-6



section I 
Front matter

Contents

Section I                                                                                            i
Foreword............................................................................................................. iii

SCOPE Bioenergy & Sustainability Contributors ...............................................  v

Acknowledgments .............................................................................................. xi

Section II - Summaries	 3
Executive Summary	 4
1.Technical Summary	 8

1.1 Introduction................................................................................................... 12

1.2 Sustainable Development and Innovation.................................................... 13

1.3 Global Climate Change................................................................................ 14

1.4 Planning the Expansion of Bioenergy.......................................................... 15
1.4.1 Integrated Policy to Maximize Bioenergy Benefits and Positive Synergies...........17
1.4.2 Sustainable and Reliable Biomass Supply............................................................20
1.4.3 Developing Sustainable Biorefinery Systems........................................................21
1.4.4 Bioenergy Governance..........................................................................................23
1.4.5 Bioenergy Certification and Social Aspects...........................................................24
1.4.6 Financing the Bioenergy Effort...............................................................................24
1.4.7 Bioenergy Trade Expansion...................................................................................25

1.5 Conclusions.................................................................................................. 25

2.Bioenergy Numbers	 28
2.1 Introduction................................................................................................... 29

2.2 Bioenergy Production Now........................................................................... 29
2.2.1 Current Feedstocks ...............................................................................................30
2.2.2 Current Land Use...................................................................................................33
2.2.3 Current Conversion Technologies..........................................................................33

2.2.3.1 Conventional Ethanol......................................................................................33

2.2.3.2 Ethanol and Flexible Fuel Vehicle Engines.....................................................35

2.2.3.3 Biodiesel..........................................................................................................35

2.2.3.4 Biodiesel Vehicle Engines...............................................................................36



section I 
Front matter

2.2.3.5 Lignocellulosic Ethanol....................................................................................36
2.2.3.6 Aviation Biofuels..............................................................................................37
2.2.3.7 Renewable Diesel............................................................................................37
2.2.3.8 Bioelectricity....................................................................................................37
2.2.3.9 Biogas..............................................................................................................38
2.2.3.10 Biogas Vehicles.............................................................................................40
2.2.3.11 Heat...............................................................................................................40

2.2.4 Emissions...............................................................................................................40

2.3 Bioenergy Expansion................................................................................... 42
2.3.1 Land Availability.....................................................................................................42
2.3.2 Biomass Production Potential ...............................................................................44
2.3.3 Bioenergy Costs.....................................................................................................46
2.3.4 Biomass Supply in the Face of Climate Change....................................................47
2.3.5 Impacts of Bioenergy Expansion on Biodiversity and Ecosystems........................47
2.3.6 Indirect Effects.......................................................................................................49
2.3.7 Financing...............................................................................................................49
2.3.8 Trade......................................................................................................................50

2.4 Bioenergy Added Benefits to Social and Environmental Development........ 50
2.4.1 Biomass Carbon Capture and Sequestration........................................................50
2.4.2 Improvement of Soil Quality...................................................................................52
2.4.3 Increasing Soil Carbon...........................................................................................53
2.4.4 Pollution Reduction................................................................................................55
2.4.5 Social Benefits.......................................................................................................55

Section III - Synthesis Chapters	 59
3.Energy Security	

Highlights............................................................................................................ 61

3.1 Introduction................................................................................................... 62

3.2 Key Findings................................................................................................. 62
3.2.1 Understanding Energy Security and Bioenergy ....................................................62

3.2.1.1 Availability and Markets...................................................................................64
3.2.1.2 Access and Energy Security ...........................................................................66
3.2.1.3 Usability and Processing.................................................................................66
3.2.1.4 Stability and Storage.......................................................................................68

3.2.2 Interconnectivity with Key Goals and Policies........................................................69
3.2.2.1 The Food and Security Nexus.........................................................................71



section I 
Front matter

3.2.2.2 Economics, Markets and Investment...............................................................73

3.2.3 Bioenergy Technology Related Energy Security Issues........................................74
3.2.4 Geopolitics of Bioenergy and Energy Security ......................................................76
3.2.5 Local Issues ..........................................................................................................79

3.2.5.1 Lifeline Energy Needs.....................................................................................79

3.2.5.2 Pollution ..........................................................................................................80

3.2.5.3 Water Use........................................................................................................80

3.2.5.4 Economics, Jobs and Livelihoods...................................................................81

3.2.5.5 Women and Children, Education and Development........................................82

3.2.5.6 Health Impacts.................................................................................................82

3.2.5.7 Co-Benefits and Tradeoffs...............................................................................82

3.2.5.8 Research Needs and Sustainability.................................................................83

3.3 Conclusions and Recommendations............................................................ 83

3.4 The Much Needed Science.......................................................................... 84
3.4.1 Availability of Sustainable Biomass........................................................................85
3.4.2 Conversion Technologies.......................................................................................85
3.4.3 Needed Science for Bioenergy to Achieve  
Maximum Benefit to Energy Security..............................................................................86

Acknowledgments.............................................................................................. 86

Literature Cited................................................................................................... 87

4.Bioenergy and Food Security	 90
Highlights ........................................................................................................... 91

Summary............................................................................................................ 91

4.1 Introduction................................................................................................... 93
4.1.1 Relevance .............................................................................................................93

4.1.2 What is Food Security? .....................................................................................97

4.1.3 Ethical Principles ...............................................................................................97

4.1.4 What has changed? - Emerging Evidence  
on Bioenergy and Food Security.................................................................................99

4.1.5 Background and Preconditions ........................................................................101

4.2 Key Findings............................................................................................... 102
4.2.1 Food Security, Bioenergy, Land Availability and Biomass Resources.................102

4.2.1.1 Increasing Crop Production versus  
Increased Demand for Primary Foodstuffs ...............................................................102



section I 
Front matter

4.2.1.2 Global Change...............................................................................................105
4.2.1.3 Land and Water Availability...........................................................................106

4.2.2 Interplay between Bioenergy and Food Security ................................................107
4.2.2.1 Analysis of Food Security in the Bioenergy Context .....................................107
4.2.2.2 Availability......................................................................................................109
4.2.2.3 Access...........................................................................................................109
4.2.2.4 Utilization.......................................................................................................110
4.2.2.5 Stability and Resilience.................................................................................110
4.2.3 Causal Linkages: Bioenergy, Rural 
Agricultural Development and Food Security............................................................112

4.2.4 Governance.........................................................................................................116
4.2.4.1 Introduction....................................................................................................116
4.2.4.2 Implementation, Scale and Resource 
 Ownership in Relation to Food Security...................................................................118

4.3 Conclusions................................................................................................ 120

4.4 Recommendations for Research, Capacity Building,  
Communication and Policy Making.................................................................. 124

4.5 The Much Needed Science........................................................................ 127
4.5.1 Farming practice and management in relation to food security...........................127
4.5.2 Food security indicators and monitoring..............................................................127
4.5.3 Governance including regulations, local and global  
policies and certification................................................................................................129
4.5.4 Finance and investment models..........................................................................129
4.5.5 Communication and mutual learning...................................................................129

Acknowledgments............................................................................................ 130

Literature Cited................................................................................................. 130

5.Environmental and Climate Security	 138
Highlights.......................................................................................................... 139

Summary.......................................................................................................... 140

5.1 Introduction................................................................................................. 143
5.1.1 Security is Important............................................................................................143
5.1.2 Key Opportunities and Challenges......................................................................144

5.2 Key Aspects................................................................................................ 145
5.2.1 Climate Change...................................................................................................145
5.2.2 Land Use Change (LUC).....................................................................................146



section I 
Front matter

5.2.3 Ecosystem Change..............................................................................................149
5.2.3.1 Agricultural, Forest and Grassland Landscapes............................................149

5.2.3.2 Coastal Areas................................................................................................150

5.2.3.3 Marginal and Degraded Lands .....................................................................151

5.3 Environmental Security.............................................................................. 153
5.3.1 Biodiversity Related Impacts................................................................................154
5.3.2 Water Supply and Quality Impacts.......................................................................156

5.3.2.1 Impacts on Water Resource Abundance.......................................................156

5.3.2.2 Impacts on Water Quality..............................................................................158

5.3.2.3 Selecting Watershed Appropriate Bioenergy Systems..................................159

5.3.3 Soil Quality and Nutrient Cycling Impacts............................................................159

5.4 Climate Security......................................................................................... 164

5.5 Governance and Policy Guidelines............................................................ 168
5.5.1 Underlying Causes of Deforestation....................................................................169
5.5.2 Guidelines for Social and Environmental Factors – Biodiversity, Water..............170

5.6 Conclusions................................................................................................ 171

5.7 Recommendations..................................................................................... 171

5.8 The Much Needed Science........................................................................ 175

Literature Cited................................................................................................. 175

6.Sustainable Development and Innovation	 184
Highlights.......................................................................................................... 185

Summary.......................................................................................................... 185

Examples of Innovative and Integrated Bioenergy Systems ........................... 186

6.1 Introduction................................................................................................. 187

6.2 Bioenergy Systems:  
the Innovation Perspective............................................................................... 190

6.2.1 Innovation and Biofuels........................................................................................192
6.2.2 Innovative Tools and Methodology Issues ..........................................................192
6.2.3 Bioenergy and Food Security:  
an Innovative Approach................................................................................................196

6.3 Need for Increased Capacity in Data Gathering and Analysis................... 197

6.4 Capacity Building and Sustainable Bioenergy............................................ 201

6.5 Need for Flexible Financial Models............................................................ 202



section I 
Front matter

6.6 Relevance of Consultation and Communication........................................ 206
6.6.1 Public Participation - An Overview.......................................................................206
6.6.2 Key Principles of Stakeholder Engagement ........................................................207
6.6.3 Stakeholder Participation in the Bioenergy Sector...............................................208
6.6.4 Public Perception and Communicating Good Practices......................................210

6.7 Final Remarks............................................................................................ 211

6.8 Recommendations..................................................................................... 212

6.9 The Much Needed Science........................................................................ 214

Literature Cited................................................................................................. 214

7.The Much Needed Science: Filling the Gaps for Sustainable 
Bioenergy Expansion	 218

Integration of Sciences for Bioenergy to Achieve its Maximum Benefits.......... 219

7.1 Policy.......................................................................................................... 221

7.2 Sustainable Biomass Supply...................................................................... 222

7.3 Feedstocks................................................................................................. 223

7.4 Logistics..................................................................................................... 224

7.5 Technologies............................................................................................... 225

7.6 Exploring Social and Environmental Benefits............................................. 226

Section IV - Background Chapters	 229
8.Perspectives on Bioenergy	 230

Highlights.......................................................................................................... 231

Summary.......................................................................................................... 231

8.1 Introduction................................................................................................. 232

8.2 The Upward Trajectory of Biofuels............................................................. 233

8.3 Low-Carbon Heat and Power..................................................................... 244

8.4 The Unrealized Potential of Biogas............................................................ 245

8.5 Cellulosic Biofuels Have Arrived................................................................. 246

8.6 Diesel and Jet-fuel from Sugars................................................................. 247

8.7 Biofuels Done Right.................................................................................... 248

8.8 Abundant Idle Land for Bioenergy Production............................................ 249

8.9 Bioenergy Risks and Tradeoffs................................................................... 251



section I 
Front matter

Acknowledgments............................................................................................ 253

Literature Cited ................................................................................................ 253

9.Land and Bioenergy	 258
Highlights ......................................................................................................... 259

Summary.......................................................................................................... 260

9.1 Introduction ................................................................................................ 260

9.2 Key Findings............................................................................................... 262
9.2.1 Global Land Availability and Projected Demand  
for Food, Fiber and Infrastructure.................................................................................262

9.2.1.1 Land Demand ...............................................................................................262

9.2.1.2 Current Land Demand for Bioenergy.............................................................264

9.2.1.3 Land Availability ............................................................................................266

9.2.2 Illustrative Example: Brazilian Land Use and Potential Availability .....................271
9.2.3 Land Use Intensities for Bioenergy Supply..........................................................275

9.2.3.1 Biofuels..........................................................................................................275

9.2.3.2 Bioelectricity..................................................................................................276

9.2.3.3 Bio-Heat ........................................................................................................276

9.2.4 Dynamics of Bioenergy Supply............................................................................279
9.2.5 Biomass Energy Supply: The Answer Depends  
on How the Question Is Framed...................................................................................282

9.2.5.1 Residual Biomass Arising from Non-Bioenergy Activities..............................283

9.2.5.2 Separate Analysis of Food and Bioenergy Production Systems...................284

9.2.6 Integrated Analysis of Food and Bioenergy Production Systems .......................285
9.2.6.1 Sustainable Intensification.............................................................................286

9.2.7 Estimates of Bioenergy Potential.........................................................................288

9.3 Discussion and Conclusions...................................................................... 289

9.4. Recommendations ................................................................................... 293

9.5. The Much Needed Science ...................................................................... 294

Literature Cited................................................................................................. 295

10.Feedstocks for Biofuels and Bioenergy	 302
Highlights.......................................................................................................... 303

Summary.......................................................................................................... 304

10.1 Introduction............................................................................................... 306



section I 
Front matter

10.2 Maize and Other Grains........................................................................... 308

10.3 Sugarcane................................................................................................ 314

10.4 Perennial Grasses.................................................................................... 318

10.5 Agave....................................................................................................... 322

10.6 Oil Crops ................................................................................................. 324

10.7 Forests and Short Rotation Coppice (SRC)............................................. 327

10.8 Algae........................................................................................................ 331

10.9 Conclusions.............................................................................................. 335

10.10 Recommendations and Much Needed Science..................................... 336

Literature Cited................................................................................................. 337

11.Feedstock Supply Chains	 348
Highlights.......................................................................................................... 349

Summary.......................................................................................................... 350

11.1 Introduction............................................................................................... 350

11.2 Key Features of Biomass Supply Chains................................................. 351

11.3 Biomass Crops and their Supply Chains.................................................. 352

11.4 Typical Layout of the Biomass Supply Chains.......................................... 353
11.4.1 Harvesting and Collection..................................................................................353
11.4.2 Transportation....................................................................................................354
11.4.3 Storage...............................................................................................................355
11.4.4 Pretreatment......................................................................................................356

11.5 Challenges, Best Practices and Key  
Lessons in Biomass Supply Chains................................................................. 357

11.6 Case Studies of Biomass Supply Chains................................................. 358
11.6.1 Sugarcane..........................................................................................................358
11.6.2 Eucalyptus..........................................................................................................361
11.6.3 Elephant Grass/Miscanthus...............................................................................362
11.6.4 Palm Oil..............................................................................................................363

11.7 Concluding Remarks................................................................................ 364

11.8 Recommendations.................................................................................... 365

11.9 The Much Needed Science...................................................................... 366

Literature Cited................................................................................................. 367



section I 
Front matter

12.Conversion Technologies for Biofuels and Their Use	 374
Highlights ......................................................................................................... 375

Summary.......................................................................................................... 378

12.1 Introduction .............................................................................................. 381
12.1.1 Environmental and Sustainability Context......................................................383

12.1.2 Technology Development and Deployment Context.......................................390

12.2 Key Findings............................................................................................. 394
12.2.1 Biofuels and Sustainability Are Systems  
Dependent: Scale, Nature and Location....................................................................397

12.2.1.1 Ethanol........................................................................................................403

12.2.1.1.1 Maize and Other Grains—Dry Mill Corn Refining  
Industry Emerged for Ethanol, Feed, and Biodiesel .................................................404

12.2.1.1.2 Sugarcane Biorefineries Make Ethanol, Sugar,  
and Power the Grid (mostly based on Walter et al. 2014).........................................405

12.2.1.1.3 Scale—Large and Larger, with Small-Scale  
Ethanol Production Evolving......................................................................................407

12.2.1.1.4 Lignocellulosic Ethanol Using  
Bioconversion Processes in Biorefineries .................................................................408

12.2.1.2 Other Alcohols, Fuel Precursors,  
and Hydrocarbons from Biochemical Processing .....................................................413

12.2.1.3 Biodiesel—Chemical Processing of Plant Oils  
or Fats Matures—Small and Large Plants.................................................................416

12.2.1.4 Renewable Diesel—Hybrid Chemical and Thermochemical  
Processing from Plant Oils or Fats to Hydrocarbons.................................................417

12.2.1.5 Hydrocarbons, Alcohols, Ethers, Chemicals, and Power from Biomass  
and Waste Gasification—Flexible Biorefineries to Multiple Products .......................417

12.2.1.5.1 Catalytic Upgrading of Syngas—Commercial and Developing 
Processes—Could Lead to CO2 Capture and Storage..............................................418

12.2.1.5.2 Bioprocessing Upgrading—Hybrid Processing........................................421

12.2.1.6 Liquid Fuels from Biomass Pyrolysis—Multiple Scales for Centralized  
and Decentralized Production of Bio-Oils and Upgrading.........................................422

12.2.1.7 Biofuels from Forest Products and Pulp  
and Paper Biorefineries—Old and New.....................................................................425

12.2.1.8 The Commercialization of Advanced  
Biofuels and Biorefineries..........................................................................................426

12.2.1.8.1 Partnerships Created Across the Globe Demonstrate  
Multiple Technically Feasible Options for Advanced Biofuels and 
Many Types of Biorefineries.......................................................................................427



section I 
Front matter

12.2.1.8.2 Estimated Production Costs of the Porfolios  
of Advanced Technologies ........................................................................................429

12.2.2 Biofuels Utilization in Transport..........................................................................431
12.2.2.1 Ethanol Use Increased ...............................................................................431

12.2.2.1.1 Low and Mid-level Blends Used  
in More Than Fifty Countries......................................................................................432

12.2.2.1.2 Straight Ethanol and Flexible Fuel  
Vehicles in Brazil, U.S., and Sweden.........................................................................435

12.2.2.2 Other Alcohols Are Less Volatile  
but Have Lower Octane Numbers ............................................................................435

12.2.2.3 Biodiesel Is Blended with Diesel, Some  
Infrastructure and Distribution Issues........................................................................437

12.2.2.4 Biomass-Derived Hydrocarbon Fuels Reach  
a Larger Fraction of the Barrel of Oil..........................................................................438

12.2.2.4.1 Hydrotreated Vegetable Oils or Renewable  
Diesel is a Hydrocarbon and Can Come from Many Feedstocks.............................438

12.2.2.4.2 Developing Bio-Jet Fuels Need a High  
Density Low Carbon Fuel...........................................................................................439

12.3 Conclusions ............................................................................................. 440

12.4 Recommendations for Research, Capacity Building, and Policy Making.......444

Capacity building recommendations................................................................ 445

Policy recommendations.................................................................................. 445

 Acknowledgments........................................................................................... 446

Literature Cited................................................................................................. 446
Notes ........................................................................................................................461

13.Agriculture and Forestry Integration	 468
Highlights.......................................................................................................... 469

Summary.......................................................................................................... 469

13.1 Introduction............................................................................................... 469

13.2 Forestry/Agriculture Interface................................................................... 470

13.3 New Paradigms in Ecological Land Management.................................... 472
13.3.1 High Productivity Polyculture Systems..............................................................473
13.3.2 High Productivity Monoculture Systems............................................................475
13.3.3 The Green Economy .........................................................................................476

13.4 Integrated Landscape and Bioenergy System Design............................. 479



section I 
Front matter

13.5 Integrated Natural Forests, Planted Forests, Agroforestry,  
and Restored and Artificial Prairie Systems as Sources of  
Biomass - Potentials and Challenges............................................................... 480

13.6 Conclusions and Policy Recommendations............................................. 482

13.7 Recommendations................................................................................... 483

13.8 The Much Needed Science...................................................................... 484

Acknowledgments............................................................................................ 485

Literature Cited................................................................................................. 485

14.Case Studies	 490
Highlights.......................................................................................................... 491

Summary.......................................................................................................... 492

14.1 Introduction............................................................................................... 493

14.2 Key Findings............................................................................................. 494
14.2.1 The Brazilian Experience with Sugarcane Ethanol............................................494
14.2.2 Surplus Power Generation in Sugar/Ethanol Mills:  
Cases in Brazil and Mauritius.......................................................................................497
14.2.3 The African Experience......................................................................................503
14.2.4 The Asia Experience..........................................................................................506
14.2.5 Biofuels from Agricultural Residues: Assessing  
Sustainability in the USA Case.....................................................................................512
14.2.6 Comparison of Biogas Production in Germany,  
California and the United Kingdom...............................................................................514
14.2.7 Wood Pellets and Municipal Solid Waste Power in Scandinavia.......................518

14.3 Overall Conclusions................................................................................. 520

14.4 Recommendations................................................................................... 521

14.5 The Much Needed Science...................................................................... 522

Literature Cited................................................................................................. 522

15.Social Considerations	 528
Highlights.......................................................................................................... 529

Summary.......................................................................................................... 529

15.1 Introduction............................................................................................... 530

15.2 Review of Legal Frameworks and Social  
Considerations in Bioenergy Production around the World ............................. 532



section I 
Front matter

15.3 Land, Water and Natural Resources ....................................................... 535

15.4 Employment, Rural Opportunities  
and Livelihood Impacts..................................................................................... 536

15.5 Skills and Training.................................................................................... 537

15.6 Poverty, Health and Food Production....................................................... 538

15.7 Land Rights, Gender and Vulnerable Groups ......................................... 540

15.8 Societal Perception, Corporate Sustainability  
Reporting and Monitoring ................................................................................ 542

15.9 Conclusions and Recommendations........................................................ 543

15.10 The Much Needed Science.................................................................... 544

Literature Cited................................................................................................. 545

16.Biofuel Impacts on Biodiversity and Ecosystem Services	 554
Highlights.......................................................................................................... 555

Summary.......................................................................................................... 556

16.1 Introduction .............................................................................................. 556

16.2 Key Findings ............................................................................................ 557
16.2.1 Identification and Conservation of Priority  
Biodiversity Areas are Paramount.................................................................................557

16.2.1.1 Effects of Feedstock Production on Biodiversity  
and Ecosystem Services are Context Specific..........................................................558

16.2.1.2 Location-Specific Management of Feedstock  
Production Systems should be Implemented to Maintain  
Biodiversity and Ecosystem Services  ......................................................................560

16.2.2 Biofuel Feedstock Production Interactions with Biodiversity .............................560
16.2.2.1 Impacts of Land-Use Change and Production Intensification .....................560

16.2.2.2 Invasion of Exotic Species introduced  
through Biofuel Production Activities.........................................................................565

16.2.3 Ecosystem Services and Biofuel Feedstock Production ...............................565

16.2.4 Mitigating Impacts of Biofuel Production  
on Biodiversity and Ecosystem Services...................................................................565

16.2.4.1 Zoning..........................................................................................................569

16.2.4.2 Wildlife Friendly Management Practices.....................................................569

16.2.4.3 Biodiversity and Environmental Monitoring ................................................570

16.3 Conclusions.............................................................................................. 570



section I 
Front matter

16.4. Recommendations.................................................................................. 571

Acknowledgments............................................................................................ 571

Literature Cited................................................................................................. 571

17.Greenhouse Gas Emissions from Bioenergy	 582
Highlights ......................................................................................................... 583

Summary.......................................................................................................... 583

17.1 Introduction............................................................................................... 584

17.2 Key Findings............................................................................................. 585
17.2.1 Life Cycle Assessments of GHG Emissions from Biofuels................................585

17.2.1.1 LCA Issues in GHG Emissions....................................................................585

17.2.1.2 LCA Results of Greenhouse Gas Emissions for Biofuels............................587

17.2.1.2.1 LCA Results for Commercial Liquid Biofuels............................................588

17.2.1.2.2 LCA Results for Solid Biofuels..................................................................592

17.2.2 Land Use Changes and GHG Emissions...........................................................594
17.2.2.1 Models Results: iLUC Factors.....................................................................595

17.2.2.2 Biofuels iLUC...............................................................................................598

17.2.2.3 Translating Land Use Changes into GHG Emissions..................................599

17.2.2.4 Options for Mitigating iLUC from a Policy  
Making Perspective...................................................................................................601

17.2.3. Bioenergy Systems, Timing of GHG Emissions 
 and Removals,and non-GHG Climate Change Effects................................................602
17.2.4. Funding Innovation: Data Needed to Support Policies and  
Strategic Decisions ......................................................................................................603

17.3 Conclusions.............................................................................................. 606

17.4 Recommendations .................................................................................. 608

17.5 The Much Needed Science...................................................................... 608

Literature Cited................................................................................................. 609

18.Soils and Water	 618
Highlights.......................................................................................................... 619

Summary ......................................................................................................... 619

18.1 Introduction .............................................................................................. 621
18.1.1 Interconnectivity of Water and Soil ...................................................................621
18.1.2 Metrics ..............................................................................................................622



section I 
Front matter

18.1.3 The Need for Local and Regional Integrated Assessments ..............................626

18.2 Water Impacts of Modern Bioenergy ....................................................... 626
18.2.1 Water Impacts Current and Novel feedstocks ..................................................627

18.2.1.1 Annual Bioenergy Crops .............................................................................627

18.2.1.2 Perennial and Semi-Perennial Crops .........................................................627

18.2.1.3 Forest Biomass in Long Rotation ...............................................................628

18.2.1.4 Organic Waste and Residues .....................................................................628

18.2.1.5 Algae ...........................................................................................................628

18.2.2 Water Impacts of Conversion Technologies ..................................................629

18.3 Soil Impacts of Modern Bioenergy .......................................................... 630
18.3.1 Soil Impacts of Current and Novel Feedstocks .................................................630

18.3.1.1 Annual Bioenergy Crops .............................................................................631

18.3.1.2 Perennial and Semi-Perennial Crops .........................................................631

18.3.1.3 Forest Biomass in Long Rotation ...............................................................631

18.3.1.4 Waste Biomass ...........................................................................................632

18.3.2 Phytoremediation and Recovery of Marginal Soils ...........................................633

18.4 Anticipating Changes Associated with Expansion  
of Bioenergy Production .................................................................................. 633

18.4.1 Effects of Land Cover Change ..........................................................................633
18.4.1.1 Effects of Land Cover Change on Water ....................................................634

18.4.1.2 Effects of Land Cover Change on Soils .........................................................638
18.4.2 Effects of Changes in Residue Management 
and Irrigation Use and Practice.....................................................................................638

18.4.2.1 Effects of Changes in Residue Management .............................................638

18.4.2.2 Effects of Changes in Irrigation Use and Practice ......................................639

18.5 Minimizing Impact of Bioenergy Production ............................................ 640
18.5.1 Selecting Appropriate Bioenergy Systems for Ecosystems ..............................640
18.5.2 Landscape-Level Planning and Mixed Systems ...............................................641
18.5.3 Evolution in Best Management Practices .........................................................641
18.5.4 Using Wastes in Bioenergy Systems to Improve Water  
and Soil Quality, Close the Nutrient Cycle, and Recover Energy.................................642

18.5.4.1 Fertirrigation ...............................................................................................642

18.5.4.2 Municipal Solid Waste and Wastewater Digestion (Biogas) .......................644

18.5.4.3 Ash and Biochar .........................................................................................645

18.6 Policy and Governance ........................................................................... 645



section I 
Front matter

18.7 Conclusions ............................................................................................. 646

18.8 Recommendations................................................................................... 647

18.9 The Much Needed Science...................................................................... 648

Literature Cited................................................................................................. 649

19.Sustainability Certification	 660
Summary.......................................................................................................... 661

19.1 Introduction............................................................................................... 661

19.2 The Rationale for Sustainability Certification  
and Baseline Sustainability Principles.............................................................. 664

19.2.1 Regulatory Motivations For Certification............................................................664
19.2.2 Types of Sustainability Certifications.................................................................665

19.2.2.1 Forest Certification Systems........................................................................665

19.2.2.2 Agricultural Certification Systems................................................................666

19.2.2.3 Biofuel/Bioliquids Certification Systems......................................................666

19.2.2.4 Wood Pellet Certification Systems..............................................................666

19.2.2.5 Summary of Environmental and Social Indicators.......................................667

19.3 Implementation Challenges for Bioenergy Certification Standards.......... 668
19.3.1 Biodiversity Measurement and Protection.........................................................668
19.3.2 Water Quality.....................................................................................................670
19.3.3 “Shed” Level Sustainability Assessments..........................................................670
19.3.4 Forest Carbon Accounting.................................................................................671

19.4 Accounting for “Indirect” Effects................................................................ 672

19.5 Standards Governance and Social Sustainability.................................... 672

19.6 The Efficacy of and Challenges to International  
Harmonization.................................................................................................. 675

19.7 Conclusions.............................................................................................. 675

19.8 Highlights and Recommendations............................................................ 677

19.9 The Much Needed Science...................................................................... 678

Literature Cited................................................................................................. 678

20.Bioenergy Economics and Policies	 682
Highlights.......................................................................................................... 683

Summary.......................................................................................................... 683



section I 
Front matter

20.1 Introduction............................................................................................... 683

20.2 Key Findings............................................................................................. 685
20.2.1 Economic Developments in the Bioenergy Market............................................685
20.2.2 Bioenergy Policies are a Key Driver..................................................................688
20.2.3 Analyses Framework of Bioenergy within t 
he Emerging Bioeconomy.............................................................................................690
20.2.4 Arguments for Policy Interventions ...................................................................694
20.2.5 Economic Impact of Government Policies.........................................................699

20.3 Conclusion ............................................................................................... 702

20.4 Recommendations (Policy)...................................................................... 703

20.5 The Much Needed Science ..................................................................... 704

Literature Cited................................................................................................. 704

21.Biomass Resources, Energy Access and Poverty Reduction 	710
Highlights.......................................................................................................... 711

Summary.......................................................................................................... 711

21.1 Introduction............................................................................................... 711

21.2 Poverty, Inequality and Poverty Reduction............................................... 712

21.3 Bioenergy and Poverty Reduction.  
International Programs..................................................................................... 717

21.4 Technologies: Biogas, Cooking Stoves, Minigrids.................................... 719

21.5 Energy Access and Rural Development: the Role  
of Modern Bioenergy........................................................................................ 721

21.6 Case Studies: Improved Cookstoves for Energy  
Access, the EnDev Program in Kenya............................................................. 723

21.7 Cross Sector-Synergies:  
Including Investment and Institutions............................................................... 725

21.8 Conclusions and Recommendations ....................................................... 725

21.9 The Much Needed Science...................................................................... 726

Literature Cited................................................................................................. 726

Section V	 731
Countries and regions cited in  
SCOPE Bioenergy & Sustainability.................................................................. 733

SCOPE Bioenergy & Sustainability Keywords................................................. 734



section I 
Front matter

List of Figures, Tables and Boxes  

Figures
1.1. 	 Global land use for bioenergy. Approximate numbers
2.1. 	 Current feedstocks and biofuels. Approximate numbers
3.1. 	 Human development index versus Per Capita Primary Energy Consumption
3.2. 	 Integrated process for developing sustainable biofuels as an enabler for more 

efficient transport
3.3. 	 Supply chain for biofuels development
3.4. 	 Energy production by source in Finland
3.5. 	 Renewable energy as a percentage of TPES in IEA member countries, 2011
3.6. 	 Agave sisilana growing in East Africa
4.1. 	 Images give different emotional reactions to different people. Emotional reactions 

of ‘principled optimists’ to media released pictures
4.2. 	 Impacts of conventional biofuel production on agricultural prices in different scenarios
4.3. 	 Simplified relation of food prices to bioenergy
4.4. 	 Causative factors impacting food insecurity
5.1. 	 A future multifunctional landscape for both environmental and energy security
5.2. 	 Temperature variations over 110 years period
5.3. 	 Schematic of the energy security environmental security nexus
5.4. 	 Direct CO2eq (GWP100) emissions from the process chain or land-use 

disturbances of major bioenergy product systems, not including impacts from LUC
5.5. 	 Annual global modern biomass primary energy supply and bioenergy share of total 

primary energy supply (top panels) and BECCs share of modern bioenergy (bottom 
panels) in baseline, 550 ppm and 450 ppm CO2eq scenarios in 2030, 2050, and 2100

6.1. 	 Illustrates a large bioenergy system showing many of the key material and 
energy flows, as incorporated into the Biomass Site Assessment Tool

6.2. 	 Innovation cycles in biofuel value chain
6.3. 	 Agroecological zoning for sugarcane in Brazil
6.4. 	 Time and investment scale estimates
6.5. 	 Mapping stakeholders for bioenergy initiatives
6.6. 	 Example of the Credibility Principles
7.1. 	 Research landscape on bioenergy and sustainability



section I 
Front matter

8.1. 	 Evolution of ethanol content in Brazilian gasoline from 5% in 1930 to 25% in 1998
8.2. 	 Corn grain yield (A), harvested corn acres (B) and uses (C)
8.3. 	 Blending mandates and targets in key countries
9.1. 	 Bioenergy contribution in 2050: Comparison of five low-carbon energy scenarios
9.2. 	 Global land use, 2010
9.3. 	 World land available (million ha) with potential for rainfed crops
9.4. 	 Harvested area for soybean, corn, sugarcane, beans + rice + manioc and other 

crops in Brazil, 1990 to 2012
9.5. 	 Corn harvested area, Brazil, 2003 to 2012
9.6. 	 The evolution of pasture area and cattle herd in Brazil
9.7. 	 Area–yield curve for the OECD reference scenario in 2000 (lower curve) and 

2050 (upper curve)
9.8. 	 Energy provision portfolio in 2050 for each bioenergy sub-sector and bioenergy 

provision scenario (100, 150 and 200 EJ/yr)
9.9. 	 Global bioenergy (modern and traditional) demand projections under the ‘200 EJ/

yr’ scenario (2010 to 2050)
9.10. 	 Land demand portfolio in 2050 for each bioenergy sub-sector and bioenergy 

provision scenario, 100, 150 and 200 EJ/yr
9.11. 	 Bioenergy potentials (ranges based on expert opinion)
9.12. 	 Bioenergy supply potentials based on meta-analysis of 28 global studies
9.13. 	 Indicative share of potentially available rainfed agricultural land (Alexandratos 

and Bruinsma 2012) occupied by bioenergy crops (22%) under a scenario where 
bioenergy (modern and traditional) delivers 200 EJ/yr in 2050

10.1. 	 Summary diagram of the major crop feedstocks, their uses, technical costs, 
development time and sustainability

10.2. 	 Historical progression of the yield of maize grain per unit land area in the USA 
and the area of the country committed to the crop

10.3. 	 Destination of US maize grain production averaged over two 5-year periods
10.4. 	 Historical progression of the sugarcane yield per hectare, total area harvested 

and total production in Brazil
10.5. 	 Annual average non-irrigated dry biomass yields predicted from gridded soil 

and daily weather data over from 1978-2010 for mature stands (fourth year) of 
Miscanthus × giganteus “Illinois” clone

10.6. 	 First field trial of Agave americana in Maricopa, Arizona, USA
10.7. 	 SRC willow: harvested rows can be seen alongside the remaining uncut rows of 

circa 7m high willow during winter harvest in a three-year coppicing cycle
11.1. 	 Typical layout of biomass supply chains
12.1. 	 Shown at the top of the figure, breakdown of the useful bioenergy from multiple 

biomass resources employed in various sectors and of the associated energy losses 
in two major groups of traditional and modern bioenergy. Shown at bottom left, more 
convenient, denser solid energy carrier (wood pellets) are being used in cold climates 
for district heating and widely for coproducing heat and power. Shown at bottom 



section I 
Front matter

right, commercial production of oxygenated liquid fuels, ethanol, and biodiesel, and 
the more recent hydrocarbon fuels from hydrotreated vegetable oils (HVO)

12.2. 	 Net efficiency range of biomass-to-energy pathways on a life cycle basis from 
harvested crop to power, heat, and biofuels considered by the (EEA 2013) for 
current applications and developing lignocellulosic biofuels

12.3. 	 Current bioenergy in GJ compared to a 2020 projection emphasizing resource 
efficiency for all biomass applications including climate change mitigation 
using EU-produced and imported biomass. Also shown are the average GHG 
emissions for current commercial technologies for heat, electricity, and biofuels 
and a 2020 projection with advanced biofuels from lignocellulosic energy crops

12.4. 	 Mix of energy crops used in Europe from 2006–2008 (left) and the 2020 EEAmodeled 
crops for high yield of products per unit area used, low waste and pollution, including 
low ecosystems impacts and high GHG emissions reductions in 2020 (right)

12.5. 	 The current allocation of 114 million hectares in the U.S. is shown on the left. 
Modeled annual mass flows from a land efficient allocation (right) showing major 
crops and outputs for a scenario of maximum ethanol production

12.6. 	 Hypothetical s-shaped curve for technology development of biofuels to 
commercialization and maturation, and advanced technologies that could 
surpass theperformance of incumbent technologies

12.7. 	 Average producer prices from 2002 to 2012 for commercial ethanol are 
expressed in liters of gasoline equivalent energy from commodity crops and 2012 
estimated production cost ranges (IRENA 2013) in major producing areas

12.8. 	 Trend in human carcinogenic toxicity of E85 (85% ethanol/15% gasoline blend) 
from corn ethanol in the U.S. from 2001 to 2010 (left) and freshwater exotoxicity 
impacts (right)

12.9. 	 Comparison of parameters for sustainability assessment of liquid fuels routes 
from existing oil refinery process with developing alternatives based on 
gasification of coal, biomass, and coal/biomass to liquids using the commercial 
Fischer-Tropsch catalytic processes

12.10. 	 Life cycle improvements, using time-specific technologies for conversion and 
feedstock production for corn ethanol production in the U.S.

12.11. 	 Brazil’s sugarcane industry-wide electricity generation nearly doubled since 
2006-2009

12.12. 	 Biomass pretreatments alone or in combination with hydrolysis lead to sugars 
that can be fermented to ethanol and other products as indicated. The most 
common application for the lignin is process heat and electricity although many 
others are being developed. Examples of other biofuels discussed in the next 
section include: other alcohols, microbial products using tools of synthetic biology 
(Alonso et al. 2013; Peralta-Yahya et al. 2012; Yoon et al. 2013), or fatty alcohols 
via heterotrophic algae in dark fermentation (Perez-Garcia et al. 2011) that are 
also undergoing parallel technology development

12.13.	 Examples of metabolic pathways leading to microbial fuels from Rude and 
Schirmer (2009) and examples of bacteria and yeasts

12.14.1.	Biomass gasification steps to fuel synthesis using FT catalysts for integrated 
fuels, heat, and power production



section I 
Front matter

12.14.2.	shows the general composition of catalysts for various conversion pathways from 
syngas to many fuels and chemicals

12.15.	 Illustration of the sum of CO2-equivalent (GWP100: Global Warming Potential 
over 100 years) emissions from the process chain of alternative transport and 
power generation technologies both with and without CCS

12.16.	 Schematic of biomass-derived syngas fermentation to ethanol and a variety of 
oxygenated products from Liew et al. (2013) reproduced with permission from 
Intechopen. Also converted are industrial off-gases containing CO and CO2

12.17.1.	 Fast pyrolysis of biomass process steps to liquid, solid char, and gaseous fractions, 
followed by upgrading of the bio-oils to liquid hydrocarbon fuels and chemicals

12.17.2.	Multiple pyrolysis biorefineries under development with parts already 
commercialized

12.18. 	 An integrated biorefinery emerged from a paper mill in Norway with basic 
products and their applications (Rødsrud et al. 2012) with improved 
environmental impacts

12.19. 	 Examples of pilot, demonstration, first-of-a-kind industrial projects from IEA 
Bioenergy Agreement including only member and associated countries as of 2013

12.20. 	 At the top, the 57 connected advanced (also called second-generation) biofuels 
websites show the links from government programs (yellow) elements, red indicates 
the nonprofit technology platforms of research funded by European government 
programs, green are the various industries operating in one or more countries, and 
the blue circles indicate the public science as performers of RD&D or conferences 
or associations. At the bottom left, are the linkages between the major types of 
organizations and the links between countries are displayed on the right

12.21. 	 Summary of current estimated production costs of biofuels and projected 
estimates by 2020

12.22. 	 Transport fuel applications are shown on the left, showing the ease of introducing 
electric or hybrid concepts, higher for light duty road vehicles and urban road 
services. Liquid fuels are needed in the aviation and marine sectors due to the 
high energy intensity of hydrocarbon fuels. The right figure illustrates the various 
types of integration of the fuels needed with engines, after treatments to comply 
with emissions regulations, refueling, and customer acceptance

12.23. 	 Properties of liquid fuels for common types of engines: Left—compression 
ignition with the corresponding petroleum fuels, diesel and heavy fuel oil (HFO) 
or oxygenated blends or substitutes from biomass, HVO (hydrotreated vegetable 
oils), SVO (straight vegetable oils), FAME (fatty acid methyl ester - biodiesel), 
and DME (dimethyl ether) with SVO causing the most problems in use. Right: 
Gasoline and blends or alternative fuels such as MeOH (methanol), EtOH 
(ethanol), Hydrogen, LPG (Liquefied Petroleum Gas), and CNG (Compressed 
Natural Gas) and LNG (Liquefied Natural Gas)

12.24. 	 Examples of identified pathways for producing biojet fuels and status of ASTM 
certification (red developing and green approved)

13.1. 	 Integration of food and energy crops can be spatial (left) or temporal (right), in 
either case increasing ecosystem services and biodiversity relative to annual 
monocultures (center)



section I 
Front matter

13.2. 	 The ecological structure and biodiversity of polyculture plantings allows more efficient 
utilization of sunlight, nutrients and water, as well as pest and disease management

13.3. 	 The quality (or value) of agricultural and forest products is often inversely 
proportional to the efficiency (or yield) of the crop. Integrating bioenergy creates 
opportunities to increase overall system value and efficiency

13.4. 	 Integration of agriculture and forest systems with processing industries increases 
the opportunities for positive feedback loops that reuse and recycle mass and 
energy flows and improve system performance

14.1. 	 The potential of feedstocks for bioenergy production is spread worldwide and 
needs to be assessed and evaluated for the best alternatives. It is important 
to learn from available lessons to identify strengths and bottlenecks of each 
alternative, bearing in mind that local conditions and public policies play a 
significant role in the success and failure of apparently similar cases

14.2. 	 Brazil installed capacity by source, March 2014 (MW)
14.3. 	 Electricity production by source in Mauritius
14.4. 	 Ethanol production trend in Thailand
14.5. 	 Impacts of the mill scale on the total Production Costs (PC) of lignocellulosic 

palm biomass to sugars
14.6. 	 Cumulative and discounted cash flows of a single biorefinery compared with 

multiple biorefinery alternatives
14.7. 	 An illustration of competing economic drivers and environmental sustainability 

forces that must be balanced to achieve sustainable cellulosic feedstock supplies 
to support the transition from fossil to renewable fuels

14.8. 	 Adoption of biogas in Germany with major policy incentives
14.9. 	 Total Primary Energy Supply (TPES) in Sweden in 2012
14.10. 	 Akershus energy park in Norway
15.1. 	 Tradeoffs and synergies of bioenergy and social issues
16.1. 	 Terrestrial species distribution (number of species per ecoregion) compared with 

distribution of projected biofuel feedstock production areas circa 2030
17.1. 	 Mass flows and life cycle GEE emissions in production of ethanol from sugarcane
17.2. 	 Life cycle GHG emissions of commercial biofuels
17.3. 	 Meta-regression analysis based on projected second generation (2G) biofuels 

literature data for cellulosic ethanol and BtL (diesel) routes
18.1. 	 Bioenergy, soils and Water – there are many opportunities to implement or improve 

bioenergy production to address long-term sustainable use of water and soil resources
18.2. 	 Water and Soil Impact Matrix – diagram of the complex soil-water-feedstock 

interactions for bioenergy production
18.3. 	 Water intensity indicators are not sufficient to guide decisions but must be 

complemented with other metrics and evaluation frameworks
18.4. 	 The Tharaldson ethanol plant in North Dakota uses municipal wastewater and 

returns about 25% of the volume at drinking water quality to the city of Fargo
18.5. 	 Perennial bioenergy crops can accumulate soil carbon



section I 
Front matter

18.6. 	 Willow to the rescue - combining bioenergy with waste treatment
18.7. 	 Land cover change affects soils and water in a multitude of ways
18.8. 	 More biomass can be cultivated without using more water
18.9. 	 Landcover effects on evapotranspiration in Brazil
18.10. 	 Will bioenergy drive increased water use?
18.11. 	 The use of BMPs enables forest feedstock production for bioenergy programs as 

a sustainable part of land management and renewable energy production
18.12. 	 Possible modes of nutrient recovery from vinasse in Brazil
19.1. 	 Chapter overview
19.2. 	 Environmental indicators within the biomass-based supply chain
19.3. 	 Social indicators within the biomass-based supply chain
20.1. 	 World Bioenergy use by sector and use of traditional biomass in 2010 and 2035
20.2. 	 Net trade streams of wood pellets, biodiesel, and ethanol in the year 2011
20.3. 	 Feedstock use f or biofuels production (% of total biofuels on energy basis), 2010
20.4. 	 Frequency of policy measures to promote renewable power energy
20.5. 	 Global subsidies to renewables-based electricity and biofuels by technology and fuel
20.6. 	 Fuel ethanol, corn and gasoline prices, by month
20.7. 	 Systems analysis framework for the bioeconomy
20.8. 	 Impacts of conventional biofuel production on agricultural prices
20.9. 	 The impact of increased biofuel production on three dimensions of food security
21.1. 	 Estimated total world population and estimated number of people living under 

$1.25 USD
21.2. 	 Representation of equality and energy access

Tables
4.1. 	 Potential impacts of bioenergy expansion to food security dimensions
4.2. 	 Implications of alternative bioenergy schemes for food security/poverty reduction
5.1. 	 Regional impact assessments
6.1. 	 Areas and topics of more interest for innovation in bioenergy
6.2. 	 Risk mitigation strategies to develop bioenergy projects
6.3. 	 Financing models for promoting bioenergy
6.4. 	 Principles for stakeholder engagement
6.5. 	 Tools and forms of communication for stakeholder engagement
8.1. 	 Biofuel production and consumption in 2011 (thousands of barrels per day)
9.1. 	 Estimates of land use (Mha) in 2000 and 2010
9.2. 	 Bioenergy supply, feedstocks and associated land demand estimates for 2010
9.3. 	 Crop, biofuel and co-product yields (metric tons per hectare, as harvested or 

produced, variable moisture contents)
9.4. 	 Estimates of land availability for bioenergy crops in recent studies (in 2050)



section I 
Front matter

9.5. 	 Current and future land use and demand (Mha; 2010 and 2050) based on FAO
9.6. 	 Estimates of global bioenergy potential on degraded or marginal lands
9.7. 	 Biofuel productivity (GJ/ha) by country and feedstock
9.8. 	 Biofuel and land demand in 2010 and 2050 as estimated by the International 

Energy Agency and this study
9.9. 	 Bioelectricity land demand and land use intensity, 2010 and 2050
9.10. 	 Estimated bioheat land demand and land use intensity, 2010 and 2050
9.11. 	 Land demand for bioenergy and share of total, agricultural and arable land in 

2010 and 2050
9.12. 	 Land use intensities (Mha/EJ) for biofuels, bio-heat and bio-electricity (2010, 

2035 and 2050).
9.13. 	 Categories of residues as used for assessing bioenergy potentials
9.14. 	 Contribution of pasture land to dietary calories and protein
9.15. 	 Summary properties of the three major land classes that can grow  

terrestrial biomass
10.1. 	 Overview of amounts of biofuel and bioenergy that could be produced per unit 

land area, based on current yields of each crop in specific regions
10.2. 	 Projected yield and sustainability components for energycane improvement
10.3. 	 Yield of oil for different crops and the land area that would be needed to provide 

the 62 Billion liter of Jet fuel used in the USA in 2008
12.1. 	 Ratio of impacts: biofuel/fossil fuel
12.2. 	 Sustainability indicators for efficiency (materials) in chemical processes
12.3. 	 Technological evolution of Brazilian sugar mills and distilleries since 1975
12.4. 	 Comparison of ethanol and gasoline properties and definitions of abbreviations
12.5. 	 Developing sustainable technologies. Reduce costs while improving 

environmental characteristics, improving materials, and energy use
14.1. 	 Overall results, from 1970 to 2010
14.2. 	 Price and volume of bioelectricity contracted in regulated contracting 

environment, 2005-2013 (US$/MWh)
14.3. 	 A comparison of two jatropha projects, the Malawi BERL project and the 

Mozambique Niqel project
14.4. 	 Life cycle GHG performance of bioethanol from molasses and cassava in Thailand
14.5. 	 Projections of employment caused by ethanol target of 9 ml/d in year 2022
14.6. 	 Biogas in Germany, California, and the U.K.
14.7. 	 Biogas plants installed in Africa and Asia by non-profit group (SNV), in cooperation 

with the World Wildlife Fund, the Asian development Bank and the World Bank
15.1. 	 Profile of independent suppliers and rural partners, 2012-2013 harvest seasons, 

Center south region, Brazil
15.2. 	 Analysis of land deals from the ILC Land Matrix (Mha)
16.1.	 Example effects of biofuel feedstock crops on biodiversity with the guiding 

principle involved in each example



section I 
Front matter

16.2. 	 Potential interactions with ecosystem services of production of terrestrial 
feedstock for biofuel

17.1. 	 Breakdown of GHG emissions per life cycle stage for four commercial biofuels 
(gCo2eq/MJ)

17.2. 	 LCA GHG emissions (excluding LUC): commercial biopower generation 
technologies

17.3. 	 Summary of iLUC factors
18.1. 	 Interdependencies of water and soil resources
18.2. 	 Frameworks can be developed for watershed impacts of land cover change
20.1. 	 Overview of national and state level biofuel blend mandates
21.1. 	 Selected energy indicators
21.2. 	 Selected energy programs
21.3. 	 Classification and examples of biomass residues and wastes

Boxes
1.1. 	 Maximizing bioenergy benefits
1.2. 	 The food vs. biofuels land competition issue
2.1. 	 Improving use of wood to decrease pollution
2.2. 	 Improving vehicle efficiency and fuel distribution logistics is needed for 

competitive deployment of bioenergy
2.3. 	 Decreasing lignocellulosic biofuel costs and commercialization are underway
2.4. 	 Evidence increasingly indicates the need for value-added co-products to 

establish the cellulosic ethanol industry 
2.5. 	 Recuperating soils with bioenergy
2.6. 	 The use of pastureland marginal lands provides an important economic potential
2.7. 	 Crop yields: biotechnology and cropping intensification as options to increase supply
2.8. 	 Water use in bioenergy processes has been decreasing
2.9. 	 iLUC emission estimates have decreased 
4.1. 	 Sugarcane ethanol and Brazilian agricultural development
4.2. 	 Effects of Jatropha curcus on food security in Africa
4.3. 	 Food security has been helped by use of maize for ethanol in the US
4.4. 	 Food and energy competition for crude palm oil in Thailand
4.5. 	 Parallels – Bridging cooperation in both ways
5.1. 	 Sugarcane vinasse disposal in Brazil
5.2 A. 	 Lessons learnt: bioenergy done wrong
5.2 B. 	 Bioenergy done right
6.1. 	 Sustainable Development definition
6.2. 	 Ethanol from corn: impact on rural development and sustainability
6.3. 	 Ethanol from sugarcane: innovation in a mature agroindustry



section I 
Front matter

6.4. 	 Agroecological zoning: a tool for landscape approach
6.5. 	 The Global Bioenergy Partnership
8.1. 	 Bioenergy is essential
8.2. 	 A short history of Brazilian ethanol
8.3. 	 Corn ethanol in the USA
12.1. 	 Major environmental impact categories and common characterization methods
12.2. 	 European studies of resource efficiency and climate change mitigation
12.3. 	 Industrial symbiosis and Bioenergy demonstrations at Kalundborg, Denmark
12.4. 	 Ethanol/Gasoline specifications
12.5. 	 Emissions and fuel consumption of straight ethanol and flexible-fuel vehicles (FFVs)
12.6. 	 Examples of significant outcomes at industrial scales
13.1. 	 Integrating energy crops requires sustainable management strategies
17.1. 	 Attributional LCA (ALCA) versus Consequential LCA (CLCA)
17.2. 	 Estimated LCA results for advanced biofuels
17.3. 	 Advanced bioenergy systems may reduce emissions of black carbon and aerosols
17.4. 	 Land use resources, soil quality and water use indicators
18.1. 	 Definitions of terms
18.2. 	 Bioenergy feedstock and soil carbon
21.1. 	 Indices used for measuring poverty
21.2. 	 Definitions of indicators related to poverty and inequality
21.3. 	 Addax Bioenergy Sierra Leone (ABSL)





Foreword 
SCOPE Bioenergy & Sustainability Contributors 
Acknowledgments

section I



section I 
Front matter

ii Bioenergy & Sustainability



iiiBioenergy & Sustainability

Foreword
The development of modern high efficiency bioenergy technologies has the 
potential to improve energy security and access while reducing environmental impacts 
and stimulating low-carbon development. While modern bioenergy production is 
increasing in the world, it still makes a small contribution to our energy matrix.

At present, approximately 87% of energy demand is satisfied by energy produced 
through consumption of fossil fuels. Although the International Energy Agency (IEA) 
predicts that this share will fall to 75%, the total consumption of fossil fuels will continue 
to rise, adding another 6 Gt of carbon to the atmosphere by 2035. The consequences 
of this increase are worrisome.

Our oceans are being critically affected. Oceans are an important CO2 sink and absorb 
26% of the CO2 emissions but due to accelerated acidification and rising sea surface 
temperatures, this capacity may be reduced. Never in the last 300 million years has 
the rate of ocean acidification been so high. In the last 150 years, acidity in oceans 
increased by 30%. The main cause are the emissions from fossil fuel burning, especially 
the release of CO2.

Deforestation and land degradation also contribute to increased greenhouse gas 
emissions. The world’s total forest area in 2010 was just over 4 billion hectares, 
which corresponds to an average of 0.6 ha per capita.  Each year, between 2000 and 
2010, around 13 million hectares of forestland were converted to other uses or lost 
through natural causes. The production of timber for housing or the need to make land 
available for urbanization, large-scale cash crops such as soy and oil palm, subsistence 
agriculture and cattle ranching induce deforestation. Forests are also degraded or 
damaged due to the soaring demand for fuelwood and charcoal for cooking and heating 
in developing countries that suffer from low levels of access to modern energy services. 
Most of the world’s bioenergy is presently derived from wood burning for cooking and 
heating in developing countries. Such traditional uses of biomass are low in cost to the 
users, but their technical inefficiency results in considerable health and environmental 
costs while providing only low quality energy services. Many countries demonstrate 
that a much higher efficiency can be obtained in traditional uses commercially with 
sustainably managed feedstock supplies. Since bioenergy systems often operate 
at the interface between agriculture and forestry, they are also closely connected to 
the planning and governance of these sectors and of policy to conserve and manage 
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forests. Consequently, interdisciplinary and cross-level or horizontal studies are needed 
in order to define the best routes through which achieve a sustainable energy matrix.

Can modern bioenergy make a significant contribution to our energy matrix with 
positive contributions to the environment? What are the social, environmental and 
economic implications of the expansion of bioenergy in the world? How does expansion 
of bioenergy perform in the context of the food, energy, climate, development and 
environment nexus? Which are the most significant potential benefits of bioenergy 
production and use and how can we design implementation platforms and policy 
frameworks to ensure that such benefits are realized and widely replicated? What are 
the scientific research needs and technological development requirements needed to 
fill in the gaps?

To answer some of these questions, FAPESP BIOEN, Climate Change and BIOTA 
Research Programs led, in December 2013, a group of 50 experts from 13 countries 
convened at UNESCO in Paris, France, for a rapid assessment process on “Bioenergy 
and Sustainability” under the aegis of SCOPE. Background chapters commissioned 
before the workshop provided the basis for this international consultation during which 
crosscutting discussions focused on four themes: Energy Security, Food Security, 
Environmental and Climate Security, Sustainable Development and Innovation.

The resulting synthesis volume has the contribution of 137 researchers from 82 
institutions in 24 countries.

Glaucia Mendes Souza

Reynaldo L. Victoria

Carlos A. Joly

Luciano M. Verdade

Bioenergy & Sustainability Editors
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BIOEN
BIOEN, the FAPESP Bioenergy Research Program, aims at articulating 
public and private R&D, using academic and industrial laboratories 
to advance and apply knowledge in fields related to bioenergy in 
Brazil. Research ranges from biomass production and processing to 
biofuel technologies, biorefineries, sustainability and impacts.

RPGCC
The FAPESP Research Program on Global Climate Change 
(RPGCC) aims at advancing knowledge on Global Climate 
Change and guide decisions and policy in the field.

BIOTA
The BIOTA-FAPESP Program (FAPESP Research Program on Biodiversity 
Characterization, Conservation, Restoration and Sustainable Use), aims 
not only at discovering, mapping and analyzing the origins, diversity 
and distribution of the flora and fauna of the biomes of the state of São 
Paulo, but also at evaluating the possibilities of sustainable exploitation of 
plants or animals with economic potential and assisting in the formulation 
of conservation policies on remnants of native vegetation.

SCOPE
The Scientific Committee on Problems of the Environment is an international 
nongovernmental organization founded in 1969. SCOPE is a cross-sectoral 
and trans-disciplinary network, connecting experts and institutions around 
the world.  It is recognized for its authoritative, independent and influential 
scientific analyses and assessments of emerging environmental issues that 
are caused by or impact humans and the environment.  It collaborates with 
inter-governmental agencies such as UNESCO and UNEP and with other 
partners in the development of its scientific program and outreach activities.
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