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Preface

Nowadays, the sustainable production of food, energy, chemicals, and materials is

the major challenge facing modern societies and future generations, after decades

of reliance on fossil resources which, on the one hand, did generate economic

growth and prosperity but, on the other hand, has left heavy environmental,

geopolitical, and social legacies. In this alarming context, the concept of

bioeconomy has been developed and promoted as a new sustainable and

knowledge-based economic model centered on the use of renewable biomass and

derived agro-industrial and municipal wastes using various supply chains and

pretreatment, conversion, separation, and purification procedures and technologies.

Thus, as a multidimensional concept, bioeconomy has the delicate task to replace

the declining fossil-based economic model and manage its global and complicated

legacy, while facing its own set of challenges, especially during the delicate

transition phase toward the full-scale implementation of a biomass-based economy.

Throughout this book, the authors presented, analyzed, and discussed the con-

cept of bioeconomy from various angles in order to provide basic and advanced

knowledge about bioeconomy for students, researchers, industrialists, decision

makers, and the general public by showing opportunities, discussing R&D findings,

analyzing strategies, assessing the impacts and challenges, showcasing industrial

achievements, criticizing policies, and proposing solutions. The task was indeed

challenging for one book, and we sincerely hope that we were able to accomplish it.

Hence, this book, which is divided into nine chapters, started in Chap. 1 by

analyzing the current situation resulting from the petroleum-based economy, show-

ing its deficiencies and disastrous legacy, which is one of the major driving forces

toward the shift to a new model: biomass-based economy. Chapter 2 analyzed the

concept of bioeconomy and its sustainable dimension by discussing the proposed

definitions and key issues related to the current transition phase such as raw

material change and sustainable profitability. The expected role and impact of

sustainable bioeconomy on the two main economic pillars, agriculture and industry,

are also presented.
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In Chap. 3, renewable biomass was discussed, as the core element in the

bioeconomy concept, in order to provide the readers with information about its

definition, classification (woody, herbaceous, and aquatic biomass, along with

derived wastes), composition (cellulose, hemicelluose, lignin, proteins, lipids,

etc.), as well as the various opportunities for their industrial valorization into

strategic and added-value products.

Then, the opportunities to produce a multitude of bioproducts from biomass

were showcased and thoroughly discussed in three consecutive chapters: Chap. 4

for biofuels and bioenergy, Chap. 5 for biochemicals, and Chap. 6 for the produc-

tion of biomaterials. In each one of those chapters, a theoretical background was

presented, followed by a detailed analysis of the various mechanical, thermochem-

ical, and biological conversion procedures applied to transform raw biomass into

value-added end products including bioethanol, biodiesel, biogas, organic acids,

food and fuel additives, biocosmetics, biopesticides, as well as pulp and paper,

bioplastics, biochars, and activated carbons.

One of the main challenges facing bioeconomy is to develop viable and efficient

industrial-scale production schemes. Thus, Chap. 7 was devoted to analyze the

industrial dimension of the bio-based economic model and its sustainable and

integrated biorefining activities. In this chapter, the implementation of bioeconomy

on the ground was examined by illustrating the various designs of biorefineries, the

obstacles facing the implementation scenarios, as well as some study cases of green

biorefining technologies. The knowledge and experiences of key countries in the

field of bioeconomy were detailed and discussed in Chap. 8. The objective was to

provide readers from different backgrounds with the strategic visions of the USA,

many Eastern European countries, and China toward adopting bioeconomy and its

various sustainable industrial-scale production processes and technologies. As well,

the available bioresources, opportunities, and challenges in the studied countries

were also investigated, along with some interesting industrial study cases. A special

focus was made on the industrial achievements and prospects in Finland.

In Chap. 9, the various impacts of bioeconomy and the prospects of its world-

wide implementation were thoroughly discussed from a multidimensional outlook

including industrial, environmental, social, and geopolitical perspectives. This

includes reflections on the need for a continuous monitoring of the sustainability

of bioproducts and biorefineries via various indicators, as well as the assessment of

key environmental and social factors such as greenhouse gas emissions, land-use

change, biodiversity, employment, and food security.

Finally, we sincerely hope that our contribution to promote sustainable

bioeconomy in this book will benefit researchers, industrialists, decision makers,

professionals, and students around the world and thus create a momentum behind

biomass-based economy and sustainable development. The authors thank Springer

International Publishing for supporting our book from the preparation phase until its

final publication.

Mikkeli, Finland Mika Sillanpää

Chaker Ncibi

vi Preface

http://dx.doi.org/10.1007/978-3-319-55637-6_3
http://dx.doi.org/10.1007/978-3-319-55637-6_4
http://dx.doi.org/10.1007/978-3-319-55637-6_5
http://dx.doi.org/10.1007/978-3-319-55637-6_6
http://dx.doi.org/10.1007/978-3-319-55637-6_7
http://dx.doi.org/10.1007/978-3-319-55637-6_8
http://dx.doi.org/10.1007/978-3-319-55637-6_9


Contents

1 Legacy of Petroleum-Based Economy . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Fast Facts About Fossil Fuels . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Petroleum: The Fossil Fuel that Changed the World . . . . . . . . . . . 3

1.3.1 Petroleum Composition and Classification . . . . . . . . . . . . 3

1.3.2 Worldwide Production and Consumption . . . . . . . . . . . . . 4

1.3.3 Petroleum Refining Processes . . . . . . . . . . . . . . . . . . . . . . 6

1.3.4 Petroleum-Based Products . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 Prosperity from Black Gold, to Whom and at What Price . . . . . . . 12

1.4.1 Petroleum and Economic Prosperity: Producers Versus

Consumers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4.2 Prosperity from Petroleum: The Other Side of the Story . . . 14

1.4.3 The Petroleum Paradox . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.5 End of an Area: Environmental Disasters and Geopolitical

Instability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.5.1 Serious Environmental Degradation . . . . . . . . . . . . . . . . . 18

1.5.2 Corruption, Wars, and Geopolitical Instability . . . . . . . . . . 23

1.5.3 Last But Not Least Problem: Consumerism . . . . . . . . . . . . 24

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 Bioeconomy: The Path to Sustainability . . . . . . . . . . . . . . . . . . . . . . 29

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.2 What Is Sustainable Bioeconomy? . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 The Shift to Sustainable Bioeconomy . . . . . . . . . . . . . . . . . . . . . 31

2.3.1 Bioeconomy: Necessity or Luxury? . . . . . . . . . . . . . . . . . 31

2.3.2 Raw Material Change . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.3.3 Sustainable Profitability from Bioeconomy . . . . . . . . . . . . 36

2.3.4 Leading Role of Science and Technology in the

Transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

vii



2.4 Bioeconomy and Agriculture . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.4.1 Why Sustainable Agriculture . . . . . . . . . . . . . . . . . . . . . . 42

2.4.2 How to Make Agriculture Sustainable . . . . . . . . . . . . . . . 43

2.4.3 Bioeconomy and Food Security . . . . . . . . . . . . . . . . . . . . 46

2.5 Bioeconomy and Industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.5.1 Bioeconomy and the Energy Industry . . . . . . . . . . . . . . . . 48

2.5.2 Bioeconomy and the Chemical Industry . . . . . . . . . . . . . . 48

2.5.3 Bioeconomy and the Forest Industry . . . . . . . . . . . . . . . . . 49

2.6 Challenges Facing the Transition to Bioeconomy . . . . . . . . . . . . . 50

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3 Biomass: The Sustainable Core of Bioeconomy . . . . . . . . . . . . . . . . 55

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2 What Is Biomass? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3 Biomass Classification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.3.1 Woody Biomass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.3.2 Herbaceous Biomass . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.3.3 Aquatic Biomass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.3.4 Wastes and Residues . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4 Biomass Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4.1 Cellulose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.4.2 Hemicellulose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.4.3 Lignin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.4.4 Starch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.4.5 Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.4.6 Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.4.7 Chitin and Chitosan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Biofuels and Bioenergy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2 Bioethanol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2.1 Bioethanol Feedstocks . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2.2 Biomass-to-Ethanol Conversion Processes . . . . . . . . . . . . 97

4.3 Biodiesel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.3.1 Biodiesel Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.3.2 Biodiesel Feedstocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.3.3 Biomass-to-Biodiesel Conversion Processes . . . . . . . . . . . 115

4.4 Gas from Renewable Biomass . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.4.1 Biogas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.4.2 Biological Synthetic Gas (Bio-Syngas) . . . . . . . . . . . . . . . 123

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

viii Contents



5 Biochemicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.2 Fine Chemicals: Organic Acids . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.2.1 Glycolic Acid (GA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.2.2 3-Hydroxypropionic Acid (3-HPA) . . . . . . . . . . . . . . . . . . 144

5.2.3 Succinic Acid (SA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.2.4 Production Data for Selected Organic Acids . . . . . . . . . . . 147

5.3 Pharmaceuticals from Biomass . . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.3.1 Aspirin from Wood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.3.2 Bioactive Compounds from the Sea:

Chitin and Chitosan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.3.3 Pharmaceutical Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.3.4 Antibiotics and Bacteriocins . . . . . . . . . . . . . . . . . . . . . . . 152

5.3.5 Vitamins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.4 Biocosmetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.4.1 Cosmetic Ingredients from Biowastes: Antioxidants . . . . . 156

5.4.2 Cosmetic Ingredients from the Sea: Chitin and Collagen . . . 158

5.5 Fuel Additives from Platform Biomolecules . . . . . . . . . . . . . . . . . 159

5.5.1 Additives from Bioglycerol . . . . . . . . . . . . . . . . . . . . . . . 159

5.5.2 Additives from 5-Hydroxymethylfurfural (HMF) . . . . . . . 161

5.6 Food Additives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.6.1 Sweeteners: Xylitol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.6.2 Flavoring Agents: Vanillin . . . . . . . . . . . . . . . . . . . . . . . . 164

5.7 Biopesticides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.7.1 Chemical Pesticide vs. Biopesticides . . . . . . . . . . . . . . . . 168

5.7.2 Pesticides from Plants and Microbes . . . . . . . . . . . . . . . . . 169

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

6 Biomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

6.2 Pulp and Paper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

6.2.1 Conventional Pulping Technologies . . . . . . . . . . . . . . . . . 187

6.2.2 Emerging Pulping Technologies . . . . . . . . . . . . . . . . . . . . 190

6.2.3 Pulp and Paper from Non-wood Bioresources . . . . . . . . . . 191

6.2.4 Pulp and Paper from Agro-Industrial Wastes . . . . . . . . . . . 194

6.3 Bioplastics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

6.3.1 Bioplastics from Carbohydrates . . . . . . . . . . . . . . . . . . . . 196

6.3.2 Bioplastics from Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . 197

6.3.3 Bioplastics from Proteins . . . . . . . . . . . . . . . . . . . . . . . . . 198

6.3.4 Bioplastics from Combined Sources . . . . . . . . . . . . . . . . . 199

6.3.5 Bioplastics from Bacteria . . . . . . . . . . . . . . . . . . . . . . . . . 200

6.4 Biochars and Activated Carbons . . . . . . . . . . . . . . . . . . . . . . . . . 202

6.4.1 Biochars from Bioresources and Organic Wastes . . . . . . . . 202

6.4.2 Activated Carbons: Activation and Characteristics . . . . . . 206

6.4.3 Applications of Biochars and Activated Carbons . . . . . . . . 212

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

Contents ix



7 Biorefineries: Industrial-Scale Production Paving

the Way for Bioeconomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

7.2 Biorefineries: Green Production Facilities . . . . . . . . . . . . . . . . . . 234

7.2.1 Historical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

7.2.2 Biorefineries Versus Petroleum Refineries . . . . . . . . . . . . . 236

7.2.3 Major Categories of Biorefineries . . . . . . . . . . . . . . . . . . . 238

7.3 Implementation of Integrated Biorefineries . . . . . . . . . . . . . . . . . 246

7.3.1 Implementation Designs of Biorefineries . . . . . . . . . . . . . . 246

7.3.2 Obstacles Facing the Implementation of Biorefineries . . . . 250

7.4 Biorefining Technologies: Green Production Processes . . . . . . . . . 255

7.4.1 BALI™ Process (Borregaard, Norway) . . . . . . . . . . . . . . . 256

7.4.2 RTP™ Technology (Envergent Technologies,

Canada/United States) . . . . . . . . . . . . . . . . . . . . . . . . . . . 258

7.5 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

8 Implementing the Bioeconomy on the Ground: An International

Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

8.2 Bioeconomy in the United States . . . . . . . . . . . . . . . . . . . . . . . . . 272

8.2.1 Strategic Vision of the Largest Economy in the World . . . 273

8.2.2 Resources and Opportunities . . . . . . . . . . . . . . . . . . . . . . 276

8.2.3 Industrial Study Cases . . . . . . . . . . . . . . . . . . . . . . . . . . . 278

8.3 Bioeconomy in Europe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

8.3.1 Strategic Visions in Europe . . . . . . . . . . . . . . . . . . . . . . . 282

8.3.2 Governance and Coordination . . . . . . . . . . . . . . . . . . . . . 287

8.3.3 Resources and Potentialities . . . . . . . . . . . . . . . . . . . . . . . 289

8.3.4 Industrial Study Cases: The Finnish Experience . . . . . . . . 292

8.4 Bioeconomy in China . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

8.4.1 Strategic Vision in China . . . . . . . . . . . . . . . . . . . . . . . . . 297

8.4.2 Biomass Resources in China . . . . . . . . . . . . . . . . . . . . . . 298

8.4.3 Industrial Biorefining Companies . . . . . . . . . . . . . . . . . . . 303

8.5 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306

9 Bioeconomy: Multidimensional Impacts and Challenges . . . . . . . . . 317

9.1 Sustainability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

9.1.1 Sustainable Development and Bioeconomy . . . . . . . . . . . . 318

9.1.2 Challenges to Sustainability . . . . . . . . . . . . . . . . . . . . . . . 319

9.1.3 Evaluating the Sustainability of Bioproducts and

Biorefineries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

9.2 Environmental Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . 324

9.2.1 Greenhouse Gas (GHG) Emissions . . . . . . . . . . . . . . . . . . 325

9.2.2 Land-Use Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 326

9.2.3 Biodiversity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328

x Contents



9.3 Social Reflections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

9.3.1 Employment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330

9.3.2 Food Security . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

9.3.3 Menacing Threat of Corruption . . . . . . . . . . . . . . . . . . . . 333

9.4 Final Remarks and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 334

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336

Contents xi



Chapter 1

Legacy of Petroleum-Based Economy

Abstract During the industrial revolution of the nineteenth century, the use of coal

as fuel set the “train” of progress in motion, which definitely induced a significant

improvement in the living standards. After several discoveries, inventions, and

innovations, the use of crude oil, the so-called black gold, enabled humanity to

reach a higher level of prosperity, especially so between the end of the second

World War and the oil embargo crisis. Currently, crude oil is the most traded

commodity in the world market and is the main feedstock to produce a wide

range of fuels and products such as plastics, textile fibers, dyes, etc.

The heavy reliance on petroleum and other fossil fuels for decades caused many

environmental disasters around the world and major geopolitical tensions espe-

cially in oil-producing countries. In this chapter, the environmental (water, soil, and

air) and geopolitical legacy of the petroleum era as well as its impact of human

society are thoroughly discussed in order to highlight seriousness of those issues

and the necessity for an alternative sustainable economic model for the future.

1.1 Introduction

Different economic systems were and are being implemented worldwide depending

on the degree of governmental involvement, on the one hand, and the manufacturers

and consumers freedom to decide what, when, and how much to produce, on the

other. Nonetheless, although Humanity developed different economic systems from

ancient history until our current era, the straightforward objective was always the

same: GENERATE and GROW WEALTH.

Basically, economic systems are founded on four major activities: (1) resources

exploitation, (2) commodities production, (3) trading (resources or commodities),

and (4) consumption. It is indeed amazing how the Human history could be

summarized into those four activities. First, men exploited the natural resources

for consumption. Then, they used those resources as feedstock to produce com-

modities for themselves. Later, they were able to exploit more resources thus

increasing and diversifying their products. At this point, they started selling those

products gradually for other tribes, other provinces, and other countries. After

centuries of inventions and industrial revolutions, men are now able to exploit,

produce, and sell products in every corner of this earth.

© Springer International Publishing AG 2017
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This tremendous industrial progress was based on two main factors, invention

and energy supply. It all started with wood for which the discovery of fire enabled

Humans to exploit the energy stored in biomass. The invention of the wheel helped

exploiting another form of energy, animal traction, as well as the sail which

exploited the wind and enabled travels and commerce through vast seas. Then

came the industrial revolution and the exploitation of coal along with invention of

the steam engine by James Watt (1781) and steam turbine which opened the door

for a new era of industrial progress and economic growth in the nineteenth century.

The twentieth century was the age of petroleum. Innovations were abundant and

mainly related to its extraction (various drilling techniques), refining (atmospheric

and vacuum towers, cracking techniques. . .), and utilization (petrol engine).

All those historical developments led to the increased dependency of countries

on energy resources. The production systems were almost entirely run on

nonrenewable supplies of energy (petroleum as well as coal and natural gas).

Overall, the generated economic growth seemed to have blinded Humanity for “a

while” (a century and a half or so) about the obvious fact that we were feeding our

infinite hunger for wealth from a limited provision.

1.2 Fast Facts About Fossil Fuels

Fossil fuels are the hydrocarbon-based matter formed through the anaerobic decom-

position of living organisms (plants and animals) buried under thick layers of

sediments. Over millions of years, the combined effect of pressure and heat is

believed to induce the transformation of the formed organic matter in sedimentary

rocks into liquid (petroleum), solid (coal), and gaseous (natural gas) hydrocarbons

via catagenesis [1].

Fossils fuels have been the world’s primary energy supply for deceases.

According to the International Energy Agency (IEA) 2014 statistics [2], petroleum,

coal, and natural gas accounted for more than 80% of the energy supply for the last

30 years (1972–2012). Overall, a slight decrease occurred during the last three

decades (86.7% in 1972) and (81.7% in 2012), mainly related to the decrease in the

petroleum share from 46.1 to 31.4%. However, the shares of the two other fossil

fuels were increased (from 24.6 to 29% for coal and from 16 to 21.3% for natural

gas).

Another important remark has to be made from those historical statistics. During

the last three decades, the share of biofuels in the total energy supply decreased

(10.5–10%). It is a slight decrease one might say, but considering the numerous

breakthroughs made in the R&D field of biofuels, the increased awareness about the

environmental risks of fossil fuels, the momentum behind global warming, and

more importantly the involvement of countries and international bodies, we should

have expected an increase in the share of biofuels in the world’s primary energy

source over the last 30 years. But no, it decreased. What happened then? Where did

all this effort go? More importantly, if governments are involved in developing the
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biofuels sector, so the real question is who (or what) is more powerful than

governments so that he (or it) could oppose the increase in biofuels share in the

total energy supply or at least stagnate it for the last three decades?We shall address

those important questions and many others later in this chapter and in Chap. 2.

1.3 Petroleum: The Fossil Fuel that Changed the World

1.3.1 Petroleum Composition and Classification

Petroleum, or crude oil, is a viscous, dark-colored liquid trapped in deep reservoirs

in the crust of the earth formed by porous or fractured rock formations [3]. Petro-

leum is composed of a mixture of various types of hydrocarbons, organic com-

pounds, and trace metals. Nonetheless, hydrocarbons remain the primary

component of petroleum (largely alkanes and aromatics). They can be classified

into four groups:

1. Paraffins: entirely made of straight or branched alkanes chains with a carbon-to-

hydrogen ratio of 1:2. They can make up 15–60% of crude oil [4] and the shorter

the paraffins are, the lighter the petroleum is.

2. Naphthenes: cyclic hydrocarbons with a carbon-to-hydrogen ratio of 1:2. They

could make up 30–60% of the petroleum composition. These cycloparaffins

(if C > 20) are more dense and more viscous than equivalent paraffins.

3. Aromatics: They can make up 3–30% of crude oil. Aromatic rings are formed by

alternating double and single bonds between carbon atoms. Aromatic hydrocar-

bons can be monocyclic (MAH) or polycyclic (PAH). Compared with paraffins,

aromatics possess much less hydrogen to carbon. Their incomplete combustion

generates soot, impure carbon particle believed to be one of the causes for global

warming.

Petroleum is commonly classified based on its density (light to heavy) and sulfur

content (sweet to sour).

Density is classified by the American Petroleum Institute (API) [5]. API gravity

is defined based on density at a temperature of 15.6 �C. The higher the API gravity
is, the lighter the crude is. Light crude generally has an API gravity �31.1� and

heavy crude an API gravity of 22.3� or less. Crude with an API gravity between

22.3� and 31.1� is generally referred as medium crude.

Sweet crude is commonly defined as oil with a sulfur content of less than 0.5%,

while sour crude has a sulfur content of greater than 0.5%. Since sulfur is corrosive,

Sweet crude is easier to refine and safer to extract and transport than sour crude.

Like light crude, sweet crude causes less damage during the refining process, thus

resulting in lower maintenance costs. Regarding the sour crude, in addition to the

higher sulfur content, the possible formation of high levels of hydrogen sulfide can
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pose serious health problems, hence the need to remove it before the transportation

of sour crude oil.

Benchmarks are crude oils from various regions used as pricing references for

petroleum trading. As the most actively traded commodity, petroleum is bought and

sold in contracts usually in units of 1000 barrels of oil. Thus, benchmarks help to

determine the price of an oil barrel in a contract. There are three major benchmarks

upon which is based the pricing of most crudes, namely: Brent, West Texas

Intermediate (WTI), and Dubai–Oman.

1. Brent Blend: This waterborne crude is used in Europe and in OPEC market

basket, making it the most widely used marker (almost two-thirds of all crude

contracts around the world). This benchmark is a mix of crude oil from 15 dif-

ferent fields in the North Sea including Brent, Forties, and Oseberg. Crudes from

those fields and others are light (API Gravity of 38.3�) and sweet (about 0.45%

sulfur), therefore ideal for refining gasoline and diesel fuel, along with other

high-added value products.

2. WTI or US crude: It refers to oil extracted from fields in the United States and

sent via pipeline to Cushing, Oklahoma, the price settlement point for this crude.

This oil is also light (API Gravity of 38.7�) and sweet (around 0.45% sulfur).

Those properties make this crude ideal for gasoline refining.

3. Dubai–Oman: This Middle Eastern crude is a useful reference for oil of a lower

grade thanWTI or Brent (i.e., slightly heavier and sourer). Originally, this basket

consisted of crude from Dubai (around 31 API and 2.13% Sulfur). Then, when

its production plummeted to less than 100,000 barrels per day, crude from Oman

was added. Starting from June 2007, the Dubai–Oman crude oil became the

pricing benchmark for the Middle Eastern oil in the Asian market.

1.3.2 Worldwide Production and Consumption

The worldwide production and consumption statistics of crude oil, reported in

Fig. 1.1, reveals how much the present economic systems are dependent on

so-called black gold.

Indeed, the reported data is showing a steady increase (almost linear) in both

production and consumption between 1983 and 2013. Thus, for the last three

decades, the petroleum production was increased by 13.7 (1983–1993), 15.7%

(1993–2003), and 12.4% (2003–2013). The consumption also increased during

the same period by 13.1, 15.6, and 12.2%, respectively.

Let us now analyze the production and consumption of petroleum by country.

For this, we will compare the 2013 statistics [6] of two main groups: the 12 OPEC

countries (Organization of the Petroleum Exporting Countries), on the one hand,

and the top 12 countries having the largest economies (GDP-based ranking).

The related results are depicted in Fig. 1.2.

As shown, OPEC is responsible for almost 40% of the world production. Saudi

Arabia is by far the highest producing country with 11.73 million barrels per day.
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Among the largest economies in the world, the United States and Russia are the

highest producing countries with 11.11 and 10.40 million barrel of petroleum per

day, respectively. Thus, the crude oil world production share of the 12 members of
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OPEC is slightly higher than the one for the 12 countries having the largest

economies (39.8 and 38.1%, respectively). However, when it comes to consump-

tion, the share of the 12 largest economies is 57.9%, six times more than the

consumption share of 12 OPEC members (only 9.2%). Thus, we have two distinct

models: countries producing petroleum to generate wealth and countries consuming

petroleum to generate wealth. Is one of those models better? What are their

respective repercussions on societies and the environment? We shall address this

important issue later in this chapter.

1.3.3 Petroleum Refining Processes

As we have seen in the previous section, petroleum is composed of a mixture of

hydrocarbons (paraffins, naphthenes, and aromatics) in varying proportions

depending on the location of the extraction field. Other elements are also present

in the crude oil including sulfur, nitrogen, oxygen, trace metals, and salts. The

straightforward objective of a refinery is to purify petroleum, remove the impuri-

ties, and fractionate its hydrocarbons content to marketable products (gasoline,

diesel, jet fuel, etc.). Further processing could be included to produce specialty end

products such as lubricants, asphalt, wax, and other petrochemicals feedstock.

The refining process is based on the three major stages: distillation, cracking,

and reforming/isomerization:

1.3.3.1 Distillation

After purification, the petroleum is preheated at 343–399 �C in pipe furnaces and

transformed from liquid to gaseous phase (evaporation rate approximating 80%)

[7]. The resulting hot gas is fed into the bottom of a distillation tower. As the heated

gases move up the column, the temperature decreases and the various hydrocarbons

gradually start to condensate based on their respective boiling points and molecular

weights, hence the designation fractional distillation. As a result, three different

categories of distillates are produced. The light distillates include liquefied petro-

leum gas (LPG), gasoline and naphtha, the middle distillates (kerosene, diesel), and

heavy distillates and residuals (heavy fuel oil, lubricating oils, wax, and asphalt).

The characteristics of each distillate (carbon content and boiling points) are

presented in Fig. 1.3. In practice, atmospheric distillation columns are configured

to stop at this level. More advanced vacuum distillation columns further refine the

heavier fractions into lighter products in order to increase the production of high-

value petroleum products.
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1.3.3.2 Cracking

Among all petroleum-distilled products, the greatest demand is for gasoline. One

barrel of crude petroleum contains only 30–47% gasoline. Transportation demands

require that over 50% of the crude oil be transformed into gasoline [8]. To meet this

demand, some petroleum fractions must be converted to gasoline. This may be done

by cracking, i.e., breaking down large molecules of heavy hydrocarbons into

smaller thus lighter hydrocarbons. Cracking is accomplished using high pressures

and temperatures without a catalyst (thermal and stream cracking) or lower tem-

peratures and pressures in the presence of a catalyst (fluid catalytic and hydrocrack-

ing). In practice, fluid catalytic cracking produces a high yield of gasoline and

liquid petroleum gases, while hydrocracking is a major source of jet fuel, diesel

fuel, and naphtha.

1.3.3.3 Reforming/Isomerization

Those procedures are basically applied to generate more useful hydrocarbons.

Reforming is set to rearrange hydrocarbon molecules into other molecules, usually

with the loss of hydrogen. An example is the conversion of an alkane molecule into

a cycloalkane or an aromatic hydrocarbon, for instance hexane to cyclohexane.

Fig. 1.3 Fractional distillation unit and related petroleum-derived distillates
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As for isomerization, it is the mechanism with which the same hydrocarbon

molecule is rearranged into a more useful isomer (i.e., same chemical formula but

different structure). For instance, this process is particularly useful in enhancing the

octane rating of gasoline, as branched alkanes burn more efficiently in a car engine

than straight-chain alkanes. A related example is the isomerization of butane to

2-methylpropane (isobutane).

1.3.4 Petroleum-Based Products

1.3.4.1 Products from the Refining Industry

As illustrated in Fig. 1.3, the refining process produces various commodities such as

refinery gases (aka. liquefied petroleum gas, mainly propane and butane), gasoline,

diesel, kerosene, jet fuel and fuel oils. The amount and quality of refined petroleum

products is mainly related to the type of crude oil used as feedstock as well as the

configuration of the refinery. In general, lighter and sweeter crude oils are more

expensive but generate greater yields of higher value refined petroleum products

including gasoline, kerosene, and other jet fuels. Heavier and sourer crude oils are

less expensive and generate greater yields of lower value petroleum products, such

as diesel and fuel oils.

In average, a single barrel of petroleum could produce 25–50% gasoline,

10–25% diesel, 10–40% fuel oil, 7–12% jet fuel, and 6–8% gases. Figure 1.4

represents the breakdown of a barrel of US oil (42 gallons� 159 liters) into various

refining products.
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1.3.4.2 Products from the Petrochemical Industry

The petrochemical industry uses a fast array of hydrocarbons as feedstock, belong-

ing to two major groups: olefins and aromatics.

(i) Olefins: are unsaturated aliphatic hydrocarbons containing one or more

carbon–carbon double bonds (alkenes), mainly produced from steam cracking

and catalytic reforming. It includes ethylene (C2H4, the smallest olefin), pro-

pylene (C3H6), and butadinene (C4H6)

(ii) Aromatics: are unsaturated cyclic hydrocarbons containing one or more rings

mainly produced by catalytic reforming processes. This group includes ben-

zene, toluene, and xylene isomers.

Both olefins and aromatics are feedstocks for a multitude of chemical products

and commodities. The flow diagram (Fig. 1.5) gives an overview on those

petrochemicals.

Regarding the industrial applications, petrochemicals are the building blocks for

the production of diverse products, thus providing end markets and consumers with

various commodities throughout the world. The extent of utilization of petroleum-

derived products is just staggering as it affects every aspect in our today’s life.
The illustration in Fig. 1.6 gives a clear assessment on the degree of dependency

individuals and societies alike have on petroleum, a nonrenewable depleting

supply.

This list of end products is far from extensive. In the public mind, when the word

petroleum is heard, most people will think of gasoline, diesel, plastics, and some

textile fibers and dyes. The current situation is far from being restricted to fuel our

Other distillates
3 %

Other products
10 %

Gasoline
46 %

Jet fuel
9 %

Diesel and heating oil
24 %

Liquified petroleum gas
4 %

Heavy fuel oil
4 %

Fig. 1.4 A breakdown of barrel of crude oil into various products (Data source [9, 10])
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cars, make our clothes, and produce some plastic bags out of petroleum derivatives.

Indeed, as shown in the previous figure, we use petroleum to protect our crops, to

take care of ourselves, and even to medicate ourselves with petroleum-derived

pharmaceuticals.

But, the dependency does not end there. Ironically, we depend on nonrenewable

petroleum to produce renewable energies. Indeed, in the petrochemical products

related to the energy sector in Fig. 1.6, we have purposely mentioned two specific

products: protective films and lubricants. The first, protective front and back sheet

films are used in the solar panel industry as the outermost layer of the photovoltaic

module to protect the inner components from weathering and also act as electric

insulators [11]. Those films are mainly made from ethylene-tetrafluoroethylene

(ETFE), polyvinyl fluoride (PVF), or polyethylene terephthalate (PET),

petroleum-derived thermoplastic polymers. In addition, solar cells contain layers

of encapsulants made from the copolymer ethylene-vinyl acetate (EVA), polyvinyl

butyral (PVB), or thermoplastic polyurethanes, all petrochemical compounds [12].
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Ethylene
dichloride

Polyethylene

PropanolPropylene
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Fig. 1.5 From raw feedstock to petrochemicals: a flow-diagram illustration
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On the other hand, petroleum-derived lubricants (oils and greases) and coolants

have a very important impact on the wind energy sector. Indeed, wind turbines are

very expensive machines generally installed in remote areas; thus, the use of

lubricants and coolants (for gearboxes and blades) will help maintaining peak

conversion performances and reducing the costly and time-consuming maintenance

interventions.

Thus, petroleum is much more deep-rooted in our everyday life than most of us

think. This situation has to be seriously taken into account when proposing

bioeconomy as an alternative model. To “compete” with petroleum, the sustain-

ability factor alone is not enough. The focus should be on establishing equally
versatile and efficient production systems. At this stage, and this stage alone, that

sustainability will intervene as a decisive factor.

Fig. 1.6 Petroleum-derived end products and markets
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1.4 Prosperity from Black Gold, to Whom and at What

Price

1.4.1 Petroleum and Economic Prosperity: Producers Versus
Consumers

During the industrial revolution of the nineteenth century, the use of coal as fuel set

the “train” of progress in motion, which definitely induced a significant improve-

ment in the living standards. After several discoveries, inventions, and innovations,

the use of crude oil, the other so-called black gold, enabled humanity to reach a

higher level of prosperity, especially so between the end of the second World War

(1945) and the 1973 oil embargo crisis.

Crude oil is the most traded commodity in the world market. In Fig. 1.2, a

comparative analysis was carried out based on the production/consumption data for

two groups of countries: (1) the 12 members of the organization of petroleum

exporting countries (OPEC) and (2) the 12 best performing economies in the

world (based on the 2013 GDP statistics [13]). The main findings were that, for

the 12 OPEC members, the petroleum production far exceeds the consumption,

leading the straightforward strategy of petroleum exportation. As for the 12 stron-

gest economies, the consumption exceeds the national production, except for

Russia and to a lesser extent Canada.

Now, in order to better understand the situation, a simplified yet straightforward

assessment of the petroleum impact on economies is presented via analyzing the

relationship between one important economic indicator, gross domestic products

(GDP), and the statistics data about crude oil (production and consumption).

Basically, the comparison is between petroleum producing/exporting countries

and consuming/importing ones.

First, the analysis of the GDP on the one hand and petroleum production on the

other (Fig. 1.7) clearly shows that economic prosperity is not linked to the produced

amount of crude oil. For instance, the combined GDP of all OPEC members almost

equals that of Germany alone, although they are producing petroleum 218 times

more.

It is therefore obvious that mono-product export-orientating economic model

adopted by most OPEC members is not only vulnerable but also inefficient in

generating national wealth. As for the countries with strong “mixed” economies,

petroleum production seems to play a promoting role in the economy via boosting

the diverse production activities in countries like the United States and China. Other

countries with highly performing economies do not even produce significant

amount of petroleum including Japan, Germany, and France. This means that

petroleum production is not an affecting factor, so what about its consumption?

To answer this question, let us analyze the correlation between the GDP and the

petroleum consumption data depicted in Fig. 1.8.

Contrary to its correlation with production, the GDP had a good fit with

petroleum consumption. Therefore, for the selected countries, economic growth is
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Fig. 1.7 Correlation between petroleum production (Data source [6]) and GDP (Data source [13])
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Fig. 1.8 Correlation between petroleum consumption (Data source [6]) and GDP (Data source

[13])
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linked to petroleum consumption and, as the most traded commodity in the world,

induces economic prosperity for the consumers but not for the producers.

The question now is whether the petroleum consumption generates growth or the

economic growth increases petroleum consumption. Several investigations were

carried out on this matter to find out the causality relationship between oil con-

sumption and GDP. Most economic analysts used the Granger causality model

[14, 15] or the modified Toda and Yamamoto version [16]. It was found that this

relationship is more prevalent in the developed OECD (Organization for Economic

Co-operation and Development) countries compared to the developing non-OECD

countries [17].

For the BRICS countries (Brazil, Russia, India, China, and South Africa), the

analysis showed that oil consumption and economic growth are not sensitive to

each other for the studied panel. However, for the distinct study case of China, a

bidirectional causality was proposed [18], as energy supply is needed to “fuel” the

industries, but rapid growing industrial activities will put pressure on energy

demand thus increasing the oil consumption as well as coal and natural gas. Thus,

although the industrial output of China only accounted for about 40% of GDP, the

industrial energy consumption accounted for almost 70% of the energy

consumption [19].

1.4.2 Prosperity from Petroleum: The Other Side of the Story

In the previous section, the simplified analysis showed that petroleum is more

profitable for consumers than producers. Indeed, most exporting countries produce

and sell crude oil to generate wealth, contrary to the industrialized countries, which

import petroleum and use it to generate wealth. The common, but misleading,

question asked regarding the most important raw materials on earth is: Do you

have petroleum? The real question though is: what are you going to do with it?

In most nations, economic strategies and foreign relations policies are planed

based on their reply to this question. Overall, countries could be divided into two

main groups: the exporting producers and the importing consumers. “We are

planning to sell petroleum and generate prosperity and economic growth from its

revenues,” replied the first group. The reply of the second group would be: “we are

going to buy petroleum and use it as a feedstock to produce various kinds of value-

added commodities. The commercialization of those products will generate wealth

from various sources, thus generating economic growth and sustaining it.”

Let us now analyze the situation for representatives of those two groups: the

OPEC 12 members for the first group and the 12 best economies in the world for the

second one. The relationship between those two entities has been suspicious most of

the time and even nervous some of the time. The price fluctuations of crude oil

throughout the last decades say it all. Both groups know very well the importance of

the raw material being traded, the so-called black gold.
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For OPEC, most of its members rely heavily on petroleum export. According to

the organization statistics, the contribution of crude oil in the total export revenues

could reach very high levels as it is the case for Saudi Arabia (85%); Nigeria (90%);

and Venezuela, Kuwait, and Libya (95%). Thus, petroleum is the backbone of

OPEC members’ economies since its export is the primary income for member

countries to generate revenues (average of 75% of total export revenues) [20]. To

name a few, the revenues are being used for decades to build and maintain roads and

bridges; construct and equip housing complexes, schools, and hospitals; and import

many commodities, most of them derivatives from the refining and petrochemical

industries. So, the diagnosis in this case is a “chronic” dependency on depleting

fossil resources.

For the industrialized countries, petroleum plays another role yet equally impor-

tant. It is the backbone of many industrial activities as a feedstock for the produc-

tion of many value-added products or as the major energy supply for strategic

sectors like transportation (cf. Fig. 1.6). For this group, the dependency on petro-

leum was gradual and discrete (but not for the big oil companies). With the

development of the lucrative petrochemical industry, the dependency became

chronic.

The actual relationship between petroleum exporting producers and importing

consumers is a mutual dependency. The first group needs the second to buy the

supply. The second needs the first to provide him with these resources to “feed” its

large industrial complexes, always hungry for energy. Thus, instead of tense and

nervous relationship between OPEC and the industrialized countries, the situation

should be analyzed in a wise manner because the current situation is both precarious

and escalating, especially considering the geographical distribution of petroleum

reserves in the world (politically unstable regions) on the one hand, and with the

orientation towards the exploitation of more fossil resources like oil shale and tar

sands.

To give a very simple metaphor portraying relationship between OPEC and

industrialized countries, let us tell you the story of two farmers, one with a cow

(OPEC) and the other with a fruit orchard (industrialized countries). The first has a

very productive cow giving him far more milk than his needs for his family. The

second has a highly productive orchard with many kinds of fruits giving him decent

revenues. In the beginning, the farmer with the cow did not know that it has milk but

the second farmer knew that. So, he helped his neighbor to extract milk from the

cow with the condition to sell him a daily amount at a “special” price in addition to

some fruits from his orchard. The deal went on for decades.

The family of the farmer with the orchard liked milk very much, especially that

they were able to produce delicious butter, cheese, and yoghurt out of it. Those

products become a staple in their daily diet and they did not seem to get enough of

it. The farmer with the cow, now aware of the importance of milk, started taking

care of his cow to produce more and more. Overall, both farmers benefited from the

precious milk. The first was satisfied with the revenues from his cow and took care

of his entire family from the milk revenues only. The second farmer become too

dependent on the delicious milk to a point that he is not taking care of his orchard
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anymore and started to think “why buying milk if I could get the cow or, at least, I

can give its custody to a friend.” From this point, the relationship between two

farmers became very tense and all the neighborhood became anxious and fearful.

One day, a wise veterinary came to see the troublesome farmers. He told the first

farmer (OPEC): “open your eyes, the cow is suffering and it has only couple of

more years to life.” Then, he turned to the second farmer (industrialized countries)

and said: “if you like milk this much, I’ve heard of another farmer producing Soy

milk, it’s similar to the conventional milk and made from renewable resources.”

The two farmers looked to the vet, the meager cow and the deserted orchard. Then,

they looked to each other for seconds and the first (OPEC) said to the second

(industrialized countries): “Still want your usual dose of milk?,” and the latter

replied: “of course my friend,” and the story goes on.

1.4.3 The Petroleum Paradox

The dangerous facet of the story is that both groups (exporting and importing

countries) are establishing strategies for entire nations and given hopes for entire

populations, based on a precious yet depleting resource. Every one of them is trying

to ensure an ever increasing prosperity for their countries and well-being for their

citizens (a quite selective as we shall see later). The goal in itself is worthwhile but

the adopted strategy is short-sighted, hasty, and unwise.

Normally, strategists, policy makers, and decisions makers are wise and insight-

ful men and women, the best a nation can give. So, why we ended up with unwise

strategies leading to excessive dependency on a nonrenewable resource like

petroleum?

For decades, political economists and experts analyzing the petroleum produc-

tion, consumption, and trading proposed several concepts to explain the abnormal-

ity that oil-rich countries have weak economies, namely, the “petroleum curse” [21]

and the “Dutch disease” [22].

The constant flow of petroleum to markets throughout the entire world, its

“affordable” price range (most of the time), in addition to its huge revenues, gave

the sense that it is unlimited resource. This illusion led to the gradual surge in

dependency, and it is not only affecting the known oil exporting countries where the

apparent abundance of petroleum strangely led to a weak industrial manufacturing

and agricultural activities (the so-called Dutch disease) but also developed nations.

Indeed, the largest concentration of refining capacity is not in the Middle East, the

largest producing arrear and where most of the reserves are, but in North America

and Europe. The Unites States alone accounts around one-quarter of the crude oil

distillation capacity of the world [23].

A comparative example from the European Nordic region gives a clear illustra-

tion of this syndrome also affecting developed nations. The discovery of petroleum

in the North Sea in late 1969 transformed the core of the Norwegian economy.

Norway is among the top ten largest oil exporter, and petroleum accounts for 30%
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of the country’s revenues [24]. Since the so-called 1970’s boom, those revenues

were channeled to cover the high spending in wages and welfare benefits to

unsustainable levels, making Norway one of the world’s most generous welfare

model, second only to Sweden [25]. Thus, the Norwegian economy gradually

became highly dependent on its fossil resources and the economic growth highly

susceptible to currency evaluation, pricing, and demand fluctuations. During the

early stages of the oil boom, little governmental initiatives were instigated to

develop the established industries and encourage new enterprises in the private

sector. In the meantime, neighboring Finland, with no petroleum resources, man-

aged to build a vibrant and highly industrialized economy involving various sectors

such as electronics, machinery, mining, forest products, and chemicals [26].

So, the paradox is undeniable and valid for most oil-rich countries, mainly in

developing nations (most OPEC members) but also, and to a lesser extent, devel-

oped countries (UK, Netherlands, Norway. . .). The general tendency is that, once a
country discovers petroleum, it will become visible on the world map (even if too

tiny), the economic growth will go up rapidly, the manufacturing and agricultural

activities (if any) start to go down, and the whole country, if not the entire region,

becomes vulnerable, unstable, and insecure. Some call it a disease, others a curse.

Either way, the fundamental question is: who brought the disease or spelled the

curse on those countries? We shall address this important issue in an unbiased

manner in the last section of this chapter and we shall point to the source of the

problem directly. A straightforward and frank diagnosis is half the cure, and it is

about time to begin the healing process.

1.5 End of an Area: Environmental Disasters

and Geopolitical Instability

Petroleum is the cause of many environmental disasters and major geopolitical

developments in the world. Many will agree and some will disagree, depending on

the impact of this highly addictive commodity on one’s life. Yet, petroleum is just

the superficial cause. It’s merely taking the place, for a determined lapse of time, of

many other precious commodities before it such as gold, ivory, cotton, and min-

erals. The real and deeply rooted problem is in the mind of men, greedy and

corrupt men.

This is not to diminish the role of petroleum exploitation in the current disastrous

state of the planet. Rather, it is crucial to make a proper diagnosis and know the real

source of the problem. If not, proposing bioeconomy as new sustainable model of

exploitation and production, under the same circumstances, will be futile. We have

to break up this cycle of bloody and costly struggle over resource. It has to end, too

much is at stake. The global situation is not just precarious for next generations, it is

already so for the current generation. The earth is suffering, soil, air, and water

alike, and humanity too.
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Thus, analyzing the legacy of the petroleum era would be a very important

endeavor to draw lessons for the future and be a constant reminder for those of us

with short memories.

1.5.1 Serious Environmental Degradation

Environmental pollution caused by petroleum extraction and refining, along with its

derived products manufacturing, utilization and disposal, has led (and still do) to

major ecological disasters. The impact is not restricted to industrialized countries

where the bulk of the refining, transformation, and utilization occurs, but also in less

developed countries where petroleum is extracted and in even less developed

countries where most of the petroleumderivative wastes, among many other con-

taminants, are dumped. Thus, during the last decades, the only feature that equals

the worldwide importance of petroleum in human societies is its worldwide mess in

human environment.

1.5.1.1 Toxicity of Petroleum and Derived Products

Public Health Risk

Petroleum and its derived intermediates and products constitute one of the most

widespread sources of environmental degradation in the world due to their wide and

extensive extraction, storage, transportation, and use. Intrinsically, petroleum has

various toxicity levels as it is a complex mixture of hydrocarbons, in addition to

trace amounts of sulfur and nitrogen compounds, some of which are toxic, poison-

ous, and carcinogenic.

Petroleum products are persistent and highly mobile contaminants making them

difficult to remove from soils and groundwater. Besides, several petrochemicals are

known or suspected carcinogens or mutagens which can pose serious human health

risks (e.g., cancer, birth defects, and other chronic conditions) at 10 ppb and below

in groundwater resources [27]. Inhalation of high concentrations of crude oil may

cause central nervous system effects, and a prolonged or repeated skin contact may

cause dermatitis.

The major concern is about the potential carcinogenicity of some polycyclic

aromatic hydrocarbon (PAHs) [28]. Benzo(a)pyrene is considered one of the most

potent carcinogenic PAH. Along with benz(a)anthracene, they are classified as

probable human carcinogens inducing skin tumor development [29]. At relatively

high levels, the volatile organic compounds benzene, toluene, ethylbenzene, and

xylene (BTEX), commonly found in petroleum derivatives, can be associated with

serious neurotoxic [30, 31] and hepatotoxic complications [32].
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Soil and Ground Water Contamination

Soil and ground water contamination by petroleum and its derivatives is related to

two main pollution source: point and nonpoint sources [33]. The first could be

caused by spills and leaks from petroleum wells, pipelines, and underground

storage tanks. It could also be generated in landfills and industrial waste disposal

sites. Either way, the leaking can seriously contaminate large areas of soil, deteri-

orating their fertility and even making them nonexploitable and source of serious

health risk from organisms living in them or feeding from them. For instance, 25%

of the content of underground petroleum storage tanks is estimated to be leaked into

the ground [34]. If the treatment of soils contaminated by petroleum is not both

quick and efficient, toxic hydrocarbons can leach into the groundwater and con-

taminate vital water resources, particularly if the aquifer is shallow and not sealed

by an overlying layer of low permeability material like clay.

The second source is related to the commonly used petroleum products. For

instance, the agricultural sector is highly affected by any deterioration of the quality

of both soils and water resources. Thus, the various petrochemicals used in agri-

culture including fertilizers, pesticides, and herbicides constitute a nonpoint source

of pollution especially considering their worldwide extensive applications.

Air Pollution

During the petroleum refining process, several toxic gaseous compounds are emit-

ted into the atmosphere. As well, the utilization of petroleum distillates and

derivatives in the transportation, industrial, and agricultural sectors is partly respon-

sible for the worldwide degradation of the air quality.

The U.S. Environmental Protection Agency (EPA) designates six criteria pol-

lutants for determining air quality including carbon monoxide (CO), nitrogen

oxides (NOx ), sulfur dioxide (SO2), ground-level ozone (O3), and particulate

matter (soot, dust, pesticides, and metals) [35]. In addition, petroleum-fueled

vehicles and industrial machinery running on fossil fuel directly produce consider-

able amounts of toxic CO, NOx, and volatile organic compounds (VOCs) in the

atmosphere. The combination of VOCs and NOx in sunlight create O3, well known

for blocking ultraviolet rays in the upper atmosphere, but could cause human health

problems when present in the lower atmosphere (tropospheric ozone) [36].

Sulfur dioxide is a trace component of petroleum. When released into the air

with the refineries emissions, it could cause acid rains [37]. Indeed, SO2 and NOx

react with the water molecules in the atmosphere to form corrosive acid rain which

could be harmful to exposed living organisms and even buildings and other

infrastructure.

Incomplete combustion of petroleum occurring on a burning oil rig or when an

oil spill catches fire generates smoke plumes containing a mixture of toxic gases

(CO, CO2, NOx. . .) and particulates matter (soot and acidic aerosols). The partic-

ulate matter is also constantly being emitted by vehicle exhausts along with other
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gases [38]. The use of lead as additive to gasoline, to boost the octane ratings,

contributed in increasing the lead levels in the atmosphere.

All those hazardous compounds in petroleum and its derivatives are suspected to

induce serious health issues if exposed to high concentrations or for long period of

time. According to EPA [39], the health complications include:

– Array of adverse respiratory effects, airway inflammation in healthy people,

increased respiratory symptoms in people with asthma (inhalation of SO2 and

NOx).

– Harmful health effects associated with the reduction of oxygen delivery to the

body’s organs (heart and brain) and tissues (inhalation of CO).

– Increased respiratory symptoms, irritation of the airways, difficulty breathing,

decreased lung function, aggravated asthma, development of chronic bronchitis,

irregular heartbeat, and nonfatal heart attacks (inhalation of particulate matter).

1.5.1.2 Global Warning and Climate Change

According to the intergovernmental panel on climate change (IPCC), global

warming or the increase in global average temperatures is “very likely” due to

the observed increase in anthropogenic (i.e., due to human activities) greenhouse

gas concentrations. Among those greenhouse gases causing global warming are

carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), along with

perfluorocarbons (PFCs), hydrofluorocarbons (HFCs), and chlorofluorocarbons

(CFCs). The investigations performed by the IPCC’s experts revealed that the

global atmospheric concentrations of CO2, CH4, and N2O have increased markedly

as a result of human activities since 1750 and now far exceed pre-industrial

values [40].

Over the past half century, petroleum-derived fuels used in transportation and

coal used in power plants are considered to be the primary causes of global

warming, along with severe deforestation, intensive agriculture, and other human

activities. Scientists predict that around one-third of the CO2 emitted into the

atmosphere every year comes from vehicle exhaust. Methane, although usually

associated with natural gas, could also be emitted during petroleum extraction,

transportation, refining, and storage.

Scientists from the IPCC examining global warming have predicted that, by the

year 2100 average, the global temperatures could increase between 1.1 and 2.9 �C
for the low scenario and between 2.4 and 6.4 �C, based on the high scenario [41].

Global warming was accompanied with long-term continuous changes in

weather and climate. Worldwide climates changes are becoming more and more

apparent. If researchers’ investigations and scientists’ predictions are enough for

some, visible consequences of climate change and its impact on the environment,

and the planet in general, will convince the rest. Storms are becoming more

frequent, heat waves more intense, and droughts more severe. Ice caps are melting,

oceans and sea levels are rising, threatening the ecological equilibrium of many
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marine ecosystems [42]. Sea-level rise can also contaminate groundwater supplies

in coastal aquifers, thus endangering human populations and coastal

ecosystems [43].

1.5.1.3 Major Oil Spills

In its journey from the well to the market, petroleum could leak into the environ-

ment during extraction, transportation, and consumption, thus causing serious

disasters. The first two are called point sources of pollution (i.e., one identifiable

source) considered as accidental spills from oil wells, pipelines, and tankers leading

to tragic releases of large volumes of toxic hydrocarbons in the immediate envi-

ronment. The other kind of petroleum-related pollution comes from nonpoint

sources (i.e., multiple sources).

An explosion during the oil drilling process is one of the major causes. It mainly

occurs when the gas trapped inside the deposit is at such a high pressure that oil

suddenly erupts out of the drill shaft, ignites, and explodes the drilling platforms.

Two infamous accidents of this type (1979 Ixtoc I and 2010 Deepwater Horizon)

happened in the same region, the Gulf of Mexico (USA). The other point source

spills occur during its transportation from oil from exporting countries to importing

ones. The marine and/or land journey of petroleum is fulfilled by oil tankers and

pipelines or by railways and roads. Some of the transportation are safer than others,

but all are susceptible to unexpected accidents. The following accidents represent

the major recorded oil spills from (1) tankers and (2) petroleum fields.

Disasters from Oil Tankers

– In the 1960s (March 1967), the Torrey Canyon tanker grounded on the Seven

Stones reef between the Cornish mainland and the Isles of Scilly (UK). All its

cargo of crude oil (119,000 t) leaked into the sea [44]. This supertanker, like

many others, perfectly illustrates the international dimension and complicated

liaisons (to say the least) in the petroleum sector. It was built in the United States

in 1959 with an initial capacity of 60,000 t, later enlarged in Japan to 120,000 t.

The crude oil came from Kuwait and was going to Wales. At the time of the

disaster, the tanker was owned by the Union Oil Company of California (USA),

registered in Liberia and chartered to British Petroleum (UK).

– In the 1970s (July 1979), the Greek crude oil carrier Atlantic Empress collided
with the Aegean Captain, another Greek supertanker, 30 km east of the island of

Tobago. A week after the collision, the tanker sank after spilling 287,000 t of

crude oil into the Caribbean Sea [45].

– In the 1980s (August 1983), the Spanish supertanker Castillo de Bellver Spanish
tanker caught fire about 80 km northwest Cape Town, South Africa. Explosions

broke the vessel apart and the entire cargo of light crude oil estimated at

250,000 t spilled into the sea [46].
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– In the 1990s (May 1991), the ABT Summer, owned by Saudi Arabia and

registered in Liberia, exploded and sank with its cargo of 260,000 t of crude

oil, 900 miles off the coast of Angola [47].

– In the 2000s (November 2002), The Greek tanker Prestige sunk in the territory

of Galicia (Spain) and spilled some 716,000 t of crude oil [48]. The pollution

affected coastal regions in Spain, Portugal, and France.

Disasters from Oil Fields and Pipelines

– In the 1970s (June 1979), the Ixtoc I oil well exploded in the Gulf of Mexico. The

resulting fire caused the oil drilling platform to collapse and petroleum to leak

into the sea for months. It was estimated that 476,000 t of petroleum polluted the

offshore region in the Gulf of Mexico [49], one of the largest oil spills ever

recorded.

– In the 1980s, (February 1983), and during the Iran/Iraq war, an oil tanker

collided with the Nowruz platform, then Iraqi helicopters attacked it, and the

slick caught fire. After several spills and delayed well capping, 260,000 t of

petroleum were spilled because of this war [50].

– In the 1990s (January 1991), one of the worst oil spill in history of mankind

happened during another war, the Gulf War. While retreating from Kuwait after

a failed invasion, the Iraqi armed forces opened valves of oil wells and pipelines,

causing 1,360,000–1,500,000 t of petroleum to be spilled into the Persian

Gulf [51].

– In April 2010, the Deepwater Horizon or BP oil spill, the largest accidental

marine oil spill in the US history, took place in the Gulf of Mexico 66 km off the

coast of Louisiana. The blowout was caused by the expansion of highly pres-

surized methane from the well up to the oil rig where it ignited and exploded.

The platform later sunk and the estimated amount of leaked petroleum was

between 492,000 and 627,000 t [52].

In the long run, point sources, although spectacular, remain limited in terms of

volume and impact, compared with nonpoint sources where small and recurring

amounts of petroleum and its derivatives are being spilled for an extended period of

time and from various sources. The non-extensive list contains routine discharges

of fuel from huge commercial and leisure ships, airplanes, cars, asphalt-covered

roads, and illegal dumping of oil wastes (land and ocean). In addition, the rapid

population growth, cities’ expansion, and industrial development led to an

increased consumption of petroleum and its derivatives with frequent unsafe

disposal of the generated wastes. Such products include lubricants, solvents, plas-

tics, paints, etc.
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1.5.2 Corruption, Wars, and Geopolitical Instability

While introducing this chapter on the legacy of petroleum-based economy, we have

stated that “we were feeding our infinite hunger for wealth from a limited provi-

sion.” Limited provision refers to petroleum as well as the other fossil fuels.

Let us now develop more this very delicate issue and start by defining the “we.”

The whole story started in the early twentieth century with small family-owned

companies extracting the precious black gold. This story strangely brings in mind

another one which happened a century before known as the Gold Rush. The only

difference is that cars cannot run on gold.

Soon afterwards, petroleum gained the position of national strategic resource in

most parts of the world. Hence, nations became heavily involved in the profitable

petroleum-related industries (extraction, transportation, and refining), in order to

secure what seemed to be an abundant and easy income to the country. In the

meantime, the once small businesses grew bigger and bigger. This spectacular

growth became alarming when the end started to justify the means for the “princes”

of petroleum.

At this stage, the corporations started to compete with states and governments in

terms of involvement in the petroleum production and trading. To satisfy their

infinite hunger for wealth, some of those corporations merged together to form

giant multinational multi-billion dollar corporations and stand, once and for all,

above governments and countries. Democratic or despotic regimes were not a

concern for them, but securing a constant flow of petroleum was. This is precisely

the source of all petroleum-related problems, or any other strategic resource for that

matter, the unholy alliance between money and power.

After identifying the real disease, let us now go deep in the analysis and see how

it affected the body of nations. Under normal circumstances, governments in

countries, whether exporting or importing petroleum, think primarily about the

well-being of their citizens and economic prosperity and environmental safety for

future generations. Some big corporations, on the other hand, think only about the

well-being of the shareholders and the steady increase of their wealth. A quick look

on the daily news for a couple of days will clarify the current world situation

(environmental disasters, increasing poverty, political instability, and economic

vulnerability in many countries, including oil-rich ones). It leads only to one

conclusion: big oil companies won the “battle” against countries.

The question then is how a nation with all its resources, political parties, labor

unions, intelligentsia, and military could lose against a corporation, no matter how

big it is? Take some time and think about it.

The straightforward answer is corruption. When the subject of petroleum para-

dox is raised, most of the literature relate it to the corruption in the oil-producing

country, forgetting a very important aspect: corruption is a two-way street paved
with greed. How so?Well, let us start by dividing nations into two major groups and

then analyze the disastrous impact of corruption on both of them: despotic regimes

and democratic system.
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Petroleum-fed corruption in despotic regimes is very simple and direct. One

dictator has all the power and owns all the resources of “his” country. Thus, bribing

the devil and striking a lucrative deal with him will secure a constant and cheap flow

of petroleum and will be a bargain for both of them, but not for the people living

under a despotic regime.

Corruption in democratic countries is more subtle yet more dangerous than in

dictatorships. It is easy to corrupt an imposed and unelected heads of states or junta.

But, to do so for elected officials and even scientists is very difficult. Nonetheless,

money (which multi-billion dollars oil corporations have lots of it) seems to ease

things by funding election campaigns and research studies of special interest.

Another very efficient strategy is to hire skilled people and establish institutions

to take care of the corporations’ interests through lobbying. The same applies for

big pharmaceutical firms, tobacco companies, and military-industrial complex, to

name a few.

Petrodollars could also be used to buy newspapers (not from newsstands like all

of us), radios, and TV stations, all proven to be very useful to “convince” the masses

that, somehow, during the companies’ pursuit of wealth, the people will pursue their
dreams of happiness. For the better educated people, the petrodollars-financed think

tanks will do the convincing.

Overall, it is not just a matter of powerful and influential lobbies capable of

bending the laws enabling therefore the petroleum industry to gain more and more

money and power. The situation is far more serious. It is about recurrent environ-

mental catastrophes occurring with almost no accountability or impunity and more

importantly about their ability to persuade governments to dispatch armies world-

wide to secure a constant flow of petroleum causing death and destruction and

fueling long-term animosities, nationally and internationally.

Bottom line, if a country finds a valuable resource in its land, ground, or sea, it

should fight and eradicate corruption before even thinking extracting it. If it wins

the ultimate battle against any kind of political, judicial, administrative and com-

mercial corruption, it will be blessed. In case of defeat, it will be cursed.

1.5.3 Last But Not Least Problem: Consumerism

In the petroleum-based economy, markets became flooded with various affordable

commodities from fuels (gasoline, diesel fuel, kerosene. . .) and plastics, to paraffin
wax, lubricants, and many other cheap petrochemicals and commodities.

During this industrial boom, the already existing notion of consumerism shifted

from a mere concept synonym of prosperity to a promoted practice believed to

increase production and enlarge markets. Thus, in order to make him buy more and

consume even more, the BIG production and trading companies told the LITTLE

consumer that “he is always right” and that “he is king.” Is he really sovereign? Of

course not. That’s why there are consumers’ protection laws and associations

worldwide.
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Consumer is definitely the weakest element in the economic system. The three

others (i.e., exploitation, production, and trading) are lucrative activities that

generate wealth, but not consumption. To the contrary, consumers will directly or

indirectly generate wealth for exploiters, producers, and traders. Thus, the consum-

erism concept was built to incite the consumer to buy more so that the trader sells

more, the manufactured produces more, and the entrepreneurs or industrials

exploits more and more resources.

Overall, at a conceptual level, the current market-based economic model,

heavily relying on fossil fuels (petroleum, gas, and coal), is supposed to bring

prosperity to nations and welfare to its citizens. In practice, it did it for some, but for

most it triggered wars, caused social injustice, provoked famine, and induced

environmental disasters as we have seen throughout this chapter.

All those worldwide calamities and the petroleum production were still abun-

dant. Imagine now what will happen when there will be less and less petroleum?

Horrible scenarios indeed.

The solution then? Well, gradually free humanity from its severe addiction to

fossil fuels and, with a fast but steady pace, shift to bioeconomy as a sustainable

production-based economic model, as we shall see in the following chapter.
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Chapter 2

Bioeconomy: The Path to Sustainability

Abstract As the global environmental, geopolitical, and socioeconomic situation

started to worsen, humanity became aware that the current economic model based

on fossil resources is not a viable one and its shortcomings are being sensed all over

the world (economic crisis, global warming, accentuated disparities, recurrent

pollution incidents, etc.). In response, a general consensus was made about the

necessity to reintroduce biomass as the core element for the future economic model

allowing a sustainable development, along with dealing with the major issues being

faced by humanity nowadays.

In this chapter, the various definitions around the bioeconomy concept are

presented, as well as the urgent need elaborate an authoritative definition of this

concept in order to synchronize the efforts of all possible contributors (legislators,

scientists, industrialists, etc.) for a wider promotion and implementation of this new

economic model through a gradual and smooth transition in raw materials from

fossil to renewal resources.

The main aim of bioeconomy is primarily to conduct the various agricultural,

forestry, and industrial activities in a sustainable manner. Thus, in order to ensure a

successful transition to bioeconomy, the key endeavor is to find out different viable

schemes to combine both sustainability and profitability. This is definitely the major

challenge to face bioeconomy for the next couple of decades. The leading role of

science and technology in this vital transition phase towards sustainable

bioeconomy is emphasized.

2.1 Introduction

After analyzing the heavy legacy of the petroleum-based economy on mankind and

the environment, the ultimate deduction is that the situation has to change, and an

alternative economic model has to be proposed to repair mistakes of the past and

pave the pathway for a better future, a sustainable and eco-friendly future, for

generations ahead.

The utmost important keyword in this very vital endeavor is CHANGE. Indeed,

this is the real challenge facing any economic model expected to replace the current

fossil fuels-based one. The fear of change is deeply lodged in the psyche of both

individuals and societies.
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No economic model will be able to take over if it is not, at least, as efficient as

the current one. This is the only solution to overcome the intrinsic fear of change

going all the way from the producers to the consumers. May be a fraction of them is

ready to make minor concessions for some time, but no one will be willing to make

serious concessions most of the time.

As the geopolitical, socioeconomic, and environmental situation started to

deteriorate, humanity suddenly became aware about this “green stuff” around

us. We could eat it, cure ourselves with it, feed it to livestock, and produce fuels

and many other products from it. Humanity rediscovered then what was always

around: BIOMASS.

At this point, we became aware that many commodities came from petroleum,

but petroleum too came from biomass. So, what if we replace the petroleum by its

source and petroleum-based economy by a biomass-based economy. Thus, instead

of “preaching” urgent change to change-fearing population, let us use the

comforting “go back to the source” speech.

2.2 What Is Sustainable Bioeconomy?

Defining bioeconomy is a crucial first step. This concept will be used to deal with

worldwide population growth, depleting fossil raw materials, climate change, and

many environmental problems. Thus, before analyzing bioeconomy and its imple-

mentation, the notion itself should be defined.

Although there are many viewpoints about sustainability, the notion itself is

quite straightforward. Basically, it is about securing the needs of current generation

without compromising the ability of the next one to secure its own needs.

As for bioeconomy or bio-based economy, many scientists, governments, and

international institutions presented their own definitions. From those definitions,

legislations, strategies, and policies will be developed and later implemented, and

this is precisely why defining bioeconomy is crucial. The problem here is that

bioeconomy is a multidimensional concept, and its definition basically depends on

who’s defining. Economists, industrialists, farmers, strategists, and ecologists will

have a distinct, sometime contracting definitions of bioeconomy. Imagine decision

makers adopting action plans for years ahead based on the “governmental” percep-

tion of bioeconomy, but industrials, on the other hand, have another vision of the

whole concept. The implementation will be very difficult, especially within an

international network (which is the case most of the time).

Here are the widely known (still to be widely accepted) definitions related to

bioeconomy. According to the European Union, bioeconomy “encompasses the
production of renewable biological resources and their conversion into food, feed,
bio-based products and bioenergy. It includes agriculture, forestry, fisheries, food
and pulp and paper production, as well as parts of chemical, biotechnological and
energy industries” [1].
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Within the European Union, several countries pursuing their own national

strategies aiming at developing bioeconomy and sustainability also adopted other

definitions. For instance, the German Federal government defined the concept of

bioeconomy in its national research strategy “BioEconomy 2030” as follows: “The
concept of bioeconomy covers the agricultural industry and all manufacturing
sectors and their respective service areas, which develop, produce, process, repro-
cess or use them in any form biological resources such as plants, animals and
microorganisms. Thus, it achieves a variety of industries such as agriculture,
forestry, horticulture, fisheries and aquaculture, plant and animal breeding, food
and beverage, wood, paper, leather, textile, chemical and pharmaceutical indus-
tries up to branches of energy industry” [2].

Finland, one of the leading countries in implementing bioeconomy, also adopted

its own definition. According to the Finnish bioeconomy strategy, “bioeconomy
refers to an economy that relies on renewable natural resources to produce food,
energy, products and services.” The objectives of this strategy is to “reduce
dependence on fossil natural resources, to prevent biodiversity loss and to create
new economic growth and jobs in line with the principles of sustainable
development” [3].

On the other hand, based on their report entitled “The Bioeconomy to 2030:

designing a policy agenda,” the OECD countries consider that “the application of
biotechnology to primary production, health and industry could result in an
emerging bioeconomy” which “is likely to involve three elements: advanced knowl-
edge of genes and complex cell processes, renewable biomass and the integration of
biotechnology applications across sectors” [4].

One concept, one definition. This would be perfect to “harmonize” and “syn-

chronize” the efforts of all possible contributors for a worldwide promotion and

implementation of this new economic model. But, this will be very difficult to

achieve. First, because the concept in itself depends on the perspectives of the

contributors and their involvement context. For instance, what is the worth of a

sustainable production if not followed with a sustainable consumption? Second, and

more importantly, who has the uncontested authority to define bioeconomy?

For the present book, bioeconomy means the sustainable extraction, exploita-

tion, growth, and production of renewable resources from land and sea and their

eco-friendly conversion into food, feed, fuels, fibers, chemicals, and materials, to be

consumed and recycled in a sustainable manner.

2.3 The Shift to Sustainable Bioeconomy

2.3.1 Bioeconomy: Necessity or Luxury?

As we’ve diagnosed in Chap. 1, humanity and the planet are sick; a severe case of

intoxication with fossil fuels (and addiction to them). Thus, sustainable
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bioeconomy is more than a necessity. We have to join force to heal ourselves and

the planet. Forget about the moon or Mars, we are born here and we will die here on

this beautiful green earth.

Now that the disease has been realistically identified, the next step is to find the

cure and quickly start the therapy. The cure has been found. It’s called sustainable
bioeconomy, and it is exclusively made out of biological resources from both land

and sea. Nevertheless, despite finding the cure, starting the treatment is taking too

much time for two main reasons. First, the disease was falsely diagnosed or at least

underestimated right from the start. Second, the initial treatments were localized

whereas the therapy should be generalized to the whole body of this sick planet.

How should we proceed then to use this cure of sustainable bioeconomy?

We all agree that the treatment of a severe case of combined intoxication and

addiction is a long, sometime painful, process. Humanity suffered (and still do)

from prolonged exposure to petroleum and fossil fuels, and their consumption

became almost compulsive. The healing process is composed of two phases:

(1) detoxification and (2) rehabilitation.

The first phase aims at gradually reducing the exposure to fossil fuels. At this

advanced stage, it is out of question to abruptly stop using fossil fuels as raw

material. The current economies are too dependent and too weak for such drastic

approach. Besides, the cure of sustainable bioeconomy is not mature yet and could

not be administered except at small and gradual doses. The second process is

rehabilitation which aims to cease the recourse to fossil fuels and replace it by

the use of renewable bioresources through a wide implementation of bioeconomy.

By the time earth regains its “sobriety,” little or no petroleum will be left, so no

worries about relapse.

In layman’s terms, we should continue, while reducing, the use of fossil raw

materials and promote, while increasing, the use of renewable raw materials. It is

indeed a compromise more than necessary to make sure that all the contributors,

whether promoting bioeconomy or benefiting from it, work together in order to

attain the same objective: start a green industrial revolution to secure a sustainable

future.

2.3.2 Raw Material Change

The term raw material refers to unprocessed organic or inorganic materials or

substances used as feedstock for the primary production of energy, fuels, and

various intermediates and end products. At a basic level, the change in economic

models, national strategies, and international policies could be summarized in one

single notion: change in raw material. This change consists of a gradual shift from
the use of extracted nonrenewable resources to the use of harvested renewable

resources.
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2.3.2.1 From Fossil to Renewable Raw Material: An Anxious

Transition

From the very beginning, securing a constant supply of raw materials at reasonable

prices has been the main strategy for any industry to ensure high revenues and great

competiveness. But, as the competition became fierce, whether between industrials

or between countries, more attention was given to the price, and not the source, of

the raw material. From this point, the recourse to relatively cheap fossil

nonrenewable materials became a must to be able to compete, either nationally or

worldwide. Despite the disastrous consequences related to the extraction, transpor-

tation, and use of fossil raw materials, as discussed in Chap. 1, industrial complexes

continued to expand and nothing alarmed them until, somehow, they figured that

there is a shortage in those precious fossil raw materials.

On the other hand, the steady increase in the world population, the rapid growth

of emerging markets like China and India, along with the development of very

efficient conversion technologies, strongly deteriorated the raw material supply

situation during the previous decade [5]. For many industrialized countries, the

dependency on nonrenewable fossil resources as raw material is very advanced and

alarming too as most of those developed countries depend on raw material

imports [6].

The reaction of most industrialized countries towards the proven shortage in

those fossils resources was very symptomatic. Instead of searching for new sources

of raw material that are renewable in order to secure a continuous flow of raw

supply, they are “advising” to keep relying on other still abundant fossil resources,

as if abundance means infinite.

Thus, as the petroleum resources are depleting, a gradual replacement is already

planned, but then again with other fossil raw materials. First, they think that it is

necessary to increase the lifespan of petroleum exploitation. Thus, the first action to

take is to improve the yields of current petroleum deposits and produce more until

finding a cheaper resource.

The second action is to start exploiting unconventional fossil resources “resem-

bling” petroleum including tar sand and oil shale. Adopting this strategy will make

“democracies much less dependent on oil flowing from countries like Saudi Arabia,
Iran, Iraq, or Venezuela” [7]. What about their dependency on nonrenewable oil? Is

the “democratic” oil better than the “autocratic” one?

In the meanwhile, natural gas will play an increasing role as a raw material for

the production of end products. Coal, on the other side, will be considered a long-

term replacement, considering “its large reserves and availability in important

industrial countries” [8]. The real reason, however, is that the prices of petroleum

and natural gas are going to soar, which will make coal cheaper [9]. Thus, consid-

ering coal as a replacement knowing its disastrous mining activities [10] and the

effects of burning coal [11] on the climate is just wrong.

Proposals to mitigate coal-related environmental problems by carbon dioxide

capture and underground storage will have limited impact, considering the massive
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scale of exploitation and subsequent emissions. Indeed, after immobilizing CO2, the

gas must then be released from the capture medium for sequestration (storage)

while limiting the energy consumption. This is where current capture technologies

run into problems [12]. As well, it is still unclear how the natural carbon sinks will

evolve as climate and atmospheric composition continue to change [13].

All this clearly illustrates how important and delicate is this matter of raw

material change. Every decision, no matter how insignificant it could appear, has

to be taken after deep discussions, heated ones if necessary. The objective is to

reach a consensus between all possible contributors in the field (scientists, indus-

trialists, ecologists, economists, strategists, and decision makers). Even one of us

promoting bioeconomy we have to be pragmatic: defend our opinions and visions

with cold hard facts and still be ready to make compromises.

Here is one hard fact. Biological resources are only renewable if the rate of

regeneration is faster than the rate of exploitation [14], and it is only under this

conditions that biomass could be proposed as a renewable raw material. The main

distinction is that, at a certain level of utilization, renewable resources can poten-

tially be sustained forever. Climate change, soil quality deterioration, and water

pollution are directly affecting biomass production yields in various ecosystems in

the world. This will severely disturb or at least delay the worldwide implementation

of bioeconomy unless it manages to adapt itself the changing circumstances

provoked by the complex climate change phenomenon.

Here is another important and decisive fact; a large-scale breakthrough in the

utilization of renewable raw materials is only conceivable in the event of a

significant change in the price ratio of fossil to renewable sources.

2.3.2.2 Addressing the Challenges Gradually and Quickly

Bioresources have been exploited by mankind to provide food, energy, and other

necessity goods for many millennia. During the last century, a transition to fossil

resources occurred in modern societies which changed the status of biomass use.

Nowadays, mankind is going back to bioresources as a sustainable alternative to

depleting fossil resources. It seems like an easy endeavor but it is not. Indeed, the

previous transition from a preindustrial economy to the current fossil-based econ-

omy took more than 100 years although the preceding model was a sustainable one

(aka. premodern bioeconomy [15]).

Now, if we take into consideration the disastrous legacy of the fossil-based

economic model, on the one hand, and the current worldwide pressure on food,

energy, and water supply, on the other, modern bioeconomy will need at least more

than a century to take over and be fully operational. The problem is that time do not

play in our favor. Serious decisions have to be taken and effective action plans have

to be implemented urgently to mitigate climate change, water pollution, and soil

degradation.

Thinking about going back to the old sustainable model (premodern

bioeconomy) is a waste of time. It is not just a matter of lowering the current
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state of prosperity and welfare, the old model could not simply feed 7 billion

people, let alone provide sufficient energy supply for the industrial and transporta-

tion sectors.

Thus, the most practical strategy is to combine the two previous models and

“synthesize” a new model: sustainable like the old one and efficient like the current
one. These are the two main objectives for modern bioeconomy. Such approach will

benefit from the know-how cumulated by mankind for centuries, especially the

experience gained from previous mistakes, thus saving us precious time as we will

repair the mistakes of the past while building the better future.

Basically, bioeconomy cannot succeed unless it satisfies the needs of three “big

babies”: industrials, consumers, and the environment.

1. Industrials have a huge appetite for raw material and energy, and they are not

expected to induce any measure of change susceptible to reduce their revenues,

at least willingly. Profitability is their main concern and bioeconomy has to take

this attitude very seriously because without the industry, it will remain as an

abstract notion.

2. Consumers and their growing requirements for food, energy, and clean water.

Bioeconomy has to satisfy those basic needs worldwide, but also it has to retain

the level of prosperity and welfare for consumers in developed nations and to

meet the aspiration of consumers from developing countries to reach the same

level of welfare.

3. The environment, the most patient of the big babies, is the easiest to please. It

just needs to be left alone. All it asks from us is to limit our wastes and emissions

to tolerable levels that could be dealt with using its arsenal for biological and

geological resources.

Nonetheless, bioeconomy has to seriously consider the environmental factor

because being patient does not mean that it will indefinitely bear our mistakes

further. The current level of tolerance is very low after decades of abuse. The

“reaction” of the environment, revealed by scientists decades ago, is starting to

become visible to all mankind including global warming, severe storms, flooding,

desertification, and, last but not least, sea level rise.

So, bioeconomy has to take care of the suffering environment to be able to

survive. Indeed, although the needs of our environment are simple, their fulfillment

is very difficult mainly because of the attitude of the first big babies: industrials and

consumers. We purposely used the term of big babies to connote their lack of

maturity, far-sightedness, and self-control, in addition to their reckless attitude all

the way from exploiting fossil resources to the unsafe disposal of the generated

wastes. More details about this crucial stage of transition are presented later in this

chapter where the relation between bioeconomy, on the one hand, and agriculture,

industry, and forestry, on the other hand, will be, respectively, analyzed.
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2.3.3 Sustainable Profitability from Bioeconomy

To be adopted by entrepreneurs and implemented by industrialists, bioeconomy has

to, primarily, generate profit. Sustainability is the major aim of bioeconomy. Thus,

applying bioeconomy in the industrial sector means adopting sustainable produc-

tion procedures, which will logically generate “sustainable profitability.” How so?

2.3.3.1 From Maximizing Profitability to Sustaining It

All industries are designed and implemented to generate profits. Basically, the

whole concept is to invest money, produce or manufacture products, and sell

them to generate revenues. After a while (the shorter, the better), the project will

compensate the initial investment and starts to generate net benefits. Maximizing

those benefits is and will always be the main goal on any industrial activities, from

the small artisan shop to the big multinational corporations.

Innovate, produce more, optimize your production process, hire highly skilled

personnel, diversify your portfolio, and improve your brand value and reputation

are among the adopted strategies to maximize profits and benefits. But, the main

strategy to achieve this highly sought objective is and will remain cost reduction.

Innovation needs an extensive R&D efforts which, on its turn, needs significant

financing to find (or not) “good results.” In order to produce more, you have to

invest more, to secure a large and, more importantly, a continuous supply of raw

materials. As well, to optimize and diversity you portfolio, you have to hire

experienced executives, dedicated employees, and skilled workers. All those

requirements, combined, are achievable only for big companies.

Most industries in the world endeavor to maximize their profits via the easiest

and proven to be efficient strategy: cost reduction. The main targets in this context

are raw material, energy, and labor. Thus, searching and using cheap fossil

resources and nonrenewable energy supply led us to the previously discussed

heavy dependency on fossil raw materials. The same strategy to cut costs in order

to maximize benefits seriously affected the labor sector. Three worldwide phenom-

ena are sufficient to illustrate the gravity of this inclination: low wages, outsourcing,

and massive layoffs.

Overall, during the industries’ quest to maximize profitability, two major factors

were seriously affected, or at least neglected, namely, the social and environmental

factors. Now, considering the disastrous legacy of this hunger for wealth (detailed

in Chap. 1), it is no longer tolerable for an industry to generate profit without

considering the impacts on both society and the environment. One of the results of

such inevitable standpoint is the introduction of the notion of corporate social

responsibility in the mid-1970s [16]. The idea is that companies will start to address

and manage the impact of their industrial activities on the economic, environmen-

tal, and social levels, altogether. How so? Some rely on the companies’ self-
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conscious, others on the inside pressure from some activist stakeholders, and many

of restricting laws.

First of all, relying on big multinational corporations to become all of a sudden

conscious about the environment and the well-being of societies is just idealistic.

Even counting on activism pressures (few from inside or more from the outside) in

order to “induce” this self-regulating sprit has no to little impact. Indeed, adopting

this notion implies that companies are admitting their responsibilities for the great

damages done to the environments and the society. More importantly, how is it

possible to induce a change of this magnitude that will shake the core of the industry

outside the strategic decision-making process. This is the real target to make any

shift in policies and strategies.

To make a real and significant breakthrough in this very important matter, we

have to think like entrepreneurs and industrials. How do big corporations perceive

the notion of corporate social responsibility? They cannot neglect the urgent

pressures calling for actions from the industries to seriously consider the social

and environmental factors in their strategic planning. In most big corporations, this

issue is dealt with, not by the executives or shareholders, but by the division of

public affairs, and this alone summarizes how delicate is this subject of profitability.

In practice, the discussed subject is far removed for ideological opinions. It is a

matter of balancing the social and environmental responsibilities of companies with

their legitimate economic goal to generate benefit and maximize profit. The out-

come is called sustainable profitability.

2.3.3.2 Ensuring a Sustainable Profitability

Basically, industrial complexes are assembled to manufacture products with eco-

nomic value in the marketplace. The major aim of each industry is to maximize its

profit gain by producing more (quantity) and/or better (quality), at the lowest

possible cost. With this strategy, profitability can only be maximized if the industry

is constantly able to adjust the produced amount of each product with the ever

fluctuating raw materials cost, on the one hand, and the equally fluctuating cos-

tumers’ demand, on the other hand [17].

Now, what if industries rely on a renewable, thus continuous, flow of feedstock

and energy supply (instead of the current reliance on fossil resources), such shift

would have two major repercussions:

1. Maximizing the production value by minimizing the costs of raw material and

energy since their sources under this scheme are stable (i.e., less fluctuation

considering the renewable character of those resources which will block the path

to the damaging monopoly and speculation activities).

2. Sustaining the generated profitability on the long run. Indeed, profitability from

renewable resources will exceed than that from nonrenewable resources when

the cost related to the exploration and exploitation of fossil resources becomes
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higher than the cost related for the industrial conversion of renewable resources

into the desired products.

Let us take the case of a petroleum-extracting company. The process will start

with a heavy exploration cost, added to the high initial investment (heavy equip-

ment, large sites, and highly skilled staff). Once it starts to extract and sell crude oil,

it will have to manage low variable costs (maintenance, wages, emergency man-

agement, etc.), as long as the supply flow is constant (or appearing so). With time,

however, the amount of extracted crude oil will start to decrease, thus gradually

increasing the related variable costs until the extraction costs become too high and

the company starts to lose money.

On the other hand, in the same energy sector, the production of fuel from

renewable resources (bioethanol for instance) will need larger initial investments

as the technology is not yet mature for large-scale worldwide production systems

and the workforce is less skilled (for now) compared with that involved in the field

of fossil fuels. These costs are mainly related to building biorefineries, buying

equipments, acquiring renewable raw materials and managing the co-products.

Nonetheless, it is precisely the renewable character of the raw material which

will give the profitability its sustainable dimension. Indeed, under this scheme, the

feedstock flow will be continuous and the production procedure will be optimized,

so that the output will remain constant and could even be increased as some variable

costs are expected to decline with each technological breakthrough.

Currently, during the exploitation phase, the “well established” nonrenewable

system requires less investment, compared with the “still developing” system based

on renewable resources. Then, during the production phase, the nonrenewable

system is able to generate profit quicker and higher than the competing renewable

system, but for a certain period of time. However, on the long run, the fossil

resources will gradually start to deplete, thus increasing the exploitation cost until

the whole nonrenewable system becomes unprofitable (even before the complete

depletion of the resource). On the other hand, the system based of the exploitation

of renewable resources, although having a slow start, will sustain profitability

almost indefinitely (pending an exploitation rate lower than the bioresources’
regeneration rate).

In addition, as an emerging exploitation and production system, bioeconomy

possesses a very important asset compared to the still highly performing fossil-

based economy: a wide margin for progress. Thus, each R&D breakthrough and

each technological innovation will considerably impact the profitability of

bioeconomy in terms of decreasing the initial investment, quickening the profit

generation phase, and stabilizing the profitability for long-lasting period of time [18].

Now, in practice, how to change the exploitation, production, and conversion

systems from using nonrenewable resources to using renewable ones? In other

terms, how to make the shift to bioeconomy financially profitable? Well, two major

strategies could be implemented.

1. Industries which are able to financially support the slow and costly implemen-

tation of sustainable production units until becoming productive and thus

38 2 Bioeconomy: The Path to Sustainability



profitable. Those high initial investment will permit installing highly efficient

operational units from the start, which will lead, on the medium to long term, to

decrease the costs and increase the production yields, therefore increasing the

profitably and stabilizing it when the production process reaches “maturity.”

This strategy could be adopted and implemented by big corporations, whether

committed to bioeconomy and sustainable development or just planning to

invest in sustainability in order to diversify their portfolio, thus enhancing the

returns, as well as lowering the risks and overall volatility.

2. Most industries committed to the transition to bioeconomy will adopt a gradual

approach. Basically, this strategy deals with already operational units for which

small and gradual changes are applied to the established conversion and pro-

duction procedures. Such approach will avoid the high initial investment, thus

bringing about substantial cost savings, which could be channeled to afford

costly, but more efficient, technologies and skilled workforce. Combined, both

the technological and the human factors will enable a more efficient exploitation,

conversion, and production of renewable raw materials, thus generating a grad-

ual increase in profitability, on the short and medium run, and stable returns, on

the long run. For instance, already functional industrial complexes like fossil-

fuel power plants, petroleum refineries, and wood-based industries could be

“upgraded” to the sustainability concept, thus benefiting from their proven

efficiency to ease and quicken the transition to bioeconomy.

From this analysis, the availability and renewability of the biological resources

will attract both governmental and private investment capitals. In addition, the

“green” processes involved in biomass conversion will generate less pollution and

less carbon footprint than the processes involved during the extraction and trans-

formation of fossil resources. In this context, environmental taxation policies are

expected to become more severe [19] which will make investment in renewable

resources more profitable. As well, bioeconomy will become more attractive for

entrepreneurs and industrialist as the technologically advanced exploitation and

conversion procedures of renewable resources will decrease the initial investment,

hasten the profit generation, and increase the net profitably.

2.3.4 Leading Role of Science and Technology
in the Transition

Bioeconomy is a knowledge-based concept developed to generate sustainable

growth and to bring better life conditions for mankind and safer conditions for

the environment. Many of us promoting sustainable bioeconomy are “selling” it as

a vision for the future. But even so, we have to agree that in order to build a better

future we have to start now.
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2.3.4.1 A Multidisciplinary Effort

Research and Development (R&D) are among the main drivers of growth for

bioeconomy [20, 21]. Indeed inventions and innovations are the only way to

enhance productivity, induce economic growth, and justify big conceptual and

structural changes. R&D should and will enable the expansion of sustainable

bioeconomy, guarantee its efficiency and competitiveness, and later ensure its

worldwide implementation. Therefore, in order to reach the objective of worldwide

implementation of sustainable bioeconomy, we should promote R&D efforts with

all its multidisciplinary dimension. Indeed, integrating high-level scientific exper-

tise from various scientific disciplines is a key requirement to set up the knowledge-

based bioeconomy.

If bioeconomy is the ship that will carry us safely to the shores of “sustainable

world,” R&D is the engine of that ship. However, to make this engine work and

propel the ship to the desired destination we need fuel, and money is the fuel of that

engine. Indeed, with money you can acquire the two indispensable factors to ensure

reliable and efficient R&D efforts: high-tech equipment and highly skilled

researchers.

To achieve the transition towards a sustainable, low carbon, resource-efficient

bioeconomy, we need to invest more in science and technology (S&T). Proper

investment, good management of those financial resources, and a multidisciplinary

R&D effort will quicken the process of building an efficient, robust, and viable

economic paradigm. Indeed, the commitment of the S&T community, as a whole,

in this major human endeavor is crucial to quickly attain the goal.

The involvement of scientists and researchers from fields as diverse as chemis-

try, biology, biochemistry, economics, agronomics, engineering, medical, and

social studies (to name a few) is a prerequisite for success, since the issues related

to the concept of sustainable bioeconomy are not defined by specific disciplines but

rather by complex problems that need to be dealt with and solved in an

multidimensional manner. It starts with debates and interactions among scientists,

development and/or optimization of procedures and technologies, and later

assessing their impacts on human society and the environment. The amount and

quality of the produced knowledge will be decisive to properly (i.e., quickly and

efficiently) address urgent problems of sustainability, economic development, and

environmental preservation.

One of the most visible illustrations of this cooperation is the growing collabo-

ration between academia and industry, especially when the latter started to recog-

nize the importance of the free thinking spirit embodied by universities. Such

collaboration is and will remain delicate to manage as conflicts of interest could

easily erupt because academia need the money from the industry to boost its R&D

potential, and the industry needs brains from academia to optimize what is working

and fix what is not.

The Energy Biosciences Institute (EBI) is a good example of this kind of

cooperation. This self-proclaimed “largest public–private partnership of its kind
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in the world” involves a consortium made of the University of California at

Berkeley, Lawrence Berkeley National Laboratory, the University of Illinois at

Urbana-Champaign, and the energy company British Petroleum (BP). This inter-

esting, yet delicate, cooperation was based on a couple of important guiding

principles including that inventions made during the research investigations

conducted by EBI are owned by the involved academic institutions according to

U.S. patent law. The private partner BP will receive an automatic, but nonexclusive,

license in return for its research funding. As well, all four partners have represen-

tation in the EBI’s governing board of directors, with none having a majority or

veto power, thus encouraging consensus in all decisions [22].

Overall, the model of university research backed by industry will open the door

for new innovations and therefore will be a major strategy for the development of

sustainable bioeconomy.

2.3.4.2 Managing the Transition to Sustainability

Basically, the transition management is a coordinated transdisciplinary effort

aiming to ease and speed up large-scale changes based on the concept of sustainable

development. This vital transitory phase will help breaking up with conventional

way of thinking and doing, thus opening more windows for visionary thinking,

which is the key to invent and innovate.

This coordinated effort of scientists led to concrete transdisciplinary interac-

tions, best illustrated by the emergence of the field of sustainable science. The

founding principle of this science is visibly sustainability. As for the objectives,

Kates et al. [23], in their paper in Science magazine, defined three major targets:

1. Understanding the fundamental interactions between nature and society

2. Guiding these interactions along sustainable trajectories

3. Promoting the social learning necessary to navigate the transition to

sustainability

Nowadays, after more than two decades of research, development and innova-

tion, sustainability science has emerged as a vibrant field of study. Today, it is

profoundly contributing in the transition phase towards bioeconomy based on the

increasing numbers of involvement of research centers and laboratories from

various scientific backgrounds and, equally important, based on the increasing

number of universities committed to teaching sustainable science [24].

The generated theoretical and practical results from extensive studies and

debates on how to manage this transition phase paved the path for promoting

sustainable development. The whole process was developed by large network of

scientists, in collaboration with industrialists and decision makers. Nonetheless,

some researchers are urging for more progress down this path of sustainability as

they think that socio-technical change remains underappreciated and relatively

unexplored in sustainability research, which is key for society and its institutions

to articulate visions of sustainability [25].
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At this point, it has to be noticed that neither top-down government policies nor

bottom-up market forces or scientific findings can alone support the heavy weight

of introducing changes in various strategic sectors, not only related to the well-

being of mankind, but even with its survival. Such major changes have to be

managed, especially during the transition phase, through combinations of R&D

efforts, government policies, market forces, and constructive initiatives from civil

society [26].

In short, sustainability science should set up a new research agenda for scientists

from different backgrounds and convert all the resulting R&D effort towards the

single most important objective for decades ahead: reforming mankind–nature

interactions.

2.4 Bioeconomy and Agriculture

Agriculture will always be the pillar of any economic model. Its place is even vital

in the bioeconomy concept. As an efficient biomass-producing system, agriculture

should have a privileged position in bioeconomy. As for the dilemma of using

agriculture to produce food and feed or fuel and chemicals, the response is quite

simple. This is a rich world dilemma. The question itself is an aberration in the poor

world, which happens to constitute most of the inhabitants of planet earth.

Thus, as a global economic model, bioeconomy should focus on agriculture to

secure the food requirements of the still growing seven billion people. Agriculture

in bioeconomy should have a clear directive: fill the stomach first, then the

fuel tank.

2.4.1 Why Sustainable Agriculture

Basically, sustainability in agriculture means satisfying mankind’s needs for food,
feed, fibers, and fuel, while enhancing (or at least maintaining) the quality of

environment and conserving natural resources for the next generations to fulfill

their needs.

For the previous and current economic systems, the objective is very clear: use

all the available resources (land, water, and energy) to feed the growing population.

Such approach led to the expansion of unsustainable agricultural practices, which

deteriorated the quality and quantity of the exploited natural resources. The main

repercussions are the increasing shortage in arable land, soil, and water pollution

with herbicides and pesticides, deforestation, and soil erosion. Such conditions are

not only seriously affecting the environment but started to seriously threaten the

viability of future agricultural production activities.

In this gloomy context, sustainable agriculture was founded in order to meet

three major objectives:
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1. Reform our “unsustainable” practices by carefully managing our natural

resources, while ensuring a highly efficient production system.

2. Connect sustainability and profitability

3. Reconsider the social dimension, intrinsically related to agriculture

2.4.2 How to Make Agriculture Sustainable

The supply of agricultural commodities is vital to human existence. The big

dilemma is how can sustainable agriculture reconcile the needs of mankind and

that of the environment? In other terms, how can we demand more from Nature

while trying to preserve it?

The agricultural practices carried out during the last decades have greatly

increased global food supply. For instance, the worldwide cereal production has

doubled in the past 40 years to meet the need of 7 billion people. This remarkable

achievement was mainly due to the increased yields resulting from the exploitation

of more lands, greater inputs of fertilizers, water, pesticides, new crop strains, and

other technologies of the so-called “Green Revolution” [27].

Now that scientists are looking back into the unsustainable practices used in

modern agriculture to increase the crop yields; they are concluding that agriculture

is pushing itself towards stagnation with severe damage to ecosystems. The best

illustration is the unbalanced cycles of nitrogen and phosphorus and the subsequent

nutrients deficiencies which seriously affected the food production and contributed

to land degradation in some parts of the world [28].

Therefore, urgent calls for action are being made by the scientific community

regarding the need to apply more sustainable agricultural methods. The main target

is to ensure the continuous production of sufficient amount of good quality food,

with minimum harm to the environment.

In practice, and in order to become sustainable, agriculture has to deal with those

key aspects: soil, water, energy, and cultivation practices.

2.4.2.1 Sustainable Land Use

Sustainable land management is primarily based on maintaining and restoring

(if necessary) the soil fertility in order to allow the production of food supplies

and other renewable natural resources on a long-term basis. This implies that the

natural ecosystems should be managed in such a way that the nutrients cycles and

energy fluxes among soil, water, and atmosphere are preserved [29].

In agriculture, soil fertility is the main characteristic to enable high crop yields, a

very crucial feature to meet the needs of an increasing world population, as well as

the limitations in terms of availability of new arable lands. The sustainable dimen-

sion in agriculture aims at preserving soil fertility for improved production yields

with less harm to the environment [30].

2.4 Bioeconomy and Agriculture 43



In this regard, scientists are advising that improving soil fertility should not only

consider enhancing crops yields but also maintaining the balance between nutrients

requirement on the one hand and nutrients supplies on the other [31]. The reason is

that either excessive or deficient nutrients in soils have harmful repercussions not

only on agricultural productivity but also the living organism, especially microbes,

which are the key players in various nutrients cycles in soil [32]. Studies showed

that excessive nitrogen amendments to the soil during fertilization could lead to

serious consequences on the agricultural ecosystem and the climate, respectively,

through nitrate (NO3
�) leaching and the emissions of nitrous oxide (N2O), a

greenhouse gas [33, 34].

In the same context, another study revealed that N2O emissions from agriculture

are responsible for more than 75% of total anthropogenic emissions [35], which

constitute 40% of the global N2O emissions (natural and anthropogenic sources

combined) [36].

Considering all the previously mentioned facts, soil “health” is definitely one of

the most important constituents of efficient agricultural ecosystems. Overall,

healthy soil means vigorous crops and dynamic microbes. If the soil is subjected

to unsustainable practices, it will require frequent fertilization campaigns. Then, to

increase the production yields, highly productive, but often vulnerable, crop vari-

eties will be cultivated. Thus, more pesticides and herbicides have to be used to

protect the crops. Overall, a “sick soil” will induce more chemical contamination,

thus further sickening the soil and polluting water resources and the atmosphere. To

face those environmental threats, sustainable agriculture has to work on two

different fronts regarding soil quality:

1. Maintain the fertility of healthy soils.

2. And enhance the fertility of « sick » soils.

Another important point regarding sustainable agriculture regards its interaction

with its immediate environment. A symbiotic relationship between agriculture and

the ecosystem could benefit both. The productivity could be improved while

preserving the integrity of the natural habitat and biodiversity of the region where

the exploitation is occurring. This is the essence of sustainable agriculture. For

instance, local crops are more in harmony with the ecosystem as they have adapted

themselves to its pedoclimatic conditions. As well, maintaining the biodiversity of

local wildlife can help increase the production yields via enhanced pollination

through bees or quick and efficient pest management through natural predators.

2.4.2.2 Sustainable Water Management

Although irrigation consumes approximately 70% of the world’s freshwater supply
per year [37], the demands for water from the strategic agricultural sector are

increasing, but the amount and quality of the water supply is decreasing. Numerous

factors intervene in this decrease including the urban use from an increasing world

population and the competition from the industrial sector. As well, the pollution of
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surface and groundwater resources further limits the availability of water for

agricultural use, in addition to the public health and environmental contamination

issues. To reclaim those contaminated waters, costly treatment procedures had to be

applied which contributes in increasing the cost of clean water.

Currently, new kinds of pressures on water resources are coming from the

repercussions of climate change, which are likely to alter both water availability

and agricultural water demands. Therefore, scientists are warning that the agricul-

tural sector is particularly vulnerable to climate change as it affects both water

resources and land [38]. Indeed, even minor changes in average temperatures,

precipitation patterns, or the frequency of extreme weather conditions will cause

serious damages to the agricultural activities [39].

Considering all those threats, sustainable management of water resources is a

key endeavor in sustainable agriculture by maintaining good water quality and

sufficient supply. Thus, pollution prevention will help keeping harmful contami-

nants such as pesticides and chemicals fertilizers away from surface and ground-

water reserves, as well as preserving soils from contamination and therefore

ensuring a continuous and sustainable exploitation of valuable arable lands.

Furthermore, managing water consumption is an equally important endeavor in

sustainable agriculture, especially in arid climates were high evaporation rates and

frequent droughts could significantly decrease the water reserves, if coupled with

unsustainable irrigation practices. Thus, in order to sustain their agricultural activ-

ities with respect to water consumption, farmers working in arid regions or with

limited access to water resources should manage well the available supply of water

by adopting water-saving technologies such as micro-irrigation or drip systems, in

addition to cultivating drought-tolerant crops.

2.4.2.3 Sustainable Cultivation Practices

The great challenge facing modern agriculture is to increase food and feed produc-

tion in a sustainable manner without overexploiting natural ecosystems and

compromising public health. This has to be echoed not only in the management

of land and water but also on the cultivation techniques. Indeed, sustainable

agricultural practices are developed and applied in order to limit and replace

chemical-based agriculture by minimizing the systematic recourse to pesticides

and chemical fertilizers. If efficient in terms of productivity, sustainable agriculture

would both save money and reduce the impact on the environment to tolerable

levels.

Most of the sustainable practices in agriculture aim to preserve the quality of soil

and avoid erosion and enhance the efficiency of natural pest and weed control. In

practice, those objectives could be reached via different old and innovative methods

such as:

– The use of cover crops which are plants grown between two cropping periods

(instead of leaving the land uncultivated), mainly to restore fertility to the
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exploited soil, to prevent erosion [40], and to control invasive weeds [41]. As

well, using nitrogen-fixing cover crops help reducing the leaching of nitrogen

from cultivated fields [42], thus reducing the threat of groundwater

contamination.

– Amendments of biochars is currently being promoted by researchers in order to

improve soil health. Indeed, numerous studies reported several agronomic and

environmental benefits for the addition of biochars into soils including enhanc-

ing soil fertility [43], improving carbon sequestration (thus mitigating climate

change), and reducing the bioavailability and leachability of heavy metals and

organic pollutants in soils [44].

– Adopting an eco-friendly pest management approach through the use of natural

predators, natural biopesticides [45] (instead of chemical pesticides), and natural

bioherbicides to protect crops from invasive weeds [46]. Two strategies could be

adopted in this context. The first relies exclusively on biological measures like in

organic farming. The second adopts the integrated pest management approach

where the initial interventions are biological, with the possibility to use chemical

pesticides as a last resort solution.

– Crop rotation is an ancient method still being practiced in order to maintain the

fertility of soil. It is based on alternating different crops so that the nutrients

absorbed by this year’s crop would be replenished by cultivating another species
next year. For instance, research studies proved that including grain legumes in

the rotation helped increasing cereal crop yield and improving soil fertility

without adding nitrogen fertilizers [47], as leguminous plants are able to fix

nitrous oxide and biological nitrogen [48].

– Recycling is also a common practice in sustainable farming. It consists of

collecting and reusing crop wastes or animal manure as biological fertilizers.

As well, leaving crop residues in the field after harvest or composting them could

also be an organic source for nutrients to replace chemical fertilizers. Reclama-

tion and utilization of treated wastewater or the collection of rainwater for

irrigation are other examples of sustainable recycling practices.

2.4.3 Bioeconomy and Food Security

Unfortunately, despite the worldwide dimension of bioeconomy, most countries

lean towards implementing it individually. Thus, each country will adapt

bioeconomy and its agricultural activities to feed its population and livestock. As

a consequence, the rich and developed countries will easily reach this strategic goal

of food security and also end up with a production surplus which will be put on the

world market or used to produce fuel and chemicals. For the poor and even the

developing countries, they will struggle securing the food requirements of their

populations, let alone reserving bits of arable land to produce energy crops.

Thus, implementing bioeconomy independently will for sure benefit developed

and industrialized countries, for a while, but it will be an epic mistake since
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mankind will miss a rare (may be the last) opportunity to join forces to combat

world hunger and poverty (among many other challenges facing bioeconomy,

notably climate change).

Let us consider this fact. Agriculture is and will remain the major source for

food. If there is not enough food, hunger will occur. According to the “Hunger

Statistics” [49] from the World Food Programme, the vast majority of the world’s

hungry people live in developing countries. Asia is the continent with the highest

count of hungry people (two-thirds of the total), and Sub-Saharan Africa is the

region with the highest prevalence of hunger. Why is that? Because 20% of the

world’s wealthiest population is consuming 76.6% of the natural resources, while

80% of humanity gets the remainder [50].

In Europe, the wealthiest continent in the world, the perception of food is

completely different. While other continents are suffering from hunger, European

experts in their white paper “En Route to the Knowledge-Based Bio-Economy” are
expecting that food will be designed for special consumer groups. One priority is

the development of foods for groups with defined risk factors or diseases like

diabetes, obesity, and cardiovascular problems [51]. Paradoxically, all these dis-

eases are caused or accentuated by the overconsumption of food. In this context, a

Canadian study showed that, on a population-wide level, wars, economic crises, and

the widespread food shortages are “the only interventions that have dramatically

reduced the prevalence of obesity and cardiovascular disease in modern

times” [52].

During the previous century or so, we have lost many battles during the fossil-

based economy, especially in the environmental and social fronts. As well, inter-

national inequalities were accentuated, which fueled more animosity to the already

tense relationships between poor developing countries and rich developed one

(military invasions, economic sanctions, illegal immigration, etc.).

If bioeconomy could narrow this gap between countries, at least for the most

basic human needs of water and food, we would have learned valuable lesson from

our previous lost battles and then alone we could stand together to win the war on

hunger and poverty with the sustainable economic model.

2.5 Bioeconomy and Industry

The main concern of industrialists is to secure a continuous flow of feedstock to

their production units at the lowest cost possible. They could be flexible about the

production procedure itself, and even about the end products, but the raw material is

another matter. Let us now reflect on how industrials think about this important

matter of raw material. It is a very important analysis because industry is the pillar

for bioeconomy implementation on the ground, and a healthy transition towards

using renewable raw materials is a keystone in building bioeconomy and preparing

for a sustainable future.
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2.5.1 Bioeconomy and the Energy Industry

For an industrialist, fossil fuels (petroleum, coal, and natural gas) are the backbone

for many industries as feedstocks for many lucrative industrial products including

fuels, heating oils, and fine chemicals. Nowadays, despite the shortage in fossil

supplies, the reliance on those nonrenewable resources will continue until the

alternative renewable supplies become affordable and available for large-scale

exploitation.

Based on the current consumption pattern, on the one hand, and the amount of

proven reserves on the other, petroleum is likely to be exploited and depleted first.

What to do next? With all the disastrous legacy of petroleum-based economy, one

should look for a new type of raw material, a renewable and eco-friendly one. But,

as long as there is enough petroleum cheaper than the closest alternatives, the

reliance will continue to be on the former. The infrastructure is already there; the

know-how was acquired over decades of extraction and refining.

Thus, in order to have the strategic energy sector “onboard,” sustainable

bioeconomy has to provide reliable alternative fuel supplies. In this context, several

aspects have to be considered and carefully planned. A detailed description and

discussion on the role and implication of the energy industry in the development

and implementation of sustainable bioeconomy will be presented in the coming

Chaps. 4, 7, and 8.

2.5.2 Bioeconomy and the Chemical Industry

In the chemical industry, a gradual replacement of fossil resources by renewable

raw materials is expected in the future but definitely not before long. Thus, crude oil

will remain the dominant raw material in the chemical industry in the foreseeable

future, at least as long as the extraction and transportation of fossil fuels remains

cost effective.

The transition towards sustainable industries needs to move forward as fast as

possible in order to reduce the time for this transitory phase and quicken the full

implementation of bioeconomy and benefit (economically, socially, and environ-

mentally) from its sustainable exploitation, conversion, production, and recycling

procedures.

Such crucial objective could be attained mainly through (1) enhanced R&D

efforts, (2) bold initiatives from the industry especially in terms of investments, and

(3) legislations promoting and easing this transition from parliaments and govern-

ments. As this process is advancing, renewable raw materials will gradually

become more economically attractive for the production of various chemicals

compounds, mainly the ones produced via improved large-scale conversion tech-

nologies. As well, in the event of a significant shift in the price ratio of fossil fuels to
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renewable sources, an increase in the share of renewable raw materials in the

production of basic chemicals is conceivable [53].

2.5.3 Bioeconomy and the Forest Industry

Compared with the other biomass-producing ecosystems, forestry has a tremendous

advantage to become one of the pillars of bioeconomy. Three major assets could be

pointed out:

1. Forests have large biomass production potential.

2. They do not compete with the strategic agricultural sector.

3. They contribute in climate change mitigation through carbon capture and

sequestration.

In Europe, for instance, forests cover about 40% of the total land area (equivalent

to 157 million ha), and those areas have increased by about 3 million ha in the last

10 years. Production wise, the total amount of wood is estimated at 24.1 billion m3,

corresponding to an increase of 4.9 billion m3 over the past 20 years. In addition, the

European forest sector involves around 3.5 million workers, mainly located in rural

areas. All those considerations give a strategic importance to forestry within the

bioeconomy model as it is already dealing with the industrial, environmental, and

societal challenges.

Currently, with the technological developments in biomass conversion proce-

dures, on the one hand, and the decreasing demand for paper, on the other, the role

of the forest industry and its contribution in strengthening the sustainable dimen-

sion of bioeconomy are increasing [54]. Indeed, for many decades, when spoken of

the forest industry, two main products come in mind: pulp and paper and timber.

With the various R&D breakthroughs in the field of biomass valorization, espe-

cially lignocellulosic wood, modern forest industry became a high-tech industry

providing world markets with value-added bioproducts including biofuels, bio-

polymers, and chemicals.

In addition, the serious challenges facing humanity regarding energy supply and

climate change are putting a great deal of pressure on researchers and policymakers

to find sustainable solutions which create new incentives for bioenergy and biofuel

production. In this context, using wood from sustainable forest or industrial resi-

dues such as wood chips and sawdust to produce biofuels and bioenergy provides an

option that provides increasing profits along with tightening energy and fossil fuel

policies [55].

Equally important is the fact that the contribution of forests in the bioeconomic

model is not restricted to its biomass (wood) production. Indeed, sustainability-

managed forests play a very important role in three major environmental issues:

(1) biodiversity conservation, (2) water and soil protection, and (3) climate change

mitigation and adaptation. Although those “services” by forests are important to the

well-being of our environment, they remain not properly appreciated. Indeed,
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scientists are confirming that this forest contribution (wood production aside) are

excluded from the market, and they are suggesting that introducing payments for

them would encourage private landowners to manage their forests sustainably [56].

2.6 Challenges Facing the Transition to Bioeconomy

During the transition phase, and in order to replace the current fossil fuels-based

economy, bioeconomy will face various obstacles, especially that the expectations

from this new economic model are very high, both quantitatively and qualitatively.

Indeed, bioeconomy is expected to replace old industries, products, and practices by

new eco-friendly industries, bioproducts, and procedures, thus enhancing the sus-

tainable dimension in the production and consumption processes, and meeting

market feedstock demand and price [57].

Another major expectation from bioeconomy is ensuring a continuous supply of

feedstock for the various industrial sectors (food/feed, energy, chemicals, pharma-

ceuticals, construction, etc.) while mitigating climate change and preventing further

degradation of clean water supply and biodiversity [58].

Overall, the big challenge facing bioeconomy is ensuring an economic growth

using renewable resources without harming the environment and responding to the

global issues of energy and food security, climate change, poverty, and the ever

increasing shortages of clean water supply and productive land.

Now, to give more insights about possible barriers for the transition to sustain-

able bioeconomy, the Technical University of Denmark conducted an interesting

survey on behalf of the International Energy Agency (IEA Bioenergy—Task

42 Biorefinery), in which diverse factors affecting this transition to bioeconomy

were analyzed [53]. The involved countries were Australia, Austria, Canada,

Denmark, Italy, Japan, the Netherlands, New Zealand, and the United States.

Overall, the participants to this survey were from the industrial sector (64%),

academia (16%), governmental institutions (12%), and public organization (8%).

The main finding reported in this study is that profitability is the most important

obstacle for the transition to bioeconomy. The second limiting factor was govern-

mental policies, followed by finding suitable markets for the bioproducts, in

addition to securing the supply of biomass resources.

Another very important point regarding this transition phase is how should we

proceed? Unfortunately, despite the worldwide dimension of bioeconomy, coun-

tries are implementing it individually. For instance, each country will adapt

bioeconomy and its agricultural sector to feed its population. As a consequence,

the rich and developed countries will easily reach this strategic goal of food security

and also end up with a production surplus which will be put on the world market or

used to produce fuel and chemicals. For most of the developing countries, they will

struggle securing the food requirements of their growing populations, let alone

reserving bits of arable land to produce energy crops.
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After studying the legacy of the petroleum-based economy in the first chapter

and the transition to the sustainable bioeconomy in the second chapter, let us now

start analyzing bioeconomy, study its various constituents, and discuss the impact

of this sustainable economic model on both mankind and the environment, as a

green industrial revolution. In the next chapter, we will start with the most impor-

tant sustainable pillar of bioeconomy: BIOMASS.
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nitrate leaching in an organic and a conventional cropping system (Seine basin, France). Agric

Ecosyst Environ. 2015;213:131–41.

36. U.S. Environmental Protection Agency, EPA Methane and nitrous oxide emissions from

natural sources. Washington, DC. 2010. http://www.epa.gov/outreach/pdfs/Methane-and-

Nitrous-Oxide-Emissions-From-Natural-Sources.pdf

37. UNESCO Facts and figures – managing water under uncertainty and risk. 2012.http://www.

unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/WWAP_WWDR4%20Facts%20and%

20Figures.pdf

38. Parry ML, Canziani OF, Palutikof JP, van der Linden PJ, Hanson CE. Contribution of working

group II to the fourth assessment report of the Intergovernmental Panel on Climate Change

(IPCC). Cambridge: Cambridge University Press; 2007.

39. Pimentel D, Berger B, Filiberto D, et al. Water resources: agricultural and environmental

issues. BioScience. 2004;54:909–18.

40. Haruna SI, Nkongolo NV. Cover crop management effects on soil physical and biological

properties. Prog Environ Sci. 2015;29:13–4.

41. Abdin OA, Zhou XM, Cloutier D, Coulman D, Favis MA, Smith DL. Cover crops and interrow

tillage for weed control in short season maize (Zea mays L.). Eur J Agron. 2000;12:93–102.
42. Plaza-Bonilla D, Nolot JM, Raffaillac D, Justes E. Cover crops mitigate nitrate leaching in

cropping systems including grain legumes: field evidence and model simulations. Agric

Ecosyst Environ. 2015;212:1–12.

43. Solaiman ZM, Anawar HM. Application of biochars for soil constraints: challenges and

solutions. Pedosphere. 2015;25:631–8.

52 2 Bioeconomy: The Path to Sustainability

http://www.energybiosciencesinstitute.org/sites/default/files/publications/2014_EBI_AR_0.pdf
http://www.energybiosciencesinstitute.org/sites/default/files/publications/2014_EBI_AR_0.pdf
http://www.epa.gov/outreach/pdfs/Methane-and-Nitrous-Oxide-Emissions-From-Natural-Sources.pdf
http://www.epa.gov/outreach/pdfs/Methane-and-Nitrous-Oxide-Emissions-From-Natural-Sources.pdf
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/WWAP_WWDR4%20Facts%20and%20Figures.pdf
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/WWAP_WWDR4%20Facts%20and%20Figures.pdf
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/WWAP_WWDR4%20Facts%20and%20Figures.pdf


44. Zhang X, Wang H, He L, et al. Using biochar for remediation of soils contaminated with heavy

metals and organic pollutants. Environ Sci Pollut Res Int. 2013;20:8472–83.

45. Wratten SD. Conservation biological control and biopesticides in agricultural. In: Jorgensen

SE, Fath B, editors. Encyclopedia of ecology. Amsterdam: Elsevier; 2008. p. 744–7.

46. Ash GJ. The science, art and business of successful bioherbicides. Biol Control.

2010;52:230–40.

47. Dı́az-Ambrona CH, Mı́nguez MI. Cereal–legume rotations in a Mediterranean environment:

biomass and yield production. Field Crop Res. 2001;70:139–51.

48. Zhong Z, Lemke RL, Nelson LM. Nitrous oxide emissions associated with nitrogen fixation by

grain legumes. Soil Biol Biochem. 2009;41:2283–91.

49. World Food Programme Hunger statistics. 2015. https://www.wfp.org/hunger/stats

50. Shah A. Poverty around the world. 2011. http://www.globalissues.org/article/4/poverty-

around-the-world

51. En route to the knowledge-based bio-economy. 2007. Koln conference paper. http://www.bio-

economy.net/reports/files/koln_paper.pdf

52. Padwal RS, Sharma AM. Prevention of cardiovascular disease: obesity, diabetes and the

metabolic syndrome. Can J Cardiol. 2010;26:18–20.

53. Jørgensen H. The role of industry in a transition towards the bioeconomy in relation to

biorefinery. IEA Bioenergy report, Task 42 Biorefinery; 2015. p. 1–17.

54. Ollikainen M. Forestry in bioeconomy – smart green growth for the humankind. Scand J Forest

Res. 2014;29:360–6.

55. Lal P, Alavalapati JRR. Economic of forest biomass-based energy. In: Kant S, Alavalapati J,

editors. Handbook of forest resource economics. London: Routledge; 2014. p. 275–89.

56. Fares S, Mugnozza GS, Corona P, Palahi M. Sustainability: five steps for managing Europe’s
forests. Nature. 2015;519:407–9.

57. Sheppard AW, Gillespie I, Hirsch M, Begley C. Biosecurity and sustainability within the

growing global bioeconomy. Curr Opin Environ Sustain. 2011;3:4–10.

58. Robertson GP, Dale VH, Doering OC, et al. Sustainable biofuels reflux. Science.

2008;322:49–50.

References 53

https://www.wfp.org/hunger/stats
http://www.globalissues.org/article/4/poverty-around-the-world
http://www.globalissues.org/article/4/poverty-around-the-world
http://www.bio-economy.net/reports/files/koln_paper.pdf
http://www.bio-economy.net/reports/files/koln_paper.pdf


Chapter 3

Biomass: The Sustainable Core

of Bioeconomy

Abstract Bioeconomy, through its industrial and agricultural activities, as well as

forestry and fishery, is aiming at providing markets with various bio-based com-

modities at competitive prices. Thus, the use and conversion of bioresources is at

the core of bioeconomy, and in order to produce a wide range of end products, a

multitude of bio-based production and manufacturing processes are applied or

being upgraded, all depending on the availability and biochemical composition of

biomass.

In this chapter, a detailed characterization of many bioresources is presented as

the primary step for its industrial or agricultural valorization. This includes woody,

herbaceous, and aquatic biomass as well as agro-industrial and municipal wastes.

The main components of bioresources valued by several industrial activities are

cellulose, hemicellulose, and lignin (i.e., lignocellulosic biomass), along with

starch, lipids, proteins, chitin, and chitosan. Based on the data presented in this

third chapter, three main characteristics could be given to biomass: renewability,

availability, and versatility, which are among the main prerequisite to implement

bioeconomy on a sustainable ground.

3.1 Introduction

The primary purpose of bioeconomy is to provide markets with various bio-based

products able to compete with fossil-based ones and over time replace them. A

substantial fraction of bioeconomy is based on renewable biomass as feedstock for

the different industrial activities. Indeed, the diversity of the end products, the

multitude of production and manufacturing processes, and the involved engineering

and technological aspects are all dependent upon the one single element: Biomass.
Therefore, the composition and availability of biomass are the real instigators of

the worldwide efforts, in both academia and industry, to develop new sustainable

production schemes and the subsequent breakthroughs in converting and refining

those bioresources. But, before we get started, we should first know what we are

dealing with and ask this following simple question.
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3.2 What Is Biomass?

Basically, biomass is a generic term for all plants or to be more specific all materials

derived from growing plants.

Over the last decades, biologists and ecologists lost the monopole of defining

biomass and engineers and industrialists adopted and extended it to include such

diverse sources as algae, municipal solid waste, food wastes, and agro-industrial

by-products. Such shift was promoted by the valuable breakthroughs in R&D that

facilitated the production of various commodities from biomass, especially biofuels

after the oil crisis in the 1970s. For instance, the French national institute for

statistics and economic studies proposed this energy-oriented concept to define

biomass: “The biomass is all the organic matters which can become sources of
energy. They can be used either directly (wood energy) or after a methanation of
the organic matter (biogas) or the new chemical transformations (biofuel). They
can be also used for the composting” [1].

The most influential of those definitions are the ones given by legislative bodies.

Indeed, laws and regulations will be based on those definitions which will impact all

the involved industrial sectors including food, energy, and chemicals, to name a

few, along with the repercussions on the environment. For instance, the European

parliament, in its Renewable Energy Directive [2], states that biomass is “the
biodegradable fraction of products, waste and residues from biological origin
from agriculture (including vegetal and animal substances), forestry and related
industries including fisheries and aquaculture, as well as the biodegradable frac-
tion of industrial and municipal waste.”

In the United States, the Energy Security Act [3] tried to give an exhaustive

definition. Thus, the term biomass becomes referring to “any organic material that
is available on a renewable or recurring basis, including agricultural crops, trees
grown for energy production, wood waste and wood residues, plants (including
aquatic plants and grasses), residues, fibers, animal wastes and other waste
materials, fats, oils, and greases (including recycled fats, oils, and greases), and
does not include paper that is commonly recycled or unsegregated solid waste.”

Overall, it seems that the increase in the economic value of biomass pushed

towards widening its definition so that it encompasses any new potential feedstock

for the industry. Based on this assumption, one would argue that biomass will be

defined as every renewable resource that is widely available and could be acquired

at minimal cost. If in addition, less greenhouse gases were emitted, compared with

fossil resources, we are talking about sustainable biomass.
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3.3 Biomass Classification

Based on the definitions presented earlier, the term biomass encompasses a variety

of plants, fractions of plants, or transformation residues and wastes, hence the

practical need to group them into categories. Several attempts have been made to

develop a consistent grouping and classification of biomass resources. As a result,

biomass was divided into several categories based on a number of factors including

its origin (land and sea or rural and urban), production (forest, agricultural, or

municipal sources), nature (feedstock or residue), characteristics (moisture content

or biochemical composition), and its end-use purpose (energy, food, chemicals, or

materials).

The diagram (Fig. 3.1) illustrates the classification of biomass that is going to be

used in the present book:

1. Natural resources that have to be harvested

2. The ones requiring cultivation

3. Wastes and residues produced after the transformation of those natural or

cultivated resources.

3.3.1 Woody Biomass

Woody biomass is basically the combined biological mass of roots, wood, bark, and

leaves of trees and shrubs from the forestry or agriculture sectors, whether in its

natural form or after transformation (wood residues and by-products). This is how

the authors of this book define woody biomass. Indeed, in the literature, this term

has different definitions based on standpoints of the defining authority.

In the United States for instance, The Forest Service defined woody biomass as

“trees and woody plants, including limbs, tops, needles, leaves, and other woody
parts, grown in a forest, woodland, or rangeland environment, that are the
by-products of forest management” [4]. Other institutions including USDOE are

using the term forest biomass instead of woody biomass. Overall, they are referring

to the same bioresources, which are wood materials in the forests or wood materials

derived from manufacturing and processing factories or urban waste [5].

In practice, woody biomass could be procured from various sources. Forest

harvesting is a major source whether through thinning young stands and cutting

older ones for lumber or pulp or the management harvesting consisting in the

removal of dead trees and ones of small diameter from overpopulated stands for

wildfire hazard fuel reduction [6]. As well, forest plantations of fast growing trees

(3–15 years), destined mainly for the energy sector, are also a significant provider

of woody biomass to global biomass markets [7].

On the other hand, and based on the composition of wood (mainly cellulose,

hemicellulose, and lignin), the terms woody biomass and lignocellulosic biomass
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are sometimes interchangeably used, which is not accurate. Indeed, the term

lignocellulosic biomass is more wide-ranging as it encompasses the term woody

biomass in addition to other plants composed of cellulose and lignin (at various

ratios) such as herbaceous biomass. In this context of classification based on the

bioresource composition, two main subdivisions could be emphasized:
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Fig. 3.1 Diagram of biomass classification
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1. Cellulosic biomass: referring to plants and derived solid biological materials

having cellulose as the major biochemical component. In practice, they are

mostly linked to agricultural crops and crop residues (corn cobs, cotton stalks,

cereals straws, etc.) and grasses (Miscanthus, Switchgrass, Bermuda grass, etc.)

2. Lignocellulosic biomass: comprising plants and derived solid biological mate-

rials containing significant amounts of both cellulose and lignin polymers,

including but not limited to forest or woody biomass.

More details on the biomass composition will be presented in the following Sect.

3.4.

3.3.2 Herbaceous Biomass

Based upon the European Standard EN 14961-1, herbaceous biomass is “from
plants that have a non-woody stem and which die back at the end of the growing
season. It includes grains or seeds crops from food processing industry and their
by-products such as cereal straw.”

Generally, herbaceous biomass resources could be classified into three major

groups: natural herbaceous vegetation resources, agricultural crops, and agro-

industrial residues.

1. Natural herbaceous vegetation are defined as plants without persistent stem or

shoots above ground and lacking definite firm structure [8]. From an ecological

perspective [9], there are main two categories of those graminoids: grasses and

forbs. In our context, a natural herbaceous vegetation is every nonwoody (i.e.,

could be lignocellulosic), annual and perennial (�2 years), plant spontaneously

growing in prairies or other ecological system.

2. Agricultural crops are herbaceous plants cultivated and harvested for consump-

tion (food crops) or for the industrial utilization in the energy sector (energy

crops), and also for the production of feed, materials, and chemical industries.

The group includes plants like corn, wheat, triticum, rice, and flax [10].

3. Agro-industrial residues refer to the fraction of the crop left on the field after the
harvest or other standard agricultural operations. It includes straws from cereals

(wheat, barley, rye, and rice); stalks of corn, cotton, and sunflower; and many

other by-products of the industrial production of food, feed, and fiber.

One of the main characteristics of most herbaceous biomass is that they

contain more holocelluose (cellulose and hemicellulose) than lignin. Knowing

that holocellulose are relatively easier to digest and/or ferment compared to

lignin, herbaceous biomass is a better feedstock for certain industrial activities,

mainly liquid and gaseous biofuels production. In addition, and due to their rapid

growth rate, when compared to woody biomass, herbaceous plants could secure

a supply for valuable bioresources on a short-term basis. But on the other side,

scientists revealed that this kind of biomass tend to have high chlorine and ash
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contents, which could limit its application in certain activities involving thermal

processes [11].

3.3.3 Aquatic Biomass

Aquatic biomass is all micro/macroalgae, seagrasses, and other plants growing or

being cultivated in aquatics environments including seas, oceans, lakes, ponds, and

rivers. Those marine and freshwater bioresources have considerable potential to

meet part of the rising demand for biomass from various industrial sectors. One of

the major assets related to aquatic biomass is that they could be procured from their

native ecosystems and even cultivated without competition with food crops as no

agricultural lands are required, with the possible cultivation of those bioresources

using marginal waters such as municipal wastewaters [12]. Furthermore, aquatic

plants are noted for their high levels of productivity, wide range of synthesized

biochemicals, and significant contribution in carbon capture and global warming

mitigation [13, 14].

Overall, aquatic biomass could be classified into two major groups:

1. Algae are microscopic or macroscopic photosynthetic organisms that can live

and grow in freshwater and marine ecosystems. Basically, their photosynthetic

process is similar to terrestrial plants, but due to a simple cellular structure

(unicellular for microalgae and multicellular for macroalgae, aka. Seaweed), and
the fact that they are submerged in an aquatic environment, they have substantial

supply of CO2, water, and nutrients. Besides, some microalgae have the ability to

acclimate to severe fluctuations in environmental conditions including temper-

ature, pH, light exposure, carbon dioxide, and nutrients supply. This high

adaptation faculty is due to the capability to modify their chemical composition

in response to environmental variability [15]. In terms of biomass production,

algae yield more dry matter per hectare than normal agricultural products. For

instance, certain microalgae are able to produce 15–300 times more lipids for

biodiesel production than traditional crops, on an area basis [16], which make it a

prime choice for various industrials activities, especially food, feed, and energy.

2. Seagrasses: Contrary to the literal meaning of their name, seagrass are not

grasses that grow in the sea. Rather, they are flowering photosynthesizing marine

plants mostly present in coastal habitats. Seagrasses tend to form large meadows,

either made of a single species or mixed beds where several species coexist

including Zostera, Posidonia, and Cymodocea. Commonly, seagrass meadows

grow in shallow, sheltered soft-bottomed marine coastlines and estuaries, as the

amount and quality of light available for photosynthesis is the determining factor

controlling the depth at which seagrass could grow and flourish [17]. In addition

to its ecological role in providing food and habitats for other marine organisms

such as algae, prawns, and various fish species, seagrass meadows depict by their

high biomass production. Indeed, their primary productivity (i.e., rate at which

energy is converted by photosynthesis to organic substances) can reach levels
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similar to or greater than many cultivated terrestrial systems [18]. Other studies

revealed that although seagrass meadow occupy only 0.15% of the ocean

surface, they contribute nearly 1% of the net primary production of the global

ocean [19].

3.3.4 Wastes and Residues

In addition to natural resources from both land and seas, biomass also includes

residues, wastes, and by-products from:

1. The agricultural sector. Indeed, each year, agricultural practices leave substan-

tial amounts of residues on the fields such as cereal plant straws, corn stovers,

and rice husks, making therefore agricultural residues a renewable resource of
biomass. Generally, a fraction of those bioresources is recycled back into the

agricultural production systems as feed, litter, or fertilizer. However, a large

fraction remains unused, thus creating a disposal problem most of the time dealt

with burning those wastes. Such practice, still frequent in some countries, is a

serious waste of certain extra income, at least in terms of energy supply.

2. Several industrial activities using organic matter as feedstock (agriculture or

forest-derived resources) generate wastes and by-products that could also be

recycled either in the same industrial process as heat and power source [20] or as

new feedstock for other industries [21, 22]. In real case scenario, still substantial

amounts of industrial by-products are being discarded, thus creating serious

environmental threats to soil and water resources. This includes wastes from the

pulp and paper mills (sludge and black liquor), olive oil mills, and many food-

processing industries (jam, meat, cheese, etc.).

3. Municipal wastes refer to any non-liquid waste generated by households, small

businesses, construction sites, and any other institution linked to the waste

management system of a municipality. In general, this kind of wastes, com-

monly called trash or garbage, is composed of items as diverse as rubber, plastic

debris, broken glass, metals, and textiles. But, in our context of biomass

resources, the term municipal wastes will be reserved for every organic matter

containing cellulose, lipids, or proteins. For instance, this includes for food

wastes, cooking oils, yard trimmings, newspapers, cardboard for packaging

materials, etc. [23].

3.4 Biomass Composition

A detailed characterization of biomass is the primary step for its industrial or

agricultural valorization. Indeed, knowing the chemistry of the various biomass

components will help anticipating their reaction and interaction behaviors during

the conversion process.
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As we have seen in the previous section, there are several varieties of biomass.

This has a direct impact on the variation in their biochemical composition. None-

theless, there are some typical components based on which groups of biomass could

be categorized. Primarily, this includes cellulose, hemicellulose, and lignin

(forming lignocellulosic biomass), as well as starch, lipids, and proteins.

3.4.1 Cellulose

Basically, cellulose is a long linear chain of β(1–4) linked D-glucose building

blocks (Fig. 3.2) with degrees of polymerization varying from 1000 to 10000.

These chains could interact with each other via hydrogen bonds by the hydroxyl

groups on these linear cellulose chains [24], thus promoting their agglomeration

into a crystalline cluster.

This results in intermediate degrees of cellulose crystallinity and the subsequent

formation of a multitude of amorphous, partially crystalline, and crystalline fibrous

structures [25]. In this context, analyzing the supramolecular structure of cellulose

reveals that both the amorphous and crystalline states intertwine to form the natural

cellulose [26]. Another study showed the amorphous (noncrystalline) phase mainly

due to the fact that most hydroxyl groups on glucose are amorphous [27].

In terms of natural production, cellulose is believed to be the most common

organic polymer on Earth, representing about 1.5 � 1012 tons of the total annual

biomass production [28]. This natural polymer is the major component of all plant

cell walls [29], but other organisms could also produce cellulose including algae

[30] and bacteria [31].

3.4.2 Hemicellulose

Hemicellulose is the second important component in the plants’ cell walls. It

contributes to strengthening the cell wall, primarily along with cellulose and also

by interacting with lignin. It is formed by short-branched chains giving an amor-

phous structure with less strength than the unbranched and crystalline cellulose

[32]. Structurally, it is a polysaccharidic polymer primarily made of pentoses (five-

carbon sugars) like xylose and arabinose, but also some hexoses (six-carbon sugars)

including glucose, galactose, and mannose, linked together by β-1,4-glycosidic
bonds in main chains and β-1.2-, β-1.3-, β-1.6-glycosidic linkages in the side chains.

Hemicelluloses include xyloglucans, xylans, mannans, and glucomannans

[33]. The presence of certain types of hemicellulose and their abundance in the

cell walls depend on the species itself, and even within the same species, it depends

on the cell functionality (Fig. 3.3).

Because of the low degree of polymerization (80–200), hemicelluloses are easily

hydrolyzed (chemically or enzymatically) than cellulose [34]. The results of
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hydrolysis are hexoses like D-glucose, D-fructose, D-galactose, and D-mannose, as

well as pentoses such as D-xylose, L-arabinose, and D-ribose [35]. The other

interesting feature is that sugars from hemicelluloses could be easily separated

from the lignocellulosic biomass hydrolysate since they are usually in a

noncrystalline state [36].

3.4.3 Lignin

Lignin is the most abundant aromatic polymer on earth and second most abundant

organic polymer after cellulose. It could be found in most terrestrial plants at

various dry weight percentages and is responsible of providing structural integrity

and strength to different parts of those plants [37].

Lignin is a complex polymer composed of phenylpropane building blocks,

nonlinearly and randomly cross-linked into a three-dimensional network. The
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three main monomer units are p-coumaryl alcohol, coniferyl alcohol, and sinapyl

alcohol (Fig. 3.4).

The lignin fraction interacts with both cellulose and hemicellulose through

chemical linkages such as ethers and esters [38]. A strong lignin–carbohydrate

network is therefore formed in the cell wall and the separation of those three

components becomes a major challenge as we will see later in this book when the

subjects of pretreatment and conversion of lignocellulosic biomass are going to be

discussed.

The following table illustrates the cellulose, hemicellulose, and lignin contents

of various lignocellulosic bioresources in % weight (dry basis) categorized into

woody, herbaceous, and aquatic biomass, along with biowastes (Table 3.1).

3.4.4 Starch

Starch is the main carbohydrate reserve in plants and the most important source of

digestible carbohydrate for human nutrition. In fact, contrary to the cellulose, starch

present in dietary fibers is digested by humans (broken down by enzymes known as

amylases) and can represent up to 80% of the carbohydrates present in the staple

foods of people worldwide. Starch therefore constitutes a major source of glucose

and significantly contributes to total food energy intake [56].

Starch is also a valuable molecule for various nonfood industries including

papermaking, starch-based glues, and adhesives. Starch is also the main precursor

to produce various biodegradable films in the form of thermoplastic starch [57].

Basically, a starch molecule is a polysaccharide made of glucose units (from five

hundred to several hundred thousand units [58]), chemically joined by covalent

bonds forming a single polysaccharidic structure, whether linear amylose

(up 20–30% of native starch) or branched amylopectin (70–80%).

As shown in Fig. 3.5, amylose is composed of glucose residues (α-D-
glucopyranosyl moieties) linearly connected through α-(1 ! 4)-glycosidic link-

ages. Amylopectin has a highly branched structure composed of α-(1! 4)-glucans

Fig. 3.4 The three building blocks of lignin
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with inter-linked α-(1 ! 6)-glycosidic linkages at intervals of approximately

20 units [59].

Table 3.1 Chemical composition of various biomass (% weight on a dry basis)

Classification Biomass Cellulose Hemicellulose Lignin Reference

Woody Eucalyptus (Eucalyp-
tus camaldulensis)

45 18.2 31.3 [39]

Spruce (Picea glauca) 39.5 30.6 27.5

Pine (Pinus sylvestris) 40 28.5 27.7

Black Locust (Robinia
pseudoacacia)

39.2–42.6 16.6–18.8 23.8–28.5 [40]

Hybrid Poplar DN-34 39.2–45.7 16.6–22.6 23.3–25.1

Herbaceous Switchgrass 30–35 20–30 20–25 [41]

Flax ~65 ~16 2.5 [42]

Hemp 53.8 10.6 8.7 [43]

Amur silver grass

(Miscanthus
sacchariflorus)

42 30.1 7

Rice straw 39 20.9 5.7 [44]

Wheat straw 37.6 28.8 14.5 [45]

Barley straw 42.4 27.8 6.8

Corn stover 31.3 21.1 3.1

Aquatic Seagrass Posidonia
oceanica fibers

38 21 27 [46]

Posidonia oceanica
leaves

31.4 25.7 24.7 [47]

Green alga Ulva
lactuca

9.1 20.6 1.5 [48]

Seagrass Zostera
marina

57.3 28.5 5.1 [49]

Brown seaweed Sar-
gassum sp.

22 19.6 0 [50]

Algal biomass from

sewage sludge

7.1 16.3 1.5 [51]

Wastes and

residues

Sugarcane bagasse 46.4 25.9 23.6 [52]

Agave bagasse 24 20 15 [53]

Nut shells 25–30 25–30 30–40 [54]

Corn cobs 45 35 15

Lemon peel 12.7 5.3 1.7 [51]

Orange peel 13.6 6.1 2.1

Corn stover 30.6–38.1 19.1–25.2 17.1–21.2 [40]

Oil palm empty fruit

bunch fiber

44.2 33.5 20.4 [55]
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3.4.5 Proteins

Proteins are a major and vital component in the human diet. In the last decades, a

growing interest has been seen in recovering proteins from nonconventional feed-

stocks include forage crops, cattle by-products, and some microorganisms. Thus,

the valorization and utilization of biomass to produce natural, renewable, and

biodegradable proteins became an area of extensive study and research.

Proteins are naturally occurring polymers produced by animals (casein, collagen

. . .), plants (soy and what proteins . . .), and bacteria (mainly enzymes such as

chymotrypsin, fumarase . . .). Basically, proteins are highly sophisticated 3-D

macromolecules containing 20 different amino acids [61]. Amino acids are organic

compounds synthesized by cells through a set of biochemical processes. They

contain a basic amino group and an acidic carboxyl group, hence their name.

Chemically, this dual functionality allows individual amino acids to interact and

form long chains via peptide bonds (–CO–NH–) when the amino group (–NH2) of

one amino acid reacts with the carboxyl group (–COOH) of another amino acid,

with the release of a molecule of water.

Sequence amino acids up to 10 units are oligopeptides and chains of 10 or more

amino acids are termed polypeptides, the backbone structures of proteins. Com-

monly, the transition from polypeptide to protein is not well defined, but insulin

with its 50 amino acid residues is regarded as the smallest protein [62, 63].

Structurally, proteins can be configured at four consecutive levels from the

primary to the quaternary structure. The primary structure is a linear sequence of

Fig. 3.5 Amylose and amylopectin structures [60]
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amino acids in a protein, resulting in polypeptide chains, each one characterized by

a specific arrangement of amino acids [64].

Typically, there are several intramolecular and intermolecular interactions

within a protein molecule, mainly via covalent and hydrogen bonds. As a result,

we encounter specific regions in protein where chains are organized into regular

structures, thus constituting the second level of protein structure, namely the

secondary structure. The most common secondary structures are the α-helix (pre-

sent in keratin, protein in hair [65]) and β-sheet (present in fibroin, protein in silk

[66]).

As for the tertiary structure, it describes the folding (i.e., three-dimensional

arrangement) of the secondary structures into a compact shape such as in globular

proteins (enzymes and immunoglobins) where the complex structure is held

together by non-covalent interactions including hydrogen bonds, disulfide bridges,

and ionic bonds. This folding pattern confers specific biological functions to the

protein, as it is in the case for enzymes and other proteins acting as molecular

receptors recognizing specific compounds based on their shapes [67].

Finally, a quaternary structure is also possible when some proteins (tertiary-

structured subunits) interact with each other via non-covalent bonds to form

agglomerates or units. One illustrative example is human hemoglobin which is

composed of four subunits: two α-chains of 141 amino acid residues each and two

β-chains of 146 residues each [68].

3.4.6 Lipids

Lipids from biomass are oil and fats synthesized by plants, animals, and microor-

ganisms from renewable carbon substrates. The main producers of vegetable oils

are in Asia (Malaysia and Indonesia) for suitable climatic conditions and intensive

agricultural practices. Animal fats on the other hand are mainly produced in the

United States and Europe.

Those “bio-lipids” possess various chemical properties based on the length of

the fatty acids chain and the unsaturation degree. Indeed, lipids, consisting of fatty

acids, are classified based on the presence or absence of double bonds (DB) as

follows:

– No DB ! Saturated fatty acids

– One DB ! Monounsaturated fatty acids

– Two or more DBs ! Polyunsaturated fatty acids

The main sources for lipids are:
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3.4.6.1 Vegetable Oils

The oil is derived from various species producing oleaginous seeds (grape, sun-

flower, canola. . .) or fruits (olives, palms, nuts...) and also from heat-processed

woody biomass (pyrolysis). It is estimated that 80% of the produced vegetable oils

are for human consumption and the remaining 20% for industrial applications [69],

especially the growing biodiesel sector, but also in the production of other oil-based

products including lubricants, surfactants, and various polymeric materials. Thus,

the rapid increase in demand for vegetable oils is still sparked off by the food

market rather than the industrial or biodiesel sectors.

Vegetable oils are mainly constituted of triglycerides synthesized through the

esterification of one molecule of glycerol with three fatty acids, as depicted in

Fig. 3.6. At room temperature, this chemical compound could be either solid (butter

or fat) or liquid (oil).

Regarding the fatty acids, their chain length and degree of condensation deter-

mine the oil characteristics. For instance, as the number of double bonds (i.e.,

unsaturation) increases, the melting point of the oil decreases. As well, due to the

presence of double bonds, unsaturated fatty acids are more reactive than the

statured ones. Table 3.2 gives the fatty acids content in several vegetable oils.

3.4.6.2 Animal Fats

Animal fats are the by-products or wastes from slaughtered animals that are bred to

produce a variety of products such as meat, milk, eggs, leather, etc. Animal fats can

be categorized into two main groups: edible and inedible fats. The former is used in

the human consumption and also in the feed and oleo-chemical industries. The

Fig. 3.6 Esterification of

triglycerides
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latter, on the other hand, are not allowed in human consumption and can only be

used in feed, oleo-chemistry, and biofuels (mainly biodiesel and also biogas).

In general, the wastes from animal-processing industries are subjected to various

rendering processes to produce other added-value products. Such strategy allows

the generation of valuable extra income and contributes to the preservation of the

environment and public health. Basically, rendering refers to the processes (phys-

ical, chemical, and thermal) used to separate the various components in those raw

animal wastes including fats, bones, feathers, hoofs, horns, blood, etc.

As far as fat is concerned, the rendering process targets the entire fatty tissues in

an animal and purifies it into fats like tallow, greases, or lard. Figure 3.7 illustrates

the rendering process for poultry wastes.

Table 3.3 gives the fatty acids content in several animal fats. Such analysis is

crucial to determine which products would be the suitable, as their quality will

depend on the nature and amount of specific fatty acids in the fat. For instance,

biodiesel production is one of the promising field in which animal fats could be

incorporated as a low cost feedstock [74].

In this sector, the use of animal fat wastes produced biodiesel with low NOx

emissions and high Cetane number at high ratios of saturated fatty acids [75].

3.4.6.3 Microbial Lipids

Some microorganisms, including fungi, bacteria, and microalgae, are capable of

synthesizing and storing lipids and fatty acids as membrane components, storage

products, and metabolites. To be termed “oleaginous microorganism,” the

Table 3.2 Main fatty acids in various vegetable oils [70–72]

Oil

Fatty acids (% of the total content)

Palmitic (16:0)a
Stearic

(18:0)

Oleic

(18:1)

Linoleic

(18:2)

Linolenic

(18:3)

Soybean 11 4 23.4 53.3 7.8

Sunflower 6 4 42 47 1

Canola 4.1 1.8 60.9 21 8.8

Palm 39 5 45 9 –

Corn 10.9 2 25.4 59.6 1.2

Olive 13.7 2.5 71.1 10 0.6

Grape 6.6 3.5 14.3 74.7 0.15

Sesame 9.7 6.5 41.5 40.9 0.21

Peanut 7.5 2.1 71.1 18.2 –

Coconut – 2.7 6.2 1.6 –

Cottonseed 21.6 2.6 18.6 54.4 0.7

Rapeseed 4 2 56 26 10

Linseed 5.5 3.5 19.1 15.3 56.6
aChain length: Number of DB
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microbial species has to have a lipid content of at least 20%, mostly in form of

triacylglycerol stored in cytosolic lipid bodies [82].

Among those oleaginous microbial species, some are able to accumulate around

20% of lipid in mass. Others, including certain oleaginous yeasts, can synthesize

Poultry wastes
(chicken feather, Blood, Offal and Trims)

Heating
Crushing

Wet heating

Wet MethodDry Method

Drying

Liquid
Press

Solid

Defatting Evaporating

Chicken FatHigh Protein Meal

Fig. 3.7 Flow diagram of poultry wastes rendering process [73]

Table 3.3 Main fatty acids in various animal fats [76–81]

Animal fat

Fatty acids (% of the total content)

Palmitic

(16:0)

Stearic

(18:0)

Oleic

(18:1)

Linoleic

(18:2)

Linolenic

(18:3)

Mutton tallow 27 24.1 40.7 2 –

Duck tallow 17 4 59.4 19.6 –

Chicken fat 24 5.8 38.2 23.8 1.9

Yellow grease 23.2 12.9 44.3 6.9 0.6

Brown grease 22.8 12.5 42.3 12.1 0.8

Choice white

grease

25.5 15.3 35.8 12.6 0.9

Lard 23.2 10.4 42.8 19.1 64.7
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and accumulate up to 70% of lipids. Noting that the chemical characteristics of

those lipids vary from species to species and from strain to strain, thus producing

lipids with various carbon chain length and unsaturation degree. Furthermore, for

the same stain, the lipid content could significantly fluctuate according to specific

culture conditions.

Table 3.4 gives an account on the lipid content in a selection of bacterial, fungal,

and algal biomass.

Compared to lipids from vegetables and animals, microbial lipids offer several

advantages related to the short life cycles on microorganisms, continuous

harvesting, more homogeneous physical structure, and low requirements (space,

water, and nutrients). In this context, it was reported that photosynthetic microor-

ganisms can produce 100 times more lipids per hectare than plants [86]. Further-

more, scientists proved that microbial lipids are valuable feedstock for biodiesel

production because their fatty acid composition is similar to that of vegetable oils

[87]. Also, lipids from oleaginous microorganisms, rich in polyunsaturated fatty

acids oils, are added to infant formulas and nutritional supplements [88].

Table 3.4 Lipid content in selected oleaginous microorganisms [83–85]

Classification Microorganism

Lipid content (%) on a dry matter

basis

Bacteria Arthrobacter sp. >40

Acinetobacter
calcoaceticus

27–38

Rhodococcus opacus 24–25

Bacillus alcalophilus 18–24

Agrobacterium
tumefaciens

23

Fungi (including yeasts and

molds)

Mortierella isabellina 86

Humicola lanuginosa 75

Rhodotorula glutinis 72

Aspergillus oryzae 57

Gibberella fujikuroi 41

Cryptococcus adeliensis 33

Microalgae Schizochytrium sp. 50–77

Botryococcus braunii 25–75

Nannochloropsis sp. 31–68

Neochloris
oleoabundans

35–54

Nitzschia sp. 45–47

Cylindrotheca sp. 16–37

Chlorella sp. 28–32
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3.4.7 Chitin and Chitosan

Chitin is the second most abundant polysaccharide on earth after cellulose. It

consists of 2-acetamido-2-deoxy-β-D-glucose through a β(1–4) linkage. It is a

white, hard, inelastic, and nitrogenous compound, occurring in form of ordered

crystalline microfibrils in the exoskeleton of arthropods including insects, arach-

nids, and crustaceans.

Chitin could also be found in the cell walls of fungi and yeast and other

organisms, mainly for reinforcement purposes [89].

Chemically, it resembles cellulose in its insolubility and low reactivity due to

great structural similarity. In fact, cellulose is a linear β(1–4)-linked polymer of D-

gluco-pyranose units, and chitin is therefore a cellulose derivative where the

2-hydroxyl group has been replaced with an acetamide group (Cf. Fig. 3.8). In
this context, chitin produced by fungi was reported to have interesting advantages

compared to animal chitin such as more homogeneity in composition, renewability,

and absence of inorganic salts in its matrix [90].

On the other side, however, fungal chitin is tightly linked to other

polysaccharidic components (cellulose, glucan, manna. . .) via covalent bonds,

which make its chemical isolation difficult, with the possibility to enhance this

process enzymatically [91].

Chitosan is a water-soluble chitin derivative formed by removing varying

fractions of the N-acetyl groups (deacetylation). The solubilization occurs by

protonation of the amine function on the C-2 position of the D-glucosamine unit.

Thus, being soluble in aqueous solutions, chitosan and chemically modified chitin

are industrially valorized in various applications including food processing, paper

making, cosmetics, textile fibers, and many biomedical products such as wound

dressings and artificial skins [92].

Table 3.5 illustrates the chitin content in various marine and terrestrial

bioresources.

3.5 Concluding Remarks

Based on what we have seen in this chapter, three main attributes could be given to

biomass: renewability, availability, and versatility. The renewability is the most

obvious of the three. That’s why both raw and residual biomass, from both land and

sea, could secure a constant and indefinite flow of feedstock materials, on condition

that we let those bioresources regenerate themselves in peace.

To have an idea about the availability of biomass, we just have to know that the

total amount of biomass on earth (based on dry weight) is about 1.8 trillion tons on

land and 4 billion tons in the ocean [96].

The following table gives an indicative idea about the magnitude of biomass

availability for selected bioresources (Table 3.6).
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Thus, as long as you have a bit of land or sea, you possess a valuable biomass

supply to be valorized. Just this one advantage should justify the shift from

petroleum (benefiting some countries) towards biomass (benefiting all countries).

Think about the geopolitical stability the biomass-based economy would bring to

the troublesome international affairs, providing that biomass itself does not trigger a

new era of struggle over valuable resources. After all, petroleum is from biomass.

As for its versatility, the rich biochemical composition and various structural

properties of biomass, whether from plants, animals or microorganisms, along with

the possibly to extract valuable compounds (cellulose, hemicellulose, lignin, pro-

teins, lipids, chitin. . .) make them suitable to be used in large scale in the food, feed,

energy, textile, and pharmaceutical industries, to name a few.

As a result, many biomass-based commodities will be produced (biofuels, bio-

materials, and biochemicals), and with more breakthroughs in R&D, the

Fig. 3.8 Chemical structures of cellulose, chitin, and chitosan: Similarities and differences
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competiveness of those bioproducts will increase until they become the ultimate

market choice (high quality and low price). This is why biomass is the sustainable

core of bioeconomy.

Table 3.5 Chitin content for selected biomass (% on a dry matter basis) [93–95]

Classification Biomass Chitin content (%)

Crustaceans Penaeus monodon (shrimp) 40.4

Penaeus sp. (prawn) 33.0

Chinoecetes opilio (carb) 26.6

Euphosia superba (krill) 24.0

Procamborus clarkia (crawfish) 13.2

Insects Pieris (butterfly) 64.0

Diptera (fly) 54.8

Bombyx mori (silkworm) 44.2

Galleria mellonella (wax moth larva) 33.7

Blatella (cockroach) 18.4

Fungi Aspergillus niger 42.0

Histoplasma capsulatum 26.4

Aspergillus phoenicis 23.7

Penicillium notatum 18.5

Blastomyces dermatidis 13.0

Plants Grass hay 6.2

Wheat straw 5.2

Table 3.6 Worldwide data on area, production, and yields of selected crops [97, 98]

Biomass

World production (Million

metric tons)

Cultivated area

(Million ha)

Average yield (metric

ton/ha)

Sugarcane 1877.11 26.52 70.78

Corn 1008.99 178.69 5.65

Wheat 725.91 222.52 3.26

Rice 478.14 159.98 4.46

Soybean 318.80 118.14 2.70

Cassava 276.72 20.73 13.34

Sugar beet 250.19 4.48 55.84

Rapeseed 72.12 35.91 2.01

Sorghum 63.49 42.85 1.48

Cottonseed 44.35 33.01 1.34

Sunflower

seed

39.57 23.17 1.71
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Chapter 4

Biofuels and Bioenergy

Abstract The depletion of fossil fuels and the global environmental awareness

along, with several economic concerns, are the major driving forces behind the

worldwide orientation towards renewable bioresources and agro-industrial wastes

for the production of alternative fuels in a sustainable manner. Consequently, the

development of more efficient biomass-producing systems and biomass-processing

technologies are becoming serious challenges for industrialists and researchers in

order to provide markets with eco-friendly fuels at competitive prices and contrib-

ute to the reduction of CO2 emissions.

In this chapter, multiple opportunities to valorize biomass as feedstock for fuel

and energy production are highlighted. This includes various woody, herbaceous,

agro-industrial, and aquatic bioresources, as well as animals, and microorganisms,

rich in cellulose, hemicellulose, starch, chitin, and lipids for the production of

bioethanol, biodiesels, and biogas. The conversion of those bioresources to the

desired biofuels involves a variety of technologies and processes, which are

presented and compared in this chapter, including biomass pretreatments, thermo-

chemical and biological conversion procedures, as well as separation, purification,

and upgrading technologies. The need for more R&D breakthroughs enabling the

production of biofuels at more competitive prices is also highlighted as a major step

to accelerate the shift towards bioeconomy.

4.1 Introduction

Energy is essential to ensure economic production and, consequently, economic

growth. To fulfill the requirements of the industrial, transportation, and residential

end-use sectors, a heavy resort to fossils fuels characterized the last century or so,

with severe repercussions on the environmental, socioeconomic, and geopolitical

fronts.

Thus, considering the strategic importance of the energy sector, and in order to

face serious challenges related to the rarefaction of the fossil fuels and the urgent

need to decrease the amounts of greenhouse gas emissions, scientists from around

the world made (and still are making) tremendous contributions to find out sustain-

able procedures of producing alternative energy sources. Such effort led to a

worldwide orientation, or shall we say reorientation, towards natural resources.
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With its eco-friendly approach, bioenergy and biofuels production provided an

opportunity to:

• Address the energy security issues by using locally available bioresources and

wastes to produce solid, liquid, and gaseous fuels.

• Gradually lower the emission of greenhouse gases and therefore contribute in the

effort to mitigate global warming.

• Induce more geopolitical stability by reducing countries’ dependence on foreign
energy resources.

• Create new green jobs.

In this chapter, we will present and discuss every opportunity to valorize

biomass as a valuable energy source. In clearer terms, we think that we have to

move past the food/nonfood dilemma. Why? Well, we could cultivate food crops

for energy in marginal land and with marginal waters reclaimed from industrial or

municipal wastewaters. The ethical issue is limited to the scenario where nonfood

crop, with high energy output, are cultivated in arable lands and irrigatted with

fresh waters. Nowadays, with the threatening climate change impacts on agriculture

[1], the serious shortages of water in many countries [2], and the recurring starva-

tions and undernourishments in many others [3], it would be common sense (not to

say humane) to prioritize feeding the population. Nonetheless, if food is a vital issue

for people, energy is a vital one for countries, which are supposed to “take care” of

those people (food, education, medication, transportation, jobs, etc.). Thus, between

food and fuel, it is not really a dilemma; it is just a matter of priority and common

sense. The keyword in this regard is wisdom. We have to be wise in choosing the

right feedstock, in managing our lands and water resources, in allocating govern-

mental subsidies, and especially in promoting R&D effort.

As far as the authors of this book are concerned, the priority is very clear: fill the

stomachs and then fill the fuel tanks.

Taking all these factors into consideration, in this chapter, every biomass is

susceptible to be valorized for bioenergy production that provided an eco-friendly

and conflict-free acquisition process whether by growing crops, harvesting natu-

rally occurring resources, or collecting biowastes.

We are going to start by showcasing various feedstocks for each biofuel, then the

different steps to produce it:

1. Pretreatment/conversion procedures

2. Separation/purification technologies

3. Upgrading/refining (when applicable) before the end use in the industrial,

transportation, residential, or commercial sectors
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4.2 Bioethanol

Currently, the transportation sector is still heavily relying on petroleum-based fuels

including gasoline, aviation kerosene, and diesel, all liquid fuels. In order to face

the coming shortage in fossil resources and provide renewable and eco-friendly

alternatives, scientists from around the world and from multidisciplinary back-

grounds are searching, developing, and optimizing processes to generate various

automotive biofuels [4–7].

Despite the use of other renewable energy sources in the transportation sector

(electric, hydrogen, nuclear, and solar powered vehicles and vessels), liquid fuels

remain the main source to power the engines. Thus, researchers focused on pro-

ducing various liquid biofuels from renewable, abundantly available, and low-cost

bioresources. The main aim was to develop efficient, large-scale, and economically

competitive processes to produce alternative biofuels.

Among the various liquid biofuels, we will start by discussing the production of

bioethanol, based on the rapid expansion of its industrial production and end uses in

transportation.

4.2.1 Bioethanol Feedstocks

Sugars are fermented into alcohol. This is basically the main mission of the ethanol

industry. Hence, since all sugar-containing raw and residual bioresources (mono,

di, or polysaccharides) are suitable to be converted into bioethanol, then all plants

could be considered as possible feedstock since cellulose is the basic structural

component of their cell walls.

In nature, there are four main kinds of sugar-loaded bioresources: (1) simple
sugars-based biomass such as sugarcane and sugar beet, (2) starch-based biomass
such as corn and cassava, (3) lignocellulose-based biomass which includes woody

and herbaceous plants, and (4) some marine species.

As well, the marine world comprises valuable feedstock for bioethanol produc-

tion, especially the alginate and chitin-based biomass such as macroalgae and

crustaceans, respectively. Noting that simple sugars and starch constitute only a

small fraction of the plant matter, as the main polysaccharidic compounds of most

plants are cellulose, and to a lesser extent, hemicellulose.

Based on the climatic conditions and the expertise in agricultural practices, the

bioethanol production industries, although trying to diversify it, tend to rely on

specific crops. For instance, in tropical areas such as India, Brazil, and the Carib-

bean, sugarcane is the first choice. In other parts of the world, including the United

States, Europe, and China, grains such as corn and wheat are the main feedstock

[8]. According to some estimates, bioethanol production from starch-based crops

accounts for about 60% and from sugar-based crops (mainly sugarcane and sugar

beet) for nearly 40% [9].
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4.2.1.1 Sugar-Containing Biomass

Certain plants such as sugarcane, sugar beet, and sweet sorghum can be the direct

source of fermentable sugars, mainly fructose, glucose, and sucrose (Fig. 4.1).

Their main assets are high production of simple sugars per cultivated surface and

production yield, in addition to a straightforward fermentation procedure and

therefore low conversion costs. Nonetheless, their seasonal availability tends to

limit their use as economically viable feedstock. Later, when we will discuss the

production of bioethanol from wastes and residues, we will see how sugarcane or

many other sugar-based feedstocks could have their by-products and residues

further converted into valuable biofuels and fine chemicals, thus increasing the

overall profitability.

Table 4.1 gives the sugar content of selected simple sugar-containing

bioresources.

Sugarcane (Saccharum officinarum)

It is a tropical, perennial grass (C4 carbohydrate metabolism belonging to the

Poaceae family that includes also sorghum and maize). The currently grown

sugarcane cultivars are Saccharum officinarum hybrids, a domesticated sugar-

producing and strong-growing species. Those sugarcane hybrids were selected

over the years for enhanced biomass and sugar yields, improved resistance to

pests and drought, and better adaptation to intensive cultivation practices. Under

favorable conditions, sugarcane has the potential to yield up to 100 tons of dry

biomass per hectare annually [11].

The stems grow into cane stalk of 5 m in height. Composition wise, a mature

stalk of sugarcane contains on average 70% water, 16% sugars, and 14% fibers,
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along with proteins, ash, and extractives. After harvesting, the sugarcane stalks are

washed, cut into pieces by rotating knives and pressed to produce a juice loaded

with sugars, mostly sucrose. This juice is dehydrated and refined to produce sugar

and could also be directly fermented to produce bioethanol. The big question here is

not could we produce biofuel from sugarcane but how much could we use without

compromising the necessary requirement of the food industry. To answer this

question, locally centered economic and environmental assessments have to be

planned and discussed in order to develop sustainable strategies to valorize sugar-

cane, or any valuable feedstock, efficiently.

The process of extracting sugar from sugarcane also generates residues including

bagasse, molasses, vinasse, and filter cakes that could be further valorized into

biofuels [12], biomaterials [13], and organic fertilizers [14].

Sugar Beet (Beta vulgaris)

It is a biennial plant, belonging to the Chenopodiaceae family, grown in more than

50 countries in Europe, Asia, North Africa, and the Americas [15]. It is mainly

cultivated for its conical and fleshy white taproot rich in sucrose. The average yield

is 50 tons/ha. Nonetheless, depending on climatic conditions and cultivation prac-

tices, specific yields can fluctuate between 30 and 70 tons/ha. In the same context,

research studies revealed in addition to the increase in biomass yields, the concen-

tration of sucrose in the sugar beet roots could also be increased using selective

cultivars and/or intensive agricultural practices [16].

The industrial processing of beets to produce sugar generates interesting residues

including pulp (suitable for animal feed), press cake (organic fertilizer), and

molasses containing a residual fraction of sugars that could be fermented into

alcohol. A typical sugar beet root consists of 76% water, 18% sugar, and 5.5%

pulp. From the total sugar content, roughly 83% of crystalline sucrose (aka. table
sugar) is recovered along with 12.5% of molasses [17].

Among the sugar-based bioresources, sugar beet is the feedstock with the highest

bioethanol production potential. Indeed, in France, sugar beets produce 7000 L of

ethanol per hectare compared with the 5000 L/ha produced from sugarcane in

Brazil [18].

Table 4.1 Sugar

composition and content in

various biomasses (% weight

on a dry basis) [8, 10]

Biomass Glucose Fructose Sucrose

Sugarcane 0.2–1.0 0.2–1.0 11–16

Sugar beet 0.1–0.5 0.1–0.5 16–17

Sweet sorghum 0.6–1.6 0.3–1.0 9.6–17.6
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Sweet Sorghum (Sorghum bicolor var. saccharatum)

It is a drought-tolerant perennial crop cultivated for the fermentable sugars located

in the main stalk and also for its vegetative biomass. A mature sweet sorghum stalk

is composed of pith (the spongy core) and bark (external layer), with the former

accounting for 65% of the fresh biomass matter. Regarding the sucrose distribution

in the stem, the pith and bark are composed of 67.4 and 32.2% of dry weight,

respectively [19]. These sugars are extracted via several crushing or squeezing

techniques to produce the stalk juice (similar to the sugarcane processing).

One of the main advantages of using sweet sorghum production to produce

bioethanol is that its juice provides an aqueous source of simple sugars (mono and

disaccharides) that could be directly fermented to alcohol (in some cases, a pH

adjustment for optimum bacterial activity). In this context, a scientific investigation

showed that by simply adding yeast to freshly pressed juice, the fermentation was

complete in 24 h with 90% of sugar content converted into bioethanol [20]. None-

theless, to benefit from this straightforward availability, the sugar-loaded juice has

to be processed quickly. Indeed, considering the high sugar content in the juice,

spontaneous fermentation by naturally occurring microorganisms could consume

part of the sugars or generate compounds that will inhibit the yeasts with highest

conversion capabilities.

In terms of production yields, sweet sorghum, with its approximate 50–85 tons/

ha of stalks, produces a juice yield of 39–42 tons/ha. After fermentation of the juice

(84% water and 14.2% sugars including sucrose, glucose, and fructose), one hectare

of sweet sorghum could produce between 3450 and 4132 L of bioethanol [21].

4.2.1.2 Starch-Containing Biomass

As we have seen in the previous chapter (Sect. 3.4.4), starch is a polysaccharidic

molecule made of glucose units (from five hundred to several hundred thousand

units) that could be hydrolyzed (thermo-chemically or enzymatically) into simple

sugars, aka. Saccharification. The sugar content could therefore be fermented in the

same way as those from sugar-based bioresources. Thus, right off the bat, the

bioethanol production process from starch-based biomass is more complex com-

pared to sugar-based one, as it requires the extra step of saccharification to depo-

lymerize the amylose and amylopectin structures and release the fermentable

sugars.

In a plant, starch is synthesized and stored in the cells as granules that differ in

size and shape. Overall, all starch granules have a very dense and semi-crystalline

structure insoluble in cold water (i.e., temperatures below gelatinization [22]. They

act as a carbon reserve for various periods of time starting with one day in leaves up

to many years in dormant seeds. Within those granules, the amylopectin content is

estimated at 75% and that of amylose at 25% [23].
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Several starch-containing sources could be identified such as cereal grains,

tubers, and also some nuts and legumes. Table 4.2 provides a general guide to the

content of starch in selected plants.

It has to be noted that the starch content of grains and tubers can fluctuate

considerably within the same species, according to the maturity level, genetic traits,

and environmental factors during the cultivation and the subsequent storage phase.

In the following section, we will briefly describe the most used grains in the

bioethanol industry, namely, corn and wheat. Also, we will consider a representa-

tive from the tubers’ group, Cassava.

Corn (Zea mays)

Also called maize, corn is a grain plant from the Poaceae family which also includes

wheat, rice, and barley. The corn plant has a simple stem reaching at maturity 2–3 m

in height. The stem contains nodes and internodes from which develops pairs of

large leaves (8–21 per plant) [26].

One of its main assets is that corn can be cultivated over a wide range of agro-

climatic zones. Indeed, it can be cultivated from 58�N to 40�S, from below sea level

to altitudes higher than 3000 m, and in areas with 250 mm to more than 5000 mm of

rainfall per year [27, 28]. Nonetheless, the major corn production areas are located

in temperate regions, and the United States, China, Brazil, and Mexico account for

70% of the worldwide corn production.

Corn constitutes a staple food in many countries. As well, it could be cultivated

for other industrial purposes, based on its starch content, such as the bioethanol

sector, but also to produce other products such as plastics, fabrics, and adhesives.

The corn-to-ethanol industry is the most mature industry in this sector, benefit-

ing from the age-long expertise in corn cultivation and brewing. In the United

States, the largest producer of bioethanol in the world with an annual production of

14,370 gallons in 2014 (� 54.4 billion liters) [29], corn is the primary feedstock.

Indeed according to the US Energy Information Administration “nearly all ethanol

Table 4.2 Starch content in

various biomass (% weight on

a dry basis) [24, 25]

Storage organ Plant Starch content (%)

Grains Corn 60–68

Wheat 60–65

Barely 55–65

Sorghum 60–65

Oats 50–53

Rye 60–65

Rice 70–72

Root tubers Cassava 25–30

Yam 8–18

Sweet potato 10–29

Stem tubers Potato 22–24
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produced in the United States is derived from corn.” To secure this production,

between 35 and 40% of the US corn production was used to produce bioethanol and

other derived products.

Later in this chapter, we will discuss the conversion of corn into bioethanol

starting with the basic milling processes (dry and wet), the advanced saccharifica-

tion and fermentation procedures, and the latest R&D in the field.

Wheat (Triticum spp.)

It is a cereal grain belonging to the Poaceae family (also called Gramineae).

Although the global production of wheat is lower than corn, it has a wider

distribution throughout the temperate zone from Scandinavia to Argentina and at

higher elevations in the tropics [30]. Currently, largest wheat producers in the world

are China, India, the United States, Russia, and France.

In order to properly assess the predisposition of wheat as a feedstock for the

energy sector, we have to take these facts into serious consideration:

• Wheat is the most widely grown cereal grain, occupying 17% of the total

cultivated land in the world.

• Wheat is the staple food for 35% of the world’s population.
• Wheat provides more calories and protein in the world’s diet than any other

crop [31].

Overall, the rich biochemical composition of wheat makes it a valuable source

for human nutrition and also bioethanol production. Indeed, wheat grains comprise

three main components: carbohydrates (59.4%), protein (11.3%), and dietary fibers

(13.2%) [32]. Other studies reported that the starch content in wheat could vary

between 60 and 75% of the total dry weight of the grain [33].

In Europe, for instance, wheat is the main crop grown for bioethanol production,

roughly accounting for 0.7% of EU agricultural land and 2% of the continent’s
grain supply [34]. The process of bioethanol production from wheat grains is based

on its predominant starch content in the grains (60 to 65% of the kernel), and,

therefore, like all grainy feedstock, it could be summarized in the following steps:

• Milling (dry or wet)

• Liquefaction/saccharification (chemical or enzymatic)

• Fermentation (Fungi or bacteria)

• Distillation and dehydration

To give a comparative estimate on the production yields between sugar and

starch-based biomass, one report quantified that one ton of wheat grains could

produce 336 L of ethanol (roughly as much as corn). As for the sugar-based

feedstock, the yields were 70–90 L/t for both sugarcane and sugar beet.

Nonetheless, based on the huge difference in biomass production yields (8 tons/

ha for wheat, compared to 53 and 70 tons/ha for sugar beet and sugarcane,

respectively), the annual bioethanol yield per cultivated hectare is the highest for
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sugarcane (4900–6600 tons/ha/year), followed by sugar beet (3700–5000 tons/ha/

year) and wheat (2700 tons/ha/year) [35]. Further details about the grain-to-ethanol

process will be provided in the next section.

Cassava (Manihot esculenta)

It is a shrubby perennial plant belonging to the Euphorbiaceae family. It is a staple

crop in many tropical countries, especially with little rainfall. Indeed, framers in

those countries cultivate cassava from its nutritional starch content and its tolerance

to prolonged drought in the tropics [36]. Typically, a cassava root is composed of

70% moisture, 24% starch, and other substances including minerals (3%), fibers

(2%), and protein (1%) [25].

Based on the starch content, estimated at 25% in fresh roots [37], its high rate of

CO2 fixation, high water-use efficiency, and superior starch conversion ratio into

ethanol compared to other crops [38], cassava is a suitable feedstock for bioethanol

production.

This was the case in Brazil and many Asian countries, especially China and

Thailand [39]. The production of bioethanol from cassava in sub-Saharan Africa is

also under investigations [40, 41]. In India, it was reported that 60% of the produced

cassava was for industrial purpose, 30% for human consumption, and 10% for

animal feed [42].

In practice, fresh cassava roots pose serious storage challenges. Indeed, the root

starts to spoil just after 48 h of harvest due to physiological changes and microbial

activity [43], hence the resource to the drying process to lower the moisture content

at around 14%. The produced material is called cassava chips. Some estimates

reported that it takes 2–2.5 kg of fresh roots to produce 1 kg of chips [44].

Therefore, the cassava-to-ethanol industry is based on two main feedstocks:

fresh roots and dried chips. The production process varies in the beginning, i.e.,

how to recuperate the starch content. Then, the starch to ethanol procedures is

basically the same with the other starch-based feedstocks.

Definitely, the conversion ratio of any feedstock to simple sugars and then to

ethanol is a very important factor to be taken into consideration, along with the

biomass productivity of that feedstock. For example, sugarcane annual biomass

production yield is higher than cassava. But, when it comes to conversion ratios,

cassava is converted into sugars and ethanol than sugarcane better (roughly the

double as shown in Table 4.3).

Table 4.3 gives a comparative perspective relating both the feedstock conversion

ratios (to sugar and ethanol) on the one hand and the related biomass production

yields on the other.
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4.2.1.3 Lignocellulosic Biomass

Avoiding the competition with food crops and/or valorizing local bioresources

where the major driving forces behind the worldwide orientation towards producing

bioethanol from lignocellulosic materials, loaded with polysaccharidic polymers

(cellulose and hemicellulose). The product is now commonly known as second-

generation bioethanol.

In general, lignocellulosic feedstocks could be grouped into three main groups:

woody and herbaceous bioresources and agro-industrial residues. The biochemical

composition of several bioresources in terms of cellulose, hemicellulose, and lignin

contents are already given in the previous chapter (Table 3.1).

Worldwide, mastering and optimizing the production of biofuels from lignocel-

lulosic bioresources was (and still is) the concern of many researchers and inven-

tors. Indeed, although renewable and highly available, lignocellulosic biomass

poses many technological challenges related to the removal of the complex and

recalcitrant lignin [46] and the depolymerization of the rigid polysaccharides to

recover fermentable sugars [47].

Woody Feedstock

Woods could be grouped into two main categories: softwood and hardwood.

Softwoods (Coniferous with needle-like leaves) are the dominant source of ligno-

cellulosic biomass in the northern hemisphere including the United States, Europe,

Canada, Russia, and Japan. It comprises species such as pine, spruce, and cedar

trees. Hardwoods, on the other hand, are angiosperms (seed-producing and

flowering plants) with broad leaves including wood species such as poplar, willow,

Eucalyptus, locust, and oak trees.

Some reports estimate that hardwood is a better feedstock for ethanol production

than softwood due to more suitable biochemical composition [48]. First, because

generally hardwood has significantly less lignin than softwood. Second, the hemi-

cellulose content of hardwood is mainly composed of hexoses (C6 sugars), while

that of softwood is mainly composed of pentoses (C5 sugars). Such difference in

biochemical composition benefits hardwood as hexoses (e.g., glucose), are much

Table 4.3 Potentialities of various bioresources as feedstock for bioethanol production [45]

Biomass

Annual yield

(ton/ha)

Conversion rate to

sugar or starch (%)

Conversion rate to

ethanol (L/ton)

Annual ethanol

yield (kg/ha)

Sugarcane 70 12.5 70 4900

Cassava 40 25 150 6000

Sweet

sorghum

35 14 80 2800

Corn 5 69 410 2050

Wheat 4 66 390 1560
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easier to be fermented to ethanol than pentoses (e.g., xylose) [49], using the current

technologies.

Many wood species were proven to be valuable feedstocks for bioethanol

production. The following shortlist illustrates the potentialities of 2 softwoods

and 2 hardwoods, based on related research studies.

Pine Trees (Pinus sp.) belonging to the Pinaceae family are trees ubiquitous to

most of the Northern Hemisphere. The components of various pine tree species

were investigated for bioethanol production based on their polysaccharidic content.

Table 4.4 gives an overview about the biochemical composition of the various parts

of Scots pine (Pinus sylvestris) which is a useful tool to apply the adequate

conversion procedures based on the proportion of those chemical compounds.

In the United States, loblolly pine (Pinus taeda) was tested for bioethanol

production [51]. The first step of transforming the wood to fermentable sugars

resulted in conversion ratios between 75 and 95% of the carbohydrate content.

After fermentation and distillation, the produced bioethanol amount was, respec-

tively, estimated between 302 and 386 L/ton of dry biomass. The same study

predicted the cost of producing bioethanol from loblolly pine wood. Based on the

initial conversion ratios (75 and 95%), the prize was estimated at 0.40 and 0.34 US

$/L, respectively.

Lodgepole pine (Pinus contorta) was also tested to recover fermentable sugars

from its polysaccharidic content and ferment them into bioethanol using Saccha-
romyces cerevisiae yeast [52]. Under optimum operating conditions (35 �C and pH

5.5), a maximum bioethanol concentration of 47.4 g/L was reported, corresponding

to a theoretical yield of 285 L/ton of Lodgepole pine wood.

Cedar Trees (Cedrus spp.) are coniferous softwoods. Like pine trees, they belong
to the Pinaceae family and are mostly located in the Northern hemisphere. In Japan,

for instance, 66% of the total land area is forest with the local cedar specie

Cryptomeria japonica (aka. Japanese cedar) accounting for nearly 21% [53]. The

same team reported that the biomass produced from forest thinning, corresponding

to roughly 20 million m3 per year, was kept in forests as logging residues with

valorization.

Thus, several research teams focused on this matter and investigated the use of

cedar trees as a potential feedstock for bioethanol production. One of those studies

tried to enhance the bioethanol production yield from Japanese cedar by increasing

Table 4.4 Proportion of the main components in various parts of Scots pine [50]

Scots pine Cellulose (%) Hemicellulose (%) Lignin (%)

Stem wood 43.9 28.9 20.2

Bark 10.7 11.2 14.7

Branches 33.3 23.4 20.8

Leaves – – 11.1

Stump 29.5 19.4 13.4

Roots 26.0 17.1 27.1
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the recovery of fermentable sugars through various pretreatment techniques

[54]. The related results showed that the maximum amounts of recovered glucose

and reducing sugars (408 and 462 mg/g of initial dry matter, respectively) were

attainted using consecutive steam explosion and ionic liquid pretreatments.

Poplar Trees (Populus sp.) are natives to the Northern hemisphere, belonging to

the Salicaceae family which comprises thirty to forty species [55]. The possibility

of applying intensive growing practices on hybrid poplar tress resulted in a sub-

stantial increase in productivity up to nearly 24.5 ton/ha annually [56]. Populus

species are believed to be the most plentiful fast-growing trees suitable for

bioethanol production [57]. On the environmental preservation front, those species

make a valuable contribution, considering their rapid growth, in carbon sequestra-

tion and soil phytoremediation.

Several procedures were applied to produce bioethanol for poplar species. Like

any lignocellulosic resource, pretreatment of poplar wood prior to hydrolysis and

fermentation was revealed to be a decisive factor to optimize bioethanol production

yields. In this context, the application of various pretreatment techniques on four

poplar species resulted in conversion ratios to simple sugars between 47 and 55%.

The subsequent fermentation produced different bioethanol yields, the highest

(0.17–0.20 L/kg) was attainted for aspen wood [58].

Eucalyptus Trees (Eucalyptus sp.), belonging to the Myrtaceae family, are native

to Australia. In addition to their fast growth, the wood from Eucalyptus is charac-

terized by a high cellulose content attaining around 45% on a dry matter basis

[59]. 15% of the total cellulose content in an Eucalyptus tree is located in its bark

(outermost layers of the trunk) [60]. In Australia, a research study proposed

eucalyptus (Eucalyptus dunnii) forest thinnings as a local feedstock to produce

bioethanol [61]. Under optimum experimental conditions, a conversion ratio to

monomeric sugars of 74% was attained. After fermentation using Saccharomyces
cerevisiae, the ethanol production yield was 18 g/L of hydrolysate, corresponding

to a sugar to ethanol conversion ratio of 92%.

In Spain, where Eucalyptus is present in an area approximating half a million

hectares, many studies were conducted to valorize this woody biomass in the

bioenergy sector. For instance, the wood of Eucalyptus globulus was tested for

bioethanol production [62]. The aim of the study was to solubilize the hemicellu-

lose content and produce treated feedstock with an increased cellulose content and

therefore easier enzyme digestibility. With this procedure, the research team

reported the production of 291 L of bioethanol per metric ton of oven-dry

Eucalyptus wood.

Herbaceous Feedstock

Lignocellulosic herbaceous plants are among the high-yielding biomass in the

world [8], which made them suitable feedstocks for biofuel production in general

and bioethanol in particular. Commonly termed as energy crops, lignocellulosic

90 4 Biofuels and Bioenergy



herbaceous bioresources include a wide range of woody, biennial or perennial,

rhizomatous grasses such as Miscanthus, Switchgrass, Reed canary grass,

Bermudagrass, and Alfalafa.

Miscanthus (Miscanthus sp.) is also a high-yielding perennial grass, belonging to

the Poaceae family. It is native to Africa and South Asia and was introduced into

Europe as an ornamental garden grass. Based on their high biomass yields (approx.
as much as Switchgrass), low cultivation inputs, and substantial polysaccharidic

content, several Miscanthus species attracted the attention of scientists, farmers,

and industrials to be tested, cultivated, and converted into bioethanol. In Europe for

instance, 15 different genotypes of Miscanthus were cultivated with biomass

production yields varying between 38 and 41 ton/ha for Miscanthus x giganteus
and other Miscanthus hybrids, respectively [63]. As for the biochemical composi-

tion, the holocellulose content (cellulose + hemicellulose) ranges typically between

76.2 and 82.7%, with a lignin content of 9.2 to 12.6% [64]. Those variations are

mainly related to genetic factors, soil and irrigation conditions, and also cultivations

practices.

A research team in Korea assessed the suitability of 12 Miscanthus genotypes

(8 lines of Miscanthus sinensis, 1 line of Miscanthus x giganteus, and 3 lines of

Miscanthus sacchariflorus) to be converted into bioethanol [65]. Based on the

findings, two genotypes of Miscanthus sacchariflorus were found to be most

suitable for biofuel production, based on high polysaccharide content (~65%) and

low lignin content (<20%).

In the other side of the world, several comparative studies conducted in the

United States tried to assess the potentialities of Miscanthus to produce ethanol,

compared with other feedstocks. One of those studies made a comparison between

Miscanthus, the challenger, and corn, the energy crop already in use [66]. The

investigation proved that, in order to produce enough ethanol to secure 20% of US

gasoline consumption, the corn-to-ethanol option would divert 25% of US cropland

currently in production. On the other hand, to secure the same demand for gasoline,

the Miscanthus-to-ethanol strategy would divert only 9.3% of the land. Years later,

the same team reported that if their projections can be proven in the market place,

Miscanthus could be the solution to the meet the US objective of replacing 30% of

the gasoline currently in use with biofuels by 2030 [67].

Switchgrass (Panicum virgatum) is warm-season, high-yielding perennial grass

belonging to the Poaceae family. At maturity, Switchgrass could reach more than

3 m of height and have a root depth of more than 3.5 m. It has the aptitude to grow in

various types of soils including marginal lands with limited requirement for fertil-

izers. Based on the pedo-climatic conditions, the annual biomass production yields

oscillate between 15 and 37 dry tons per hectare. Switchgrass could be exploited in

various ways, mainly as fodder but also in preserving soils from erosion. A growing

interest to use this grass as feedstock for potential production biofuel is taking place

in the United States and Europe [68]. Regarding the conversion of Switchgrass into

bioethanol, many studies around the world proved that it is a valuable feedstock. In

this context, several research investigations estimated the bioethanol production
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from switchgrass. The first projections estimated a production yield fluctuating

between 1711 and 2000 L of ethanol/ha [69, 70]. Another estimate, based on a more

productive farm, reported the higher yield of 3000 L of ethanol/ha [71].

Alfalfa (Sativa medicago) is a perennial flowering plant belonging to the Fabaceae
family. It can be grown under a wide range of climates providing an average daily

temperature during the growing period above 5 �C. Thus, alfalfa is the one of the

most cultivated forage crops in the world, especially in North America and Europe.

In addition to its adaptation faculties and low cultivation inputs (no need for

nitrogen amendments), alfalfa has a very interesting biochemical composition,

considering the high protein content in the leaves (28.5%, dry matter basis) and

high polysaccharide content in the stalks (48.5% cellulose and 6.5%

hemicellulose) [72].

In order to benefit from those characteristics, alfalfa was proven to be a suitable

feedstock to both produce protein from its leaves (primary product) for animal feed

and bioethanol (coproduct) from its stalks [73]. A study reported the production

yields of 232 to 278 L/ton of alfalfa [74].

Overall, researchers involved in this integrated valorization strategy (feed and

fuel) are promoting it as essential to increase the profitability of the production and

conversion systems using alfalfa [75], or any other food or feed crop for that matter.

Such orientation generated a worldwide R&D effort to further valorize by-products

and residues for bioethanol production, along with other biofuels, biomaterials, and

biochemicals. The following section presents a selection of those agro-industrial

residues.

Agro-Industrial Feedstocks

The industrial processing of many crops to produce various commodities (grains

from cereals, sugar from sugarcane and sugar beet, oil from oilseeds, jam from

fruits, and so on) generates a substantial amount of residues and wastes, still

containing valuable components such as sugars, starch, and holocellulose. The

biochemical composition of some of those “residual” bioresources is given in

Table 3.1.

Sugarcane Bagasse like we have seen for alfalfa where the protein-containing

leaves are used as animal feed and the cellulose-containing stalks for ethanol

production, sugarcane allows the same dual valorization. Indeed, once processed,

the sugary juice is processed and refined into table sugars, leaving a significant

amount of solid waste, sugarcane bagasse, and also liquid waste, vinasse (viscous to

be accurate). In Brazil, the largest producer of sugarcane in the world, 1 ton of this

crop generates 280 kg of bagasse [76] and 700 to 900 L of vinasse [77].

In the same country, and based on their national ethanol program “Proalcool,”

roughly half of the sugarcane yield is used to produce sugar (38.7 million tons) and

the other half to produce bioethanol fuel (~ 27 billion liters) [78].
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Considering its polysaccharidic content (cellulose and hemicellulose) exceeding

70% of the dry matter [79] and its large worldwide production yield estimated at

1900 million tons [80], sugarcane bagasse is one of the most suitable feedstock for

bioethanol production in the world.

Research wise, several experiments were conducted to maximize the conversion

ratio of bagasse into bioethanol by optimizing the pretreatment, hydrolysis, and

fermentation procedures. From those studies, various volumetric productivity of

bioethanol from sugarcane bagasse were reported such as 0.25 and 0.1 g of ethanol

per liter of hydrolyzate per hour in one study [81] and 1.22 g/L/h in another one,

corresponding to 95% sugar conversion efficiency and a bioethanol yield of 96% of

its theoretical value [82].

Corn Stover is the residual biomass from corn farms left in the field after the

harvest of kernels or the industrial processing to harvest the grains. It includes

stalks, leaves, and husks cobs. On average, corn stover accounts for 3 to 4.5 dry tons

per acre of corn fields (equiv. 7.4 to 11.1 tons/ha). Thus, based on its biomass

production yields and a polysaccharidic content of 58.3% [83], corn stover is

considered to be one of the most suitable feedstock for the second generation

biofuels.

In the United States, the largest producer of corn in the world, annual corn stover

yields are estimated between 80 and 100 million dry tons of per year [84]. The same

study estimated that if, on the long term, the demand for corn stover for nonenergy

applications would be around 20 million dry tons per year. Thus, 60 to 80 million

dry ton per year of this by-product could be used as energy feedstock. Assuming

that 40% of the available corn stovers are valorized in producing bioethanol, a

prospective production yield approximating 11 billion liters per year could then be

achieved.

In another study conducted in China, corn stovers were subjected to chemical

treatment and resulting in the removal of about 90% of lignin and 80% of hemi-

cellulose. The remaining cellulose fraction was enzymatically hydrolyzed and more

than 90% of its content was converted to fermentable sugars. The resulting pro-

duction yield was 1kg of bioethanol from 6.2 kg of raw corn stover [85].

Wheat Straw is the residual biomass left in the field after the harvesting campaign

of wheat grain. It basically includes rest of the plant, consisting of the stems, leaves,

chaff, and the roots. Under intensive cultivation practices, 1 to 3 tons per acre of

wheat straw could be generated, which in the United States would give an annual

production of around 82 million dry tons [86]

A detailed analysis of the carbohydrates in wheat straw was conducted by the

National Renewable Energy Laboratory in Colorado [87]. The results revealed the

presence, on a dry matter basis, of 30.2% cellulose and 22.3% hemicellulose, with

18.7% xylan, 2.8% arabinan, and 0.8% galactan, which makes this wheat farming

residue a suitable feedstock for bioethanol production.

Many research studies worked on converting wheat straw into bioethanol and

others on R&R optimizing the conversion ratios and production yields while using

integrated green process. In one of those studies, wheat straws were subjected to

4.2 Bioethanol 93



dilute acid pretreatment followed by enzymatic hydrolysis of the polysaccharides

into simple sugars. The highest yield of monomeric sugars from wheat straw was

about 565 mg/g. After fermentation, the registered bioethanol production yield was

between 13 and 17 g per liter of hydrolysate [88].

In another investigation, and after the successive pretreatment and hydrolysis of

wheat straw, the generated hydrolysate was co-fermented (both pentose and hex-

ose) using Saccharomyces cerevisiae and Fusarium oxysporum. The outcome was a

bioethanol production yield of 58 to 62 g/L [89].

Rice Straw is a residue generated from rice harvesting. It includes stems, leaves,

blades, leaf sheaths, and the remains of the panicle after threshing [90]. The global

rice production is estimated around 741 million tons per year, 203 million tons

(27.4%) in China alone, the world leading rice producer [91]. Each kilogram of

produced rice grain was assessed to be associated with an average production of

1.325 kg of straw [92]. Thus, an annual production yield of 981 million tons per

year of rice straw could be projected.

As for the biochemical composition, it varies with respect to soil quality and

water supply during the growth as well as the implemented agricultural practices.

On average, rice straw contains 33–47% of cellulose, 19–27% of hemicellulose,

and 5–24% of lignin [93].

Several studies investigated the potentialities of producing bioethanol from rice

straw. It was unanimously promoted as a suitable feedstock, providing an efficient

pretreatment procedure, as it is the case for any lignocellulosic biomass. Among the

numerous research efforts, one interesting study detailed the mass balance for

ethanol production from rice straw [94]. It was reported that the pretreatment

process caused a 32% loss in mass and the recovery of 88.3% of polysaccharides.

The high-solid enzymatic hydrolysis of pretreated rice straw allowed the conver-

sion of 76% of the polysaccharidic content, corresponding a production yield of

fermentable sugars of 510 mg/g. Fermentation of the sugar-loaded hydrolysate

under optimum conditions was estimated to generate 220 L of ethanol from a ton

of raw rice straw.

4.2.1.4 Marine Biomass

Marine biomass refers to various kinds of aquatic organisms, able, in most cases, to

synthesize chlorophyll, including single cell and multicells algae and the more

evolved flowering plants, seagrassses.
Based on the high area productivity of marine biomass, their rich content in

polysaccharides, ability to capture CO2, and the fact that they do not compete with

conventional crops over land and fresh water [94, 95], bioethanol production from

those marine bioresources constitutes a promising alternative not only to fossil fuels

but also to some biofuels constrained by technical or ethical issues or their low

competitive potential.

94 4 Biofuels and Bioenergy



Algae/Seaweeds

Algae, aka. seaweeds, could be grouped into two main classes:

• Microalgae, which are microscopic unicellular organisms ranging in size from

few micrometers to several hundred micrometers. It includes diatoms, green

algae (Class Chlorophyceae), golden brown algae (Class Chrysophyceae),

prymnesiophytes (Class Prymnesiophyceae), and the eustigmatophytes (Class

Eustigmatophyceae) [96].

• Macroalgae, aka. seaweeds, are macroscopic multicellular algae living near the

seabed (benthic specie). It includes green algae (Chlorophyta) such as Caulerpa
and Ulva species, brown algae (Heterokontophyta) such as Sargassum species

and large kelps, and red algae (Rhodophyta), which is the most diverse group of

all [97]. In some classifications, blue-green algae, or cyanobacteria, (Class

Cyanophyceae) were also considered as algae (photosynthesizing bacterial spe-

cie in others).

Basically, the production of bioethanol from algae is founded on converting the

carbohydrates content to fermentable sugars and then to ethanol. The nature of

those carbohydrates varies from an algal group to another. In general, the following

compounds could be found:

• Microalgae ! cellulose, starch, rhamnose, and mannose

• Macroalgae !
– Green algae: cellulose, starch

– Brown algae: alginate, cellulose, laminarin, fucoidan, and mannitol

– Red algae: Carrageen, agar, and cellulose [98].

Many worldwide research studies were performed to investigate the potentiali-

ties of many algae as feedstock for bioethanol production. In one of those studies,

several algae, namely Ulva lactuca, Gelidium amansii, Laminaria japonica, and
Sargassum fulvellum were tested [99]. The marine biomass was first subjected to

mild acid treatment, followed by enzymatic hydrolysis. Afterwards, the sugars in

the hydrolysates (mainly glucose, mannose, galactose, and mannitol) were

fermented using Escherichia coli KO11. For the case of L. japonica for example,

the bacterial strain was able to convert both mannitol (30%) and glucose (7%), and

the result was a bioethanol production yield of 0.4 g per g of substrate.

In another research work, the brown macroalga, Saccharina japonica, was used
as substrate to produce bioethanol [100]. After a low acid pretreatment process, a

glucan content of 29% and an enzymatic digestibility of 84% were achieved. The

production yield obtained after saccharification and fermentation was 6.65 g per

liter of hydrolysate.

Table 4.5 gives an account on the bioethanol production potentialities of selected

microalgae, along with their carbohydrate content.
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Seagrasses

Not be confused with macroalgae, seagrasses are fully evolved marine plants

having roots and vascular tissues and producing flowers and pollen. Seagrass

meadows constitute a highly productive ecosystem and are vitally important in

the coastal environment as source of food and shelter for various marine organisms

including large fish, crabs, turtles, and marine mammals [106]. They also contribute

in water oxygenation and sediment accumulation and stabilization.

Numerically, the studies on the use of algae for biofuels production are more

abundant than the ones on seagrasses, probably due to the easier availability of

algae or their predisposition to aquaculture [107]. Nonetheless, many seagrass

species possess valuable carbohydrates content. For instance, Mediterranean

seagrass Posidonia oceanica have an interesting holocellulosic content (i.e., cellu-

lose + hemicellulose) in both its leaves (57.1%) and leaf sheaths, aka. spheroids or

aegagropila (59%, on a dry matter basis) [108, 109].

One research study investigated the potentialities of P. oceanica biomass to

produce bioethanol [110]. Acid and enzymatic hydrolyses were applied on the

marine feedstock in order to optimize the ethanol conversion efficiency. The results

showed that the separate use of acid and enzymatic hydrolyses gave the maximum

reducing sugar concentrations of 27.6 g and 28.4 g/100 g of dry biomass, respec-

tively. On the other hand, the consecutive enzymatic and acid hydrolysis enhanced

Table 4.5 Carbohydrates content in selected micro- and macroalgae [101–105]

Algal species

Carbohydrates

content (%)

Ethanol yield (g/g of

substrate)

Microalgae Chlorococcum humicola 32.5 0.52

Chlorella vulgaris 47.5 0.40

Chlamydomonas reinhardtii 60 0.29

Chlorococcum infusionum 43.9 0.26

Scenedesmus obliquus 51.8 0.21

Dunaliella tertiolectaa 51.9 0.14

Macroalgae Green

algae

Ulva lactuca 54.3 0.40

Ulva fasciata 53.3 0.08

Ulva pertusa 65.2 0.12

Brown

algae

Sargassum spp. 0.3 0.13

Laminaria
japonica

54.4 0.28

Red algae Gelidium
amansii

75.2 0.39

Eucheuma
cottonii

50.5 0.42

Gracilaria
verrucosa

74.1 0.15

aLipid-extracted microalgae
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the saccharification yield to 52.3 g of reducing sugar/100 g of dry biomass. The

reported bioethanol production yield was 44.1%, corresponding to a productivity of

0.46 kg/m3/h.

Zostera marina is another seagrass with interesting biochemical composition

(27.4% cellulose, 16.9% hemicellulose, and 22.4% lignin). The availability of this

marine biomass in Turkish shores led a local research team to study the possible

utilization of Z. marina as feedstock for bioethanol production. Under optimized

hydrolysis conditions, 58.2 g of fermentable sugars were extracted from 100 g of

dry biomass. The subsequent fermentation process produced a bioethanol yield of

8.72% (v/v) [111].

4.2.2 Biomass-to-Ethanol Conversion Processes

Some estimates stated that around 95% of the worldwide bioethanol production is

generated by agricultural products [112]. It was also reported that the bioethanol

production from sugar-containing crops such as sugarcane and sugar beets

accounted for nearly 60% of the global bioethanol production, with the remaining

40% mainly from starch and other lignocellulosic bioresources [113, 114].

At this point, it has to be noted that the share of bioethanol from lignocellulosic

biomass is still low as most of the work is still confined in research laboratories or

pilot plants. The current situation could be resumed as follow: It is still easier and

cheaper to produce bioethanol from the juice of sugar-containing biomass rather

than starch and, to a greater extent, lignocellulosic biomass, mainly due to technical

challenges and the incumbent extra cost related to the pretreatment and/or sacchar-

ification stages.

Depending on the feedstock’s biochemical properties, several conversion tech-

nologies were proven to be efficient in transforming biomass into bioethanol. From

a simple juice extraction to the more elaborate polysaccharide hydrolysis, the first

step is to maximize the extraction of fermentable sugars and then proceed to the

fermentation and purification stages

Figure 4.2 summarizes the conversion processes to produce bioethanol from

sugar-containing (e.g., Sugarcane), starch-containing (e.g., Corn), and lignocellu-

losic biomasses.

In this section, we will proceed step by step. Thus, first we will see how to extract

simple fermentable sugars from biomass. Then, how to convert those sugars into

ethanol and, at the end, how to recuperate this liquid biofuel and make it available

for the transportation sector and other applications
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4.2.2.1 From Biomass to Simple Sugars

Case of Sugar-Containing Biomass

One of the main advantages of using sugar crops as feedstock for bioethanol

production is the easy obtainment of fermentable sugars. Indeed, only a milling

process is needed to extract those sugars in the generated juice, which could be

directly used for fermentation [115].

As well, the molasses, obtained as a by-product after the extraction of sugars,

could also be fermented directly [116]. Such straightforward process, in addition to

the large cultivated area and high biomass production yields of those crops,

explains their major contribution in the global bioethanol production (~ 60%).

Fig. 4.2 Summarized flowchart of bioethanol production from the main feedstocks [9]
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Simple Sugars from Sugarcane

In practice, and in order to avoid the deterioration in the sugar content, sugarcane

needs to be processed within 24–72 h after harvesting. The first step is milling
where the cane stalks are shredded into fine chips. The shredded biomass is fed into

the crushing mill to rupture the juice cells. Then, rollers are used to separate the

sugar-loaded juice from the residual fibrous material, bagasse, which could be used

to generate heat and electricity or as feedstock for more bioethanol production,

based on its residual polysaccharidic content. Under optimum milling conditions,

more than 95% of the sugar content in the canes is recuperated in the juice [117].

The turbid dark green juice from the milling process, aka. raw or mixed juice,

needs to be clarified in order to remove both soluble and insoluble impurities and to

adjust its acidity (pH from 4.5–5 to 7–7.5). This clarification process is mainly

based on thermochemical treatments using heat and lime (calcium hydroxide)

[118]. Other studies managed to improve the clarification of sugarcane juice

using phosphoric acid (post-liming) [119] and bentonite and powder activated

carbons (pre-liming) [120]. The latter technique for instance was able to reduce

the juice turbidity by 80%.

The clarified juice contains around 15 wt% solids. Thus, it needs to be concen-

trated by evaporation before fermentation. The aim is to produce a syrup with an

adequate sugar content. In this regard, it was recommended to adjust this sugar

content between 14 and 18% in order to achieve optimum fermentation efficiency

from the most commonly used fermenting microorganism, Saccharomyces
cerevisiae yeast, at a temperature of around 33–35 �C [121]. Noting that a second

clarifying step could also be applied on the concentrated juice [122].

Afterwards, the syrup or concentrated juice is subjected to a sterilization treat-

ment in order to avoid the risk of contamination and then cooled down to an

optimum temperature for subsequent microbial fermentation.

Simple Sugars from Sugar Beet

Like sugar cane, sugar beet can also be processed to extract the sugar content and

recuperate it in the generated juice or molasses. In most cases, those beet extracts do

not require pretreatment procedures as the sugar content easily recuperated in the

juice. As well, almost all in the form of sucrose could be spontaneously split by

enzyme invertase into glucose and fructose during the initial stage of fermentation

[123]. It was reported that raw beet juice contains between 15 and 20% of dry solids

which comprises 85 to 90% sugars and 10 to 15% nonsugars (coloring compounds,

proteins, and minerals) [124]. Therefore, the raw juice could be used in fermenta-

tion after pH adjustment. For molasses, it has to be diluted to a suitable original

gravity and pH buffering [125].

In practice, the extraction of sugars from the beet roots starts by the slicing
process, in which the bulb-shaped roots (~ 2 kg) are cut into thin pieces. Then, for

sucrose extraction, the sliced biomass could be mixed with fresh water or recycled

water from a previous process and bring the mixture temperature up to 70–80 �C
[126]. Another technique to extract the sugar content is based on washing the finely
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sliced roots with a water stream in a countercurrent apparatus (diffusion

process) [127].

After extraction, two main compounds are collected: juice and pulp. This

residual wet pulp is pressed, thus generating a liquid fraction which is filtered to

remove fine pulp particles, heated, and pumped back into the diffuser, in order to

reduce the water consumption. As for the solid fraction, it is further dried into

pellets and used for animal nutrition. Sugar beet pulp was also use as feedstock to

produce other kind of biofuels such as biomethane [128].

The “raw juice” collected after the extraction procedure contains water (65.62%)

and sucrose (16.50%), but also solid particles (17.30%), non-usable sugars (0.24%),

and some impurities (0.34%), which could have some detrimental effect on the

subsequent ethanol conversion process [129]. Henceforth, the raw juice has to be

treated to remove the impurities by mixing it with milk of lime (suspension of

calcium hydroxide in water). This clarification step allows the impurities such as

sulfate, phosphate, citrate, and oxalate to precipitate, and large organic molecules

such as proteins, saponins, and pectins to aggregate in the presence of multivalent

cations [130]. The raw juice is then fed into a carbonation tank where carbon

dioxide is added to convert the lime into calcium carbonate, enclosing the nonsugar

compounds [131]. The generated slurry is then subjected to a filtration step to

remove the precipitated and agglomerated impurities. Noting that this clarification–

carbonation–filtration process may be repeated multiple times, though most com-

monly it is repeated twice [132]. The filtrate coming from those previous steps is

termed “thin juice.” It has a sugar content of 12 to 14% and could be and must be

thickened by evaporation to produce more concentrated syrup with a sugar content

between 65 and 70%, knows as “thick juice.”

Overall, the production of bioethanol from sugar beets could be based on one or

a combination of the descried sugar beet-processing intermediates (i.e., raw, thin,

and thick juices) as well as from its by-products (i.e., molasses) [133].

Case of Starch-Containing Biomass

As we have seen in Sect. 4.2.1.2, the starch content in a biomass could be stored

whether in grains such is the case for corn, wheat, barley, and sorghum or in tubers
in plants like cassava, yam, and sweet potato. In the following section, we will

present the sugar extraction from corn and cassava, the respective representative of

grains and tubers, with the highest starch content (Cf. Table 4.2).

Simple Sugars from Corn

Basically, the sugar extraction process from corn grains is based on the following

steps:

1. Milling: The grains are grinded or milled using dry or wet processes to produce

starch-loaded flour or slurry, respectively. The former is then slurried with water

to form a mash. For the dry-grind process, the whole corn kernel is milled and

then mixed with water and enzymes. In this case, the components of the kernel
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not fermented including the germ, fiber, and protein could be separated and

produced as coproducts [134]. As for the wet milling process, the steeping of

corn is a necessary prerequisite to the fractionation of corn components. Corn

kernels are thus soaked in water containing 0.1 to 0.2% sulfur dioxide (SO2) at a

temperature between 50 and 55 �C and for 24–40 h. This will result in the

breakdown of starch granules and the release of starch [135].

2. Cooking and liquefaction: Since starch cannot be metabolized directly by yeast,

it has to be hydrolyzed into glucose before the microbial fermentation. This

process starts by adjusting the pH of the mash to around 6.0, then adding the

thermostable alpha-amylase enzymes, and able to break down the starch poly-

mer by quickly and randomly hydrolyzing alpha 1–4 bonds [136]. The mash is

then heated above 100 �C using a jet cooker. The high temperature and mechan-

ical shear enhance the rupture starch molecules, especially those of a high

molecular weight to lower molecular-weight carbohydrates, called starch sugars

or dextrins [137].

3. Saccharification: Those complex sugars (polysaccharides) are further processed

enzymatically into simple fermentable sugars (monosaccharides) via

glucoamylase. To ensure an optimized saccharification process, sulfuric acid is

used to lower the pH to 4.5. After 5 h, glucoamylase is added at 0.11% (db), thus

hydrolyzing the dextrins to simple glucose at a temperature around 60 �C [138].

Simple Sugars from Cassava

Cassava is a starch-containing root crop widely used as a raw material for many

industrial foodstuff and feed applications. More recently, cassava roots were used

as a feedstock for bioethanol production. The related process aims at extracting the

maximum amount for starch from the roots, to be later liquefied and further

hydrolyzed in to fermentable sugars.

In practice, and considering their high moisture content, cassava roots are prone

to spoilage. Therefore, the harvested roots are in general cut into pieces and

sun-dried in nearby facilities. The dried chips (moisture content < 14%) are less

bulky, less costly for transportation, and can be stored for a year in the warehouse

[139]. The resulting dried cassava chips possess comparable composition and

handling characteristics as corn grains and thus could be processed likewise (i.e.,

dry milling) in order to extract the starch content.

Once the cassava-derived starch is extracted, the conversion process into simple

sugars is like any starch derived from other biomass (corn as we have seen earlier):

liquefaction, hydrolysis,or saccharification and purification [140].

When starch is extracted from cassava roots, a fibrous residual biomass is

generated: cassava pulp. It accounts for 10–30% of the raw roots (wet weight)

[141] and contains around 50–70% starch and 20–30% fibers, on a dry matter basis

[142]. This cassava-processing by-product could be further valorized as feedstock

for animal feed or the production of other biofuels.
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Case of Lignocellulosic Biomass

Lignocellulosic biomass are among the most promising feedstock for bioethanol

production considering their renewability, polysaccahridic content (Cf. Table 3.1),

and worldwide availability whether as raw materials such as woody and herbaceous

bioresources or residual by-products from agro-industrial activities [143]. Cur-

rently, the most promising and abundant lignocellulosic feedstocks in the United

States, South America, Asia, and Europe are corn stover, sugarcane bagasse, and

rice and wheat straws [144].

Nonetheless, it has to be noted that, unlike sugar and starch-containing feed-

stocks, the use of lignocellulosic biomass from bioethanol production has two main

handicaps delaying the full scale industrial application of those bioresources to

produce ethanol at competitive prices. Indeed, the presence of a mixed sugar

content (hexose and pentose) and many inhibiting compounds in the hydrolysate

(prior to fermentation) tend to slow and/or lower the conversion rates and yields.

Regarding the sugar content, the saccharification of lignocellulosic biomass,

(i.e., hydrolyzing its cellulose and hemicellulose polymers) results in the release

of glucose (C6) and some pentose (C5) sugars from hemicellulose. It was reported

that lignocellulosic resources, in particular hardwood and agricultural raw mate-

rials, can contain up to 20% of pentose sugars including xylose and arabinose.

Those pentose sugars could not be fermented by Saccharomyces cerevisiae yeast,

the most used fermentation microorganism in the bioethanol industry [145]. Thus,

several R&D investigations were performed to use xylose-fermenting microorgan-

isms since it is the most abundant pentose sugar [146].

The second problem is the release of low molecular weight organic acids, furan

derivatives, phenolics, and inorganic compounds during pretreatment and/or hydro-

lysis of the raw lignocellulosic biomass, which inhibit the microbial activity [147].

To deal with those challenges, the conversion of a lignocellulosic biomass into

simple fermentable sugars was developed based on two major procedures:

Pretreatment and saccharification,

Pretreatment of Lignocellulose

Considering the complex structure of lignocellulosic materials, pretreatment

become a necessary step in the bioethanol production process. The main aim is to

separate (or solubilize) the major components of biomass (cellulose, hemicellulose,

and lignin).

Basically, raw biomass is pretreated to remove lignin (a phenolic macromole-

cule), hydrolyze hemicelluloses (hetero-polysaccharides from xylose, mannose,

glucose, and galactose), and reduce the crystallinity of cellulose (polysaccharide

from glucose), all in order to improve recovery of fermentable sugars [148]. Indeed,

the extensive hydrogen linkages among cellulose molecules lead to a crystalline

and strong matrix structure. As a comparison, starch only requires a temperature

between 60 and 70 �C to be converted from crystalline to amorphous texture.

Cellulose, on the other hand, requires a temperature of 320 �C in addition to a
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high pressure (up to 25 MPa) to transform the rigid crystalline structure into an

amorphous structure in water [149].

In general, an efficient and cost-effective pretreatment procedure has to reach the

following objectives:

1. Preserve the hemicellulose fraction, thus enhancing the overall yields of fer-

mentable sugars.

2. Reduce the formation of inhibiting compounds, mainly related to the lignin

degradation.

3. De-crystallize the cellulose fraction and make it more accessible for hydrolysis

which leads to high saccharification yields and low energy input [150].

In practice, there are many pretreatment technologies for a variety of raw

bioresources. In this section, we will present a selection of procedures for each of

the four pretreatment categories: physical, physiochemical, chemical, and biolog-

ical procedures.

• Physical pretreatment:

– Milling is a pollution-free mechanical pretreatment applied to break down the

structure of lignocellulosic material, without separating its various fractions

(cellulose, hemicellulose, and lignin). The main advantage of this technique,

commonly based on ball milling and also sonication, is to decrease the

cellulose crystallinity. As well it reduces the particles size of the feedstock

(0.2–2 mm), thus improving the efficiency of the downstream physical and/or

chemical pretreatments by increasing the contact surface area with the reac-

tants [151]. The high energy costs related to the operation and maintenance of

the milling machines constitutes the main disadvantage of milling.

– Microwave is a pretreatment process substituting conventional heating. Its

main advantages are decreasing reactions times, thus saving time and energy,

as well as homogenizing the heating of the reaction mixture and minimizing

the generation of inhibitors [152]. The application of microwave to pretreat

lignocellulosic biomass was reported to be one of the most promising

pretreatment techniques allowing to change the native structure of cellulose

and induce the degradation of hemicellulose and, to a lesser extent,

lignin [153].

• Physicochemical pretreatment:

– Steam explosion is a hydrothermal process based on a combined high heat and

pressure pretreatment with little or no chemical addition. In practice, the

lignocellulosic biomass and steam mixture are held for a period of time to

promote hemicellulose hydrolysis and terminated by an explosive decom-

pression [154]. Commonly, temperatures between 160 and 240 �C and pres-

sure between 0.7 and 4.8 MPa are applied. As a result, stream explosion

pretreatment was proven to induce high solubility of hemicellulose but low

lignin solubility [155].
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– Ammonia Fiber Explosion (AFEX) is a physicochemical alkaline procedure

in which lignocellulosic materials are exposed to liquid ammonia at high

temperature and pressure, followed by a quick release of pressure. This

process was used to pretreat various lignocellulosic biomass including alfalfa,

corn stover, wheat, barley, rice straws, and bagasse [42]. First the lignocel-

lulosic materials are pre-wetted at a moisture content of 15–30% and then

loaded in a pressure vessel with liquid ammonia at a ratio of 1–2 kg of

ammonia per kg of dry biomass. At ambient temperature, pressures exceeding

12 atm are required [113]. The AFEX technique, in addition of requiring short

amounts of time, was proven to be efficient in lignin removal (with low

generation of inhibitors), retaining appreciable amount of carbohydrates in

the substrates [156]. In order to make this process cost-effective, ammonia

needs to be recovered using evaporation for instance [157].

• Chemical pretreatment:
This is the most studied pretreatment technique among the other pretreatment

categories. It has been extensively used for the delignification of lignocellulosic

biomass. The most commonly used procedures are acid and alkali pretreatments.

– Acid pretreatment is based on exposing the lignocellulosic material to various

kinds of acids (either diluted or concentrated) including sulfuric, phosphoric,

nitric, and oxalic acids. The main objective of acid pretreatment is to solubi-

lize the hemicellulose fraction into xylose and other sugars and improve the

subsequent cellulose hydrolysis. Among all the acid-based pretreatments,

dilute acid pretreatment using sulfuric acid at moderate temperatures

(~120 �C) is the most studied procedure [158, 159]. Its worldwide application

relies on its efficiency to solubilize around 80% of the hemicellulosic content

[160] and it cost-effectiveness [47].

Nonetheless, the use of acids to pretreat lignocellulosic biomass is facing

some issues that need to be dealt with. First, the high costs related to the

maintenance of corroded equipment (vessels and pipes) [161] and the chem-

ical input to neutralize the acidic hydrolysate before fermentations [162]. Sec-

ond, the acid treatment generates other by-products susceptible of inhibiting

the microbial activity during fermentation. Such by-products, including

furans, furfural, carboxylic acids, and some phenolic compounds, need to

be removed from the lignocellulosic hydrolysate.

– Alkali pretreatment is a delignification process similar to the Kraft paper

pulping technology. The main impact of the alkaline pretreatment is therefore

the removal of lignin from the biomass, thus improving the reactivity of the

remaining polysaccharides. A fraction of hemicellulose could also be solu-

bilized. Several bases could be used including sodium hydroxide, calcium

hydroxide (lime), potassium hydroxide, ammonia hydroxide, and sodium

hydroxide in combination with hydrogen peroxide.

Alkaline hydrolysis causes several structural modifications inside the

lignocellulosic biomass, mainly the separation of structural linkages between

lignin and carbohydrates, cellulose swelling and partial de-crystallization,
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and solvation of cellulose and hemicelluloses [163], which make the

holocellulosic available for the saccharification phase.

Although operating at lower temperatures and pressures, compared with

other pretreatment methods, alkaline pretreatment has some limitations

including the conversion of the alkali into irrecoverable salts or its incorpo-

ration into the biomass as salts [148] and the additional costs related to the

complex chemical recovery system or large amounts of catalysts and the

maintenance of corroded equipment [164].

– Organosolv process is believed to be the most promising method for the

pretreatment of lignocellulosic biomass [165]. It is based on the use of

organic or aqueous-organic solvent mixture along with inorganic or organic

acids as catalysts in order to break down the internal lignin and hemicellulose

bonds [166] and the lignin–lignin and lignin–carbohydrates linkages

[167]. The commonly used solvents include ethanol, methanol, acetone,

and ethylene glycol, and the process is generally operated at temperatures

between 180 and 220 �C [168]. Lower temperatures could also be suitable

depending on the biochemical composition of the biomass and the used

catalyst.

In addition to delignification, hemicellulose hydrolysis also occurs during

the organosolv pulping process, thus improving the subsequent enzymatic

digestibility of the cellulose fraction. This pretreatment process has also other

advantages such as the possible recovery and recycling of solvents and

especially the isolation of lignin as a solid material on the one hand and

carbohydrates as syrup on the other, thus constituting valuable chemical

feedstocks for various industrial processing schemes.

– Ionic liquids are a new class of eco-friendly solvents often fluid at room

temperature, with melting points of <100 �C, and consisting entirely of ionic
species (organic cations and organic or inorganic anions). They are also

termed green solvents because of their negligible vapor pressure,

non-flammability, and high thermal and chemical stability [169]. Quite

recently, ionic liquids have been confirmed to be efficient as a pretreatment

process for dissolution of lignocellulosic materials including wood [170], rice

straw [171], cotton stalk [172], and oil palm biomass [173]. Under optimum

operating conditions, most of hemicellulose and lignin are solubilized, and

the cellulose should remain as solid while reducing its crystallinity. After the

treatment, the solvents need to be covered and recycled for two main reasons:

(1) avoid any inhibitory effect on the growth of the microbes responsible for

enzymatic hydrolysis and fermentation and (2) reduce the overall cost.

• Biological pretreatment:
It is a biological delignification process using microorganisms directly or their

extracted enzyme. The microbial treatment includes fungi such as white-rot

fungi, brown-rot fungi, and soft-rot fungi, as well as bacteria [174]. The main

advantages of using biological pretreatment are low energy requirement, low
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formation of toxic compounds such as furfural and hydroxylmethyl furfural, and

eco-friendly working conditions [175].

One of the most effective microorganisms for biomass delignification are the

white rot fungi, through the action of their lignin-degrading enzymes such as

peroxidases and laccase [156]. As for the impact of the biological pretreatment

of the carbohydrates, the brown rot fungi were reported to attack cellulose and

white and soft rot fungi attack both cellulose and lignin [176].

This leads us to talk about the disadvantages of applying the biological

process to pretreat lignocellulosic biomass. As we have seen, most lignolytic

microorganisms do not only solubilize lignin but also carbohydrates. In addition,

it is a very slow process and requires continuous control of growth conditions

leading to high operational costs. For those reasons, the biological pretreatment

still faces some techno-economic challenges limiting its large-scale application

[177], which opens the door wide open for scientists, engineers, and researchers

from various backgrounds to find efficient and cost-effective solutions.

Cellulose Hydrolysis

After the pretreatment step, where lignin is removed and hemicellulose hydrolyzed,

the cellulose fraction, already de-crystallized (i.e., amorphous), needs to be further

processed and hydrolyzed in order to release its fermentable glucose content. But,

before getting to this point, some of the pretreatment techniques, mainly chemical-

based ones, applied to lignocellulosic biomass generate inhibitory compounds that

need to be removed or reduced to tolerable concentrations [178]. The objective is to

ensure optimum conditions for the enzymatic hydrolysis of cellulose and the

subsequent microbial fermentation, whether in a separate or simultaneous hydro-

lysis and fermentation strategy.

The commonly released inhibitors are furan derivatives, furfural, and

5-hydroxymethylfurfural, resulting from the degradation of pentoses and hexoses,

phenolic compounds, and other aromatic compounds derived from the partial

degradation of lignin, along with metals leached from the equipment such as

copper, iron, chromium, and nickel [179].

Several detoxification methods were reported for the removal of those inhibitors

including adsorption [180], biodegradation [181], electrochemical degradation

[182], and nanofiltration and reverse osmosis [183]. Once detoxified, the cellulose

fraction is now ready to be hydrolyzed into simple sugars [(C6H10O5)n + nH2O! n

(C6H12O6). This saccharification step could be performed via two main processes:

chemical (using diluted or concentrated acids) and enzymatic ones.

• Chemical hydrolysis
This process uses acids to break down cellulose chains. Although having a high

sugar recovery efficiency from cellulose (e.g., 76% dry weight from corn stalks

[184]), cellulose hydrolysis using concentrated acids was not widely

implemented by the industrial sector due to the technical challenges working
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with concentrated sulfuric or hydrochloric acids, along with the additional

facilities and energy input needed to recover and reconcentrate those chemicals.

To overcome those shortcomings, chemical hydrolysis of cellulosic biomass

was performed to a greater extent and for many years using diluted acids. Via

this process, the remaining hemicellulose fraction (after pretreatment) and the

amorphous cellulose are reported to be easily and nearly completely hydrolyzed

to fermentable sugars [185]. Commonly, dilute acid hydrolysis occurs in a

two-stage process. The first stage should be conducted under mild operating

conditions (e.g., 0.7% sulfuric acid at 190 �C) to maximize the sugar recovery

from hemicellulose while avoiding the formation of furfural and other inhibitors.

In the second stage, the temperature is further increased (~ 215 �C), but at milder

acid concentration (0.4%) in order to optimize the recovery of glucose from the

more resistant cellulose fraction [186].

Nonetheless, despite some high performing cases, most dilute acid processes

are limited to a sugar recovery efficiency about 50% [187], leading to a residual

solid fraction mainly composed of lignin and still crystalline cellulose (more

difficult to hydrolyze), hence to need for another hydrolysis process.

• Enzymatic hydrolysis
Enzymatic hydrolysis of raw lignocellulosic biomass is a very slow process due

to cellulose crystallinity and the structural and chemical properties of lignin and

hemicellulose. After the pretreatment phase, lignin should be removed and a

substantial fraction of hemicellulose hydrolyzed. Thus, the enzymatic hydrolysis

will mainly target the nearly intact cellulose fraction and convert it to glucose

and also the remaining hemicellulose to be converted into pentoses (xylose and

arabionose) and hexoses (glucose, galactose, and mannose).

The conversion of cellulose and hemicellulose is catalyzed by highly specific

cellulase and hemicellulose enzymes, typically at mild operating conditions

(pH 4.8 and temperature between 45 and 50 �C) [188]. The following types of

cellulases (cellulolytic enzymes) could be used in the process of degrading

cellulose to glucose [176]:

– Endoglucanases: hydrolyzing the β-(1,4) glycosidic bonds in the amorphous

regions of cellulose to produce cello-oligosaccharides with free-chain ends.

– Exoglucanases or cellobiohydrolases: hydrolyzing the β-(1,4) glycosidic

bonds from the nonreducing ends of the cello-oligosaccharides to generate

cellobiose.

– β-glucosidases: hydrolyzing cellobiose into glucose

Reaction wise, the enzymatic hydrolysis or degradation of cellulose is char-

acterized by a rapid initial phase followed by a slow secondary phase lasting

until all substrate is consumed. Several substrate and enzyme-related factors

were reported to restrict the continuous catalytic activity of enzymes. This

includes the accessible surface area, the strong product inhibition, and slow

inactivation of absorbed enzyme molecules [113].
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4.2.2.2 From Simple Sugars to Bioethanol

After detailing the required steps to convert biomass into simple sugars, we shall

now describe the next and final steps to convert those sugars into bioethanol. First,

the sugar content has to be fermented by specific microorganisms under specific

conditions. Then, the produced bioethanol has to be separated from the mixture and

purified (if necessary).

Fermentation Processes

Fermentation occurs when microorganisms, including yeasts, bacteria, and filamen-

tous fungi, feed on simple sugars and in the process produce ethyl alcohol and other

by-products [189]. Since the cellulose and hemicellulose hydrolysis during the

pretreatment and saccharification stages resulted in the production of both hexose

(6-carbons) and pentose sugars (5-carbons), thus, for optimum conversion yields,

both sugars need to be targeted. Most of the fermenting microorganisms can

typically use hexose sugars, especially glucose but also mannose and galactose.

Others, limited in number, use pentose sugars such as xylose and to a lesser extent

arabinose and ribose. Therefore, biomass with high cellulosic content (i.e., gener-

ating glucose) are easier to convert to bioethanol, the biomass with high

hemicellulosic content (i.e., generating pentose sugars), leading to a higher con-

version yield for the former.

Theoretically, 100 g of glucose will produce 51.4 g of bioethanol and 48.8 g of

carbon dioxide. But, in practice, the fermenting microorganisms will consume

some of the glucose for their growth, thus the actual yield will always be less

than 100%.

As a rule, microorganisms prefer glucose over galactose followed by xylose and

arabinose [190]. Those microorganisms, aka. ethanologens, include many yeasts,

fungi, and bacteria. Nonetheless, Saccharomyces cerevisiae, commonly known as

Bakers’ yeast, and bacteria Zymomonas spp. are the two commonly used microor-

ganisms to ferment glucose to bioethanol, but unable to ferment pentose sugars [8].

Thus, in order to optimize the production of bioethanol from lignocellulosic

biomass, and make the process cost-effective, both pentose and hexose sugars

(mainly glucose and xylose) have to be fermented. As we have seen, the first

released sugars are the hemicellulose-derived pentose during the pretreatment

step. Thus, after recovering the cellulose fraction (to be hydrolyzed), the detoxified

hydrolyzate could be used as a direct substrate to produce bioethanol using various

pentose-fermenting microorganisms [191]. The use of hydrolyzate without detox-

ification was also reported in a study using corn stover as lignocellulosic

feedstock [192].

At the industrial level, four major integrated fermentation configurations could

be adopted: separate hydrolysis and fermentation (SHF), simultaneous
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saccharification and fermentation (SSF), simultaneous saccharification and

co-fermentation (SSCF), and consolidated bioprocessing (CBP).

• Separate hydrolysis and fermentation is the conventional approach where the

biomass hydrolysis and the sugar fermentation are sequentially carried in dif-

ferent reactors. In this configuration, the biomass is first hydrolyzed using

enzymes in a separate reactor, then the hydrolyzate flows from the hydrolysis

reactor and enters the fermentation reactor. The mixture is then distilled to

recover the produced bioethanol. The residual solid, still containing xylose

sugars, is subjected to another round of fermentation [193]. The main advantage

of this approach is that each process will be conducted under optimum condi-

tions: 50 �C and pH 5 for the hydrolyzing enzyme and 32 �C and pH 5 for the

fermenting yeast Saccharomyces cereviceae [194]. Nonetheless, SHF has some

shortcomings such as generating inhibitory by-products susceptible of reducing

the bioethanol yield. As well, the high risk of contamination could seriously

damage the process.

• Simultaneous saccharification and fermentation is an alternative process to SHF
in which hydrolysis and fermentation are performed in the same reactor (enzyme

and yeast are put together) under constant operating conditions (37 �C and pH 5).

As a result, glucose is rapidly converted into ethanol [195]. As well, it was

reported that SSF process gives higher ethanol production yield when compared

with SHF due to the fact that low residual sugar relieves inhibition on the

cellulase enzyme [146].

• Simultaneous saccharification and co-fermentation is another integration alter-

native based on the co-fermentation of pentose and hexose sugars at the same

time. Thus, after the pretreatment, the hydrolyzed hemicellulose and the solid

fraction of cellulose are not separated. Under this configuration, the

hemicellulose-derived sugars will be converted into bioethanol while the cellu-

lose is subjected to the previously mentioned SSF process [196]. Generally, the

fermentation of pentose and hexose sugars is conducted using two different

microorganisms such as the combination of Candida shehatae and

S. cerevisiae which was reported to be as suitable option for SSCF process

[197], as well as two mutants of E. coli [198]. Nonetheless, since SSCF is

performed in a single reactor, adjusting the operating conditions (mainly pH

and temperature) for optimum growth of two different microorganisms is chal-

lenging. Thus, the use of a single microorganism able of fermenting both C5 and

C6 sugars is a much better option. In this context, advances in genetic engineer-

ing led to the construction of several co-fermenting microorganisms, such as

S. cerevisiae IPE003 [199] and recombinant S. cerevisiae 1400(pLNH32) and

1400(pLNH33) yeasts [200].

• Consolidated bioprocessing is biological integrated process combining on-site

enzymes production, cellulose hydrolysis, and fermentation in a single step. This

promising configuration is still in its early stages with several studies reporting

that bioprocessing technologies for bioethanol production show a trend towards

consolidation over time [201] and that this highly integrated process could be
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implemented in the near future [202]. Although some studies focused on native

cellulolytic microorganisms, but as for SSCF, genetic engineering is playing a

major role in improving CBP potentialities. Thus, several microbes were inves-

tigated for high CBP efficiency including Clostridium thermocellum bacteria

[203] and thermo-tolerant Kluyveromyces marxianus and Saccharomyces
cerevisiae yeasts [204].

So far, the industrial implementation of CBP is still limited because finding

the optimal conditions within a single bioreactor for all steps in the process

(hydrolytic enzyme secretion, saccharification, and fermentation) is a challeng-

ing task. But, once resolved, we will have an efficient and cost-effective inte-

grated process to convert biomass into bioethanol.

Bioethanol Recovery and Purification (Distillation and Dehydrating)

In general, bioethanol is recovered from the fermented broth mainly via distillation

of the final medium composed by water and ethanol (5–12 wt%). The conventional

method separates the compounds based on their relative volatilities. Thus, any ideal

binary mixture could be heated so that low boiling point components are concen-

trated in the vapor phase. Then, by condensing this vapor, the less volatile com-

pounds are further concentrated in the produced liquid phase. In a fractional

distillation, the evaporation/condensation step is repeated many times so that at

each time the resulting vapor is more enriched of the more volatile component until

complete purification.

But for bioethanol, there is an issue. The generated ethanol/water in the fermen-

tation solution forms a constant-boiling azeotrope composed of 89.4 mol.% ethanol

and 10.6 mol.% water at 78.2 �C and standard atmospheric pressure [205]. There-

fore, this nonideal ethanol–water mixture is impossible to generate highly pure

ethanol via conventional distillation alone [206]. Indeed, right from the start this

azeotropic mixture is partially boiled, the resulting vapor has the same ratio of

components as the original (un-boiled) mixture; that’s why further separation by

conventional distillation is no longer possible.

At this point, some would ask why purifying bioethanol and add an extra cost to

produce anhydrous ethanol. The question is indeed legitimate especially knowing

that in Brazil, many Flex-Fuel vehicles are running on 100% hydrous ethanol (with

4.0–4.9% V/V of water) [207]. Well, when blended with gasoline, anhydrous

ethanol improves the fuel’s octane index and reduces CO, HC, and NOx emissions

[208]. Besides, anhydrous ethanol is widely used by many chemical industries as

solvent or as a major component in the synthesis of esters, organic, and cyclic

compound chains and the production of detergents, paints, cosmetics, aerosols,

perfumes, medicine, and food, to name a few [209].

Back to bioethanol purification, it has to be known that the best approach is to

start recovering bioethanol from the fermentation broth as it is produced. Thus, as

the fermentation process goes on, the ethanol concentration in the mixture

decreases which enhances the conversion of the remaining sugars. Indeed, it is
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well proven that the accumulation of alcohol during fermentation is accompanied

by a progressive decrease in the rate of sugar conversion to ethanol [210].

At the industrial level, several processes are applied to produce anhydrous

ethanol including extractive distillation [211], azeotropic distillation [212],

pressure-swing distillation [213], pervaporation [214], and adsorption [215]. A

combination of two or more of these methods is also a promising approach.

Now, after studying the bioethanol production sector from feedstock to end

product, let us move to another valuable liquid biofuel: Biodiesel.

4.3 Biodiesel

4.3.1 Biodiesel Characteristics

Biodiesel is every renewable fuel processed from renewable, biodegradable, and

nontoxic oil source, whether raw such as vegetable oils and animal fats or residual

such as recycled waste cooking oils.

Based on the characteristics of the oily feedstock and the operating conditions

during its conversion, the resulting biodiesels would have different properties. Still,

biodiesel in general has many advantageous assets when compared with fossil

petro-diesel. It has a better combustion quality due to the higher cetane number

(45–65 vs. 40–55) [216]. As well, biodiesel was proven to be better for the

environment since it is produced from renewable biomaterials and its combustion

emits less greenhouse gas than petro-diesel, thus reducing health risks associated

with air pollution [217]. Nonetheless, because of its high viscosity (3.5–5.5

centistokes at 40 �C), it difficult to directly use biodiesel in a conventional diesel

engine; that is why it is frequently blended with fossil diesel with has a lower

viscosity (2–3.5 cSt at 40 �C) [216]. One effective solution to lower the oil viscosity
is the use of an alcoholic compound, mainly methanol, in the transesterification

reaction [218]. Of course, in order to produce a renewable biodiesel, a renewable

bio-alcohol has to be applied. Noting that biodiesel–diesel blends are referred to as

Bxx. The “xx” specifies the amount of biodiesel by volume in the blend. B20, for

instance, refers to a blend of 20% biodiesel and 80% (v/v) petro-diesel.

Since the environmental factor is supposed to be one of the main driving forces

behind the increasing recourse to biodiesel, several research studies analyzed the

exhaust emissions from engines running on fossil diesel on the one hand and a

combination of both diesel and biodiesel at various ratios on the other. The related

results revealed some interesting facts that need to be seriously taken into account.

Most studies proved that the exhaust emissions from diesel engines running on

biodiesel blended with petro-diesel contain lower amounts of CO, CO2, SO2,

unburned hydrocarbons, and particle matter, when compared with engines fed

only with fossil diesel [219], and the higher oxygen content in biodiesel is believed

to be one the main causes as it promotes a complete combustion process [220].
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On the other hand, however, NOx emissions were reported to increase propor-

tionally with the increase of the biodiesel share in the blend due to the shorter

ignition delay, i.e., the more we add biodiesel to the blend, the more the injection

timing will be advanced [221]. Such issue could be remediated by adjusting the

engine characteristics so that the injection time is retarded. As well, this tendency

was also related to the esters in biodiesel having more double bonds which leads to

higher NOx emissions. The addition of ethanol to the biodiesel–diesel blend helped

reducing the emissions of nitrogen oxides [222]. Furthermore, some studies even

reported insignificant changes in CO emissions and an increase in CO2

emissions [223].

Currently, engines running on petroleum-derived diesel are the mostly used

combustion engines in the transportation sector due to their effective power gener-

ation and especially their fuel economy [224]. This tendency is generating an

excessive demand for diesel which poses the biggest challenge facing biodiesel as

an alternative fuel. Indeed, it is the expected high demand for biodiesel to replace

fossil diesel that is pushing researchers and investors all over the world to explore

new feedstocks, develop new conversion procedures, and optimize old ones, in

order to meet this increasing demand.

Before proceeding, one important historical background has to be debated.

Rudolf Diesel, the father of diesel engine, used in his first experiment peanut oil

to run his compression ignition engine. Hence, in reality, using biodiesel constitutes

a return to the origins and not an alternative to fossil diesel, which for purely

economic reasons took the lead as the main fuel for many decades based on the

advanced techniques for the refinement of cheap and “back then” abundant crude

oil. It was only during the Second World War that biodiesel was used for emer-

gency needs. Other than that, petro-diesel reigned supreme for many decades.

What’s the point of this short historical account? Well, we have to have a

pragmatic assessment of the biodiesel future based on its past. Thus, the beneficial

environmental impact, although important, is not the key issue. The focal point

should be how to make the biodiesel production process cost-effective. This is why
petro-diesel took the lead and this is how biodiesel could reclaim the leading

position with time and through an extensive R&D effort.

Let us now start by specifying and describing the potential feedstocks and then

detail the various conversion procedures to transform oil and fat into biodiesel.

4.3.2 Biodiesel Feedstocks

4.3.2.1 From Where to Choose

The high demand for biodiesel as an alternative fuel to replace fossil diesel has

driven many researchers and industrials around the world to look for suitable local

feedstock that would generate high production yields at low cost. This is why

selecting the “right” feedstock is the first and most important decision in this
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promising industry because an unwise decision about the raw material would cause

serious profitability losses for the whole production process.

For instance, it was reported that the feedstock price for most production units

should not exceed 50% of the production cost. If it increases (50–70%), then the net

profit of this industry decreases, and more so if a pretreatment or refining process is

required [225]. In this context, a research group conducted an extensive literature

review and reported that the cost for just procuring the oil feedstock represented

75% of the overall biodiesel production cost [226]. Therefore, acquiring the raw

material with the highest lipid content at the lowest cost is crucial to promote the

competiveness of this industry and that of any biofuel.

One of those unwise decisions is to systematically discard edible oils as potential

feedstock to produce biodiesel just because of the prefix “edible.” As we will see,

many edible oils have interesting biochemical composition for potential conversion

into fatty acid methyl ester (FAME). Besides, it is both common sense and wise for

a country with an abundant oil production to convert it into added-value biodiesel

(or any valuable product for that matter) instead of exporting it raw.

So, in the following section, we will present both edible and nonedible feed-

stocks for oil extraction, along with other “unconventional” raw materials such as

waste cooking oil, animal fats, and oils from microorganisms (mainly algae and

fungi). Table 4.6 illustrates a selection of the main feedstocks for biodiesel

production.

4.3.2.2 Oil Content and Production Yields

Having a substantial number of bioresources as potential feedstocks is good but not

sufficient. Indeed, the oil quantity and quality are key factors to promote a feedstock

to the rank of biodiesel feedstock. Indeed, the extraction of the oil, to be later

transesterified, needs equipment, chemicals, and others inputs. Thus, the more

lipids are in the feedstock, the more oil will be obtained and the lower the related

extraction cost will be. In addition, the quality of the oil fed to the production

process was proven to have a direct impact on the characteristics of the produced

biodiesel [227].

Vegetable oils and animal fats mainly consist of triglycerides synthesized

through the esterification of one molecule of glycerol with three fatty acids, but

also diglycerides and to a lesser extent monoglyceride [228]. At room temperature,

these chemical compounds could be either liquid (oil) or solid (fat or butter). In both

Tables 3.2 and 3.3, the main fatty acids and their content are given for various

vegetable oils and animal fats.

Table 4.7, on the other hand, gives the oil content in several biomasses, along

with their annual oil yields.

Based on this data collection, the most interesting feature is the impressive oil

production potential of oleaginous microalgae. Indeed, the highest yielding

microalgae produce oil 23 times more than the biomass with the highest edible
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oil yielding (palm oil) and 60 times more than the highest nonedible oil yielding

biomass.

Unlike other oil-bearing bioresources, microalgae can be grown in open ponds or

photobioreactors. Besides, they have a remarkable biomass production yields as

most microalgae can double their biomass within 24 h which is a very important

asset, especially for certain algal species with oil content exceeding 80%, based on

the dry matter [231].

Nonetheless, several studies reported that algal oils are prone to oxidation during

storage because of the higher degree of (poly)unsaturation of their fatty acids (with

respect to those of vegetable oils) and the fact that oxidation tends to increase

proportionally with the degree of unsaturation [232]. Therefore, the addition of

antioxidants becomes a necessary step to stabilize those lipids and overcome this

serious problem [5].

Now, after showcasing various potential feedstocks along with their oil content

and productivity, are there other criteria to help selecting a suitable raw oleaginous

biomass for biodiesel production? Yes, many. Indeed, to deal with this

multidimensional issue (economy, energy, environment, and society), we need a

multidisciplinary effort taking into consideration the local economic situation,

Table 4.6 Main oily feedstocks of biodiesel

Edible oils Nonedible oils Unconventional oil and fats

Soybeans (Glycine max)
Rapeseed (Brassica
napus)
Oil palm (Elaeis spp.)
Sunflower (Helianthus
annuus)
Coconut (Cocos
nucifera)
Peanut (Arachis
hypogaea)
Safflower (Carthamus
tinctorius)
Rice bran oil (Oryza
sativum)
Wheat (Triticum spp.)

Barley (Hordeum
vulgare)
Sesame (Sesamum
indicum)
Linseed (Linum
usitatissimum)
Corn (Zea mays)
Groundnut

Canola

Jatropha (Jatropha curcas)
Mahua (Madhuca indica)
Karanja (Pongamia pinnata)
Moringa (Moringa oleifera)
Jojoba (Simmondsia chinensis)
Camelina (Camelina Sativa)
Cottonseed (Gossypium hirsutum)
Cumaru (Dipteryx odorata)
Cardoon (Cynara cardunculus)
Neem (Azadirachta indica)
Passion seed (Passiflora edulis)
Tobacco seed

Coffee ground (Coffea arabica)
Croton megalocarpus

Waste cooking oil

Beef and mutton tallow

Pork lard

Poultry fat

Duck tallow

Fish oil

Botryococcus brauniia

Chlorella vulgarisa

Nannochloropsis gaditanaa

Aspergillus oryzaeb

Mucor circinelloidesb

Lipomyces starkeyib

Cyanobacteriac

Rhodococcus opacusc

Engineered Escherichia colic

aOleaginous microalgae
bOleaginous fungi or yeasts
cOleaginous bacteria
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industrial know-how, investment opportunities, environmental regulations, and

sociopolitical engagement.

In order to give additional tools to help making the right decisions, various

processes to extract raw oil and convert it to added-value biodiesel are presented

and discussed in the following section.

4.3.3 Biomass-to-Biodiesel Conversion Processes

In practice, the process of production biodiesel from biomass follows two major

steps: oil or fat are extracted from the feedstock and subsequently converted into

biodiesel. Nonetheless, considering the different properties of the feedstocks (oils

and fats) on the one hand and the importance of producing biodiesel with excellent

combustion properties on the other, a refining process could be implemented prior

to the transesterification stage. Several deacidification, degumming, and filtration

techniques are therefore used in order to remove the non-triglyceride fraction

Table 4.7 Oil content and annual yields of selected biodiesel feedstocks [226, 229, 230]

Category Feedstock Oil content (%) Oil yield (L/ha/year)

Edible oils Oil palm 30–60 5950

Coconut 63–65 2689

Rapeseed 38–46 1190

Peanut 45–55 1059

Sunflower 25–35 952

Rice bran 15–23 828

Soybeans 15–20 446

Nonedible oils Karanja 27–39 225–2250a

Jatropha 35–40 (seeds)

50–60 (kernel)

1892

Castor 53 1413

Jojoba 45–50 818

Cottonseed 18–25 325

Rubber seed 40–50 80–120a

Mahua 35–42 –

Moringa 40 –

Algal oils Schizochytrium sp. 50–77 –

Botryococcus braunii 25–75 –

Nannochloropsis sp. 31–68 –

Nitzschia sp. 45–47 –

Microalgaeb 70 136,900

Microalgaeb 30 58,700
aKg of oil per hectare
bTheoretical laboratory yields of unspecified microalgae
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including free fatty acid, phospholipids (gums), carbohydrates, water, and impuri-

ties such as color pigments, metal complexes, and dirt [233].

4.3.3.1 Oil Extraction

The aim of any extraction technique is to separate the lipid content from the rest

including carbohydrates and proteins, and the better the separation is, the higher the

production yield and quality of the oil will be. Several factors could affect the

efficiency of the separation process such as the structural and chemical character-

istics of the raw feedstock [234].

Three main oil extraction techniques could be applied, separately or combined,

to obtain oil from oleaginous biomass: mechanical, solvent-based chemical, and

enzymatic procedures.

1. Mechanical extraction: is based on applying pressure on the oleaginous biomass,

whether seeds or kernel. The main advantage of this process is that it preserves

the oil characteristics. In practice, engine driven screw presses are commonly

used with extraction efficiencies between 68 and 80% of the oil content. In

continuous press method, the operating conditions are pressure of about 400 bar

with temperatures between 120 and 155 �C, but for the discontinuous press, a

higher pressure (4-35 MPa) and a lower temperature (95 �C) [235]. Afterwards,
the oil is collected in a trough under the screw, and the de-oiled residual cake is

discharged at the end of the barrel.

For many bioresources, mechanical processing is considered a pretreatment

to optimize the extraction yields of other techniques. Nonetheless, it was

revealed that oleaginous seeds with lipid content exceeding 20% wt could be

partially, and in some case fully, processed via mechanical means [236].

2. Chemical extraction: is based on the use of solvents. In general, the chemical

extraction technique yields more oil than the mechanical one, but the latter

produces oil of better quality [237]. Basically, it consists of placing oleaginous

biomass in contact with a solvent which will induce the dissolution of the oil.

But, since the diffusion process allowing the oil to be extracted from the cell is

very slow, therefore pretreating of the raw material (mainly mechanical) is

necessary to facilitate the diffusion process and thus optimizing the efficiency

of the solvent-based extraction. This efficiency could be affected by many

factors including the feedstock storage, operating temperature, equipment

design, as well as the solvent/biomass ratio and the chemical of properties of

the solvent itself [238]. In this context, choosing the suitable solvent relies on its

aptitude to solubilize the targeted oil, as well as the related safety measures and

its cost. It was estimated that applying the solvent extraction in a large-scale

process becomes cost-effective if the daily biodiesel production exceeds

50 tons [239].

Several solvents were used to chemically extract oil from various biomass

including n-hexane, trichloroethylene, carbon sulfide, and recently some
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promising ionic liquids, with ultrasound and microwave assistance in some cases

[240]. Currently, hexane is the mostly used solvent for the extraction of vege-

table oil. In general, the chemical oil extraction is conducted via three main

techniques: immersion, percolation, or their combination [241].

3. Enzymatic extraction: Although solvent-based chemical extraction is the widely

used procedure for industrial-scale production of biodiesel, some drawbacks are

still associated with this process especially pollution emission (not for ionic

liquids) and the complex and costly downstream purification and recovery

process. The use of enzymes instead was promoted by scientists as a suitable

option to overcome those limitations in an eco-friendly manner [242], which is

of special interest to “green” industries. The only issue with this method is that it

takes more time to complete the reaction than the other procedures.

In practice, this process is based on contacting mechanically treated oleagi-

nous biomass with specific enzymes. Therefore, the reaction time, temperature,

and pH substantially influence the overall oil yield. To illustrate the efficiency of

enzymatic oil extraction, a research team worked on the seeds of Jatropha
curcas. In the first attempt, they use ultrasonication for 10 min at pH 9, followed

by aqueous oil extraction, which gave an oil yield of 67%. Then, at the same pH,

the exposure time to ultrasounds was reduced to 5 min, followed by aqueous

enzymatic extraction using an alkaline protease. As a result, the oil yield was

increased to 74% and the reaction time decreased from 18 to 6 h [243].

Although other advanced techniques such as supercritical fluid [244] and

microwave-assisted [245] extraction methods showed promising results, mechani-

cal pressing and solvent extraction remain the most commonly used technique for

commercial oil extraction. For instance, to extract oil from algae, the marine

biomass was first subjected to mechanical pressing using an expeller, and then

the produced pulp was mixed with hexane. With this combination, more than 95%

of the total algal oil was extracted [246].

4.3.3.2 Transesterification

Vegetable oil cannot be directly used in conventional engine due to too high

viscosity (nearly 10 times that of fossil diesel). That is why transesterification of

triglycerides to produce fatty alkyl esters, or biodiesel, is widely used since the

produced biodiesel has a reduced viscosity and can be mixed with any conventional

fuel, without engine modification.

Other technologies could be used for biodiesel production such as micro-

emulsion, dilution, and pyrolysis (or catalytic cracking). But, although simple

processes, some serious disadvantages limited their large-scale application, includ-

ing high viscosity and bad volatility for the first two and low purity and high (and

costly) temperature requirement for pyrolysis [247]. Ultimately, transesterification

is widely considered to be the mostly used procedure to convert oil into biodiesel,

but not without some drawbacks related to technical difficulties adjusting the
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reaction operating conditions and the generated pollutants (requiring chemical

intervention).

In practice, transesterification is carried out using methanol in order to produce

biodiesel, based on its availability and lower reaction time. The end products of this

reaction, conducted in the presence of a chemical or enzymatic catalyst, are

biodiesel (FAME) and glycerol (Cf. Fig. 4.3). Ethanol was also used for the

production of biodiesel, producing, therefore, ethyl esters of the corresponding

oil, as well as other alcohols such as propanol, isopropanol, tert-butanol, octanol,

and butanol.

The oil or fat transesterification could be carried out via two main approaches:

catalytic (the widely used) and non-catalytic (the eco-friendly alternative).

1. Catalytic transesterification: Considering the poor solubility of alcohols in oil or
fat, a catalyst is necessary to enhance their solubility and therefore optimize the

reaction rate and yield. Several catalysts were used including alkali catalysts
(NaOH, KOH, NaMeO, KMeO), acid catalysts (H2SO4, H3PO4, HCl, and

CaCO3), as well as lipase enzymes [248]. Currently, the transesterification is

widely performed using the homogeneous alkali catalysts such as potassium

hydroxide, potassium methoxide, sodium hydroxide, or sodium methoxide

[249]. Other researchers pointed out that, in order to optimize the conversion

yields and avoid additional purification steps, feedstocks containing significant

amounts of free fatty acids (FFA) could be esterified into biodiesel. In this

context, the best approach to convert oily feedstocks with high FFA content

was based on combining acid-catalyzed esterification (for FFA) and alkali-

catalyzed transesterification (for triglycerides) [250].

In practice, the catalytic transesterification of oil into biodiesel starts by

dissolving catalyst in the alcohol and then adding the oil to the mixture in a

closed reaction vessel. The reaction is initiated when the temperature reaches

70 �C. After 1–8 h, the reaction is terminated, and the conversion of oils into

alkyl esters should be completed. In general, alcohol is used in excess in the

reaction to ensure the complete conversion. After removing the catalyst, the end

products are crude biodiesel and glycerin, which are separated using the gravi-

metric method based on their respective densities (glycerol denser). The final

step is to purify the crude biodiesel. It starts by a neutralization phase, then

Fig. 4.3 Catalytic transesterification reaction
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applying one of the methods applied for crude biodiesel purification such as the

conventional wet and dry washing or the more recent membrane separation

technology, and the use of ionic liquids [251].

Besides, biodiesel can be enzymatically produced by lipase-catalyzed

transesterification. The main advantages of those biocatalysts are their high

efficiency, selectivity, easy glycerol recovery and biodiesel purification, and

conducting a continuous process with low energy consumption, as the reaction

requires mild conditions (<70 �C) [252]. As well, it was proven that the use of

lipase enzymes in oil transesterification is well adapted for low refined oils

containing large amounts of water and FFA also under mild conditions and

with high conversion yields [253]. However, the relative high cost of lipases and

slower reaction rate remain the main challenges facing enzymatic production of

biodiesel [254].

2. Non-catalytic transesterification: This technique uses alcohols under supercrit-

ical conditions to transesterify oil or fat. In this case, supercritical alcohols play

the double role of reactant and acid catalyst [255]. As a result, the

transesterification reaction is completed in a very short time, 7–15 min for

non-catalytic methods and many hours for the catalytic ones (alkali being

much faster acid catalysts). In addition, the use of supercritical alcohols (meth-

anol and, to a lesser extent, ethanol) is a more eco-friendly alternative as it

reduces the generation of by-products and therefore for further separation and

purification processing. It was also experimentally proven that the supercritical

method is more tolerant to the presence of water and free fatty acids than the

conventional alkali-catalyzed procedure [256].

Nonetheless, the non-catalytic technique is conducted under higher temper-

ature, pressure, and alcohol amount when compared with the catalytic methods.

This leads to a higher operating cost related to a substantial energy and

chemicals demand. To address this issue, several methods were recommended

including adding co-solvents and the simultaneous removal of glycerol to avoid

the glycerolysis reaction (i.e., the produced biodiesel reacts with glycerol to

form back monoglyceride instead of methyl esters) [257].

4.4 Gas from Renewable Biomass

After showcasing the numerous bioresources apt to be used in the biodiesel

industry, and detailing and comparing the various procedures to extract oil and

convert it to added-value biofuel, let us now move to present and discuss the

production procedures to convert biomass into gases that could be (1) injected in

natural gas grids, (2) used as biofuel or (3) feedstock for the production of other

chemicals or (4) for electricity generation.
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4.4.1 Biogas

4.4.1.1 General Considerations

Basically, all bioresources reported as suitable feedstocks for bioethanol and

biodiesel production are also suitable for biogas production, along with many

others. Indeed, there are no strict requirements for biomass with specific biochem-

ical composition for biogas production, as it is the case for bioethanol (polysaccha-

rides) and biodiesel (lipids). This interesting feature laid the ground for extensive

biomass, and especially biowastes, valorization schemes to produce biogas from

feedstocks as versatile as food waste and sewage sludge [258], municipal solid

wastes [259], animal wastes [260], algal biomass [261], and several other

bioresources.

The biogas is a carbon-neutral source of renewable energy valued for its energy

efficiency and environmental impact. In this context, it was stated that transporta-

tion fuels produced from manure and wastes-derived biogas, in addition to those

from energy crops, fulfill the European Union sustainability requirement from 2017

onwards, with an expected reduction in greenhouse gas emissions of 60%, when

compared with fossil fuels [262]. Furthermore, it was reported that the major part of

the EU renewable energy supply by 2020 will originate from bioenergy, from which

25% (at least) could be secured by the production of biogas from wet organic

materials [263].

Biogas is mainly produced via the anaerobic digestion of raw biomass, agro-

industrial residues, and municipal wastes. [264, 265] and it is predominantly made

of biomethane CH4 (55–70% vol.) and carbon dioxide CO2 (30–45% vol.), along

with trace compounds of hydrogen sulfide, ammonia, hydrogen, oxygen, nitrogen,

and water vapor [266].

A multitude of bioresources and wastes were found to be suitable feedstocks for

the production of biogas including agricultural crops and by-products, municipal

wastes, as well as some marine biomasses (microalgae), as illustrated in Table 4.8.

Although methane and carbon dioxide are both potent greenhouse gasses,

extensive R&D efforts turned them into valuable source of energy, as well as a

very promising building block in organic synthesis for the case of CO2 [269, 270],

especially considering its tremendous availability on the one hand and the resulting

mitigation of global warming and climate change on the other.

4.4.1.2 Biogas Production via Anaerobic Digestion

Anaerobic digestion is a naturally occurring process based on the ability of various

bacteria to convert organic materials into biogas through complex biochemical

reactions in anaerobic (little to no oxygen) environment. This conversion is carried

out through the biological activities of acid and methane-forming bacteria able to
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break complex organic compounds and produce biogas, composed mainly of

biomethane and carbon dioxide [271].

Figure 4.4 schematizes the anaerobic digestion of biomass and via (1) hydrolysis,

(2) acidogenesis or fermentation, (3) acetogenesis, and (4) methanogenesis.

1. Hydrolysis, or liquefaction, is the first stage in the process of converting biomass

to biogas. It uses fermentative bacteria to break down heavy insoluble organic

compounds into lighter soluble molecules via hydrolytic enzymes such as

cellulases (for cellulose), amylases (for starch), lipases (for fat), and proteases

(for proteins). Thus, at this stage, carbohydrates, proteins, and fat are

transformed into sugars or ethanol, peptides or amino acids, and fatty acids.

And it goes without saying how crucial this fractionation step is to optimize the

overall biogas production yields.

2. Acidogenesis is the next step of anaerobic digestion in which the hydrolyzed

organic materials are further broken down by acidogenic bacteria. This fermen-

tative process produces shorter and lighter carbonic acids, alcohols, volatile fatty

acids, as well as ammonia, H2, CO2, and H2S. Nonetheless, the organic matter

still needs further fractionation.

3. Acetogenesis is the last fractionation step before the ultimate conversion into

biogas. Acetogenic microorganisms break down the organic acids and alcohols

generated during acidogenesis into acetic acid, CO2, and H2.

Table 4.8 Biogas yields and biomethane content derived from selected feedstocks [267, 268]

Feedstock

Biogas yield

(m3/ton)

Biomethane

content (%)

Agricultural crops and

by-products

Barley 169–291 60–70

Wheat 48–146 –

Corn 653 54

Sugar beet leaves 40–50 49–57

Corn stover 182–436 –

Grass silage 75–126 –

Beef cattle manure 16–49 53

Dairy manure 25–32 54

Poultry manure 69–96 60

Animal fat 801–837 -

Municipal wastes Municipal wastewater

sludge

17–146 65

Household wastes 143–214 –

Microalgae Arthrospira platensis 481 –

Chlamydomonas
reinhardtii

587 –

Chlorella kessleri 335 –

Dunaliella salina 505 –

Euglena gracilis 485 –

Scenedesmus obliquus 287 -
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4. Methanogenesis is based on the aptitude of methanogenic bacteria to cleave

acetic acid molecules and generate methane and carbon dioxide (CH3COOH !
CH4 + CO2) or to reduce carbon dioxide with hydrogen (CO2 + 4H2 ! CH4 +

2H2O) [272]. In general, there is a limited amount of hydrogen in digesters,

which makes the acetic acid cleavage the main process for biogas production.

At this stage, the produced raw biogas is composed of biomethane (the sought

biofuel), as well as CO2 and many other impurities, hence the necessity to

“clean” it.

4.4.1.3 Biogas Purification and Upgrading

The raw biogas needs to be purified from the impurities, such as hydrogen sulfide,

ammonia, and siloxane, susceptible of causing damages to the equipment (mainly

corrosion). It also needs to be upgraded by removing the CO2 fraction in order to

increase the calorific value and reduce the emissions of components harmful to

human health and the environment [273].

Ultimately, biomethane with higher fuel standard will be produced and subse-

quently injected in the natural gas grid, used as a transportation biofuel or to fuel

engines and gas turbines for producing electricity [274]. Several purification and

upgrading techniques were reported, including water scrubbing, pressure swing

adsorption (PSA), amine absorption, and membrane separation.

1. Water scrubbing is the most widely used technique to remove carbon dioxide

from biogas and landfill gas. It is based on the differences of solubility in water

of the biogas components. CH4 solubility in aqueous media is indeed much

lower than that of CO2. Water scrubbing was reported to upgrade biogas to 98%

CH4 [275], but it has some drawbacks. H2S (more soluble in water than CO2)

ends up being dissolved in water and causes corrosion issues, hence the need to

remove H2S prior to water scrubbing. Besides, during the water regeneration

process, the CO2 fraction has to be collected.

2. Pressure swing adsorption (PSA) is based on the ability to separate gaseous

compounds (adsorbates) with respect to their molecular sizes by selective

adsorption onto the surface of a solid (absorbent) such as activated carbons

Fig. 4.4 Biomass processing into biogas via anaerobic digestion
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and zeolites [276]. Thus, PSA could be applied to separate CH4 (the larger

molecule) from the rest of the gas molecules (CO2, N2 and O2). In general, the

adsorption process is carried out under relatively higher pressure (around

800 kPa) while desorption (regeneration) is performed at lower pressure.

Like in water scrubbing, the H2S fraction, which is irreversibly adsorbed on

the adsorbent surface, is detrimental to PSA. Thus, before feeding the biogas to

the adsorbent-packed column, the H2S content has to be removed. This

upgrading process results in the production of 96–98% of CH4, with possible

losses estimated around 2 and 4% [277].

3. Amine absorption is based on the aptitude of aqueous alkanolamine solutions to

absorb CO2 [278]. One of the main assets of this process is that amine solutions,

as chemical solvents, react selectively with CO2, which effectively limits meth-

ane losses (<0.1%) and achieves high CH4 purities (>95%) [279]. In practice,

absorption and desorption columns are combined to ensure the continuous

generation of the amine solution through steam-heating the liquid, which require

more energy supply.

4. Membrane separation is a technology separating gaseous compounds of various

molecular dimensions. First, the biogas is pressurized (5 to 20 bar) and fed to the

membrane unit. CO2 and H2S, as well as other gas components, permeates

through the membrane, while larger CH4 molecules are retained. Polyimide

and cellulose acetate-based membranes were reported to be the most suitable

membranes on the market for biogas upgrading [280]. For instance, a study

investigated the efficiency of a polyvinylamine/polyvinylalcohol blend mem-

brane to selectively remove CO2. Under optimum operating conditions, the

process allowed a methane recovery of 99% with purity of 98% [281].

But, although technically effective, studies showed that applying membrane

modules for biogas purification and upgrading becomes economically compet-

itive only when flow rates are lower than 3500 m3/h, at standard temperature and

pressure conditions (i.e., 0 �C and 1 bar) [282].

4.4.2 Biological Synthetic Gas (Bio-Syngas)

4.4.2.1 General Considerations

The production of bio-syngas is achieved by converting renewable bioresources to a

gas mixture (bio-syngas) via a thermochemical process, called gasification, at high

temperatures (800–1200 �C). This mixture is primarily made of CO and H2, as well

as CH4, CO2, light hydrocarbons (ethane and propane), and heavier hydrocarbons

(tars). Other kinds of gases including undesirable H2S and inert N2 could also be

present in the syngas composition. The ratios within bio-syngas mixture depend on

the biochemical composition of the feedstock and the operating conditions during

the gasification process [283]. Noting that for the carbonaceous residues,
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constituting a challenging issue to this technology, several valorization schemes

were proposed including their use as catalysts for biodiesel production [284].

Basically, any carbonaceous material could be used as feedstock. Conventional

syngas is currently being generated from fossil fuels such as coal, natural gas, and

naphtha, and bio-syngas is, therefore, the renewable “green” alternative, exhibiting

promising prospective on the environmental front, and also contributing to the

diversification of the energy supply portfolio, hence reducing the reliance on fossils

fuels [285].

4.4.2.2 Gasification Process

In practice, the thermo-chemical conversion of biomass to bio-syngas requires

several conversion steps: drying, pyrolysis, oxidation, and reduction [286]. Each

stage takes place in a specific compartment in the reactor, as shown in Fig. 4.5.

The main reactions occurring during gasification are endothermic (drying,

pyrolysis, and reduction), hence the need for energy source which is generally

supplied by the oxidation of part of the feedstock. In this context, the gasification

process could be operated in an allo-thermal or auto-thermal way. In the first case,

the energy necessary for gasification is provided within the gasifier by partial

combustion. As for the second way, gasifiers are externally heated [288]. Several

catalysts could be added during the gasification process in order to improve reaction

rates and yields [289, 290].

1. Partial oxidation phase: The exothermic oxidization of part of the biomass will

provide the rest of the endothermic processes with the needed thermal energy.

Basically, any carbonaceous compounds in the bio-syngas could be used in the

partial oxidation reaction, especially so for biochar and biohydrogen. To ensure

a partial oxidation, the flow rate of air supplied to the process is controlled in

order to have less oxygen amount than required for complete oxidation by

stoichiometry. In this case, the reactions will generate significant amount of

CO and intermediates that could be proceeded into other gaseous fuels including

H2 and CH4 [291].

2. Drying: In order to facilitate biomass gasification, a grounded feedstock with a

moisture content lower that 10% is recommended for the rest of the processing

[292]. In general, when the biomass temperature reaches 150 �C, the drying

could be considered complete [293].

3. Pyrolysis: During this stage, the dried biomaterial is thermochemically

decomposed, under oxygen-free conditions, into compounds with lower molec-

ular weights in solid, liquid (or condensed), and gaseous states. In general, the

pyrolysis is carried out using temperatures ranging from 250 to 700 �C,
depending on the biochemical composition of the biomass and the overall

operating conditions. For instance, pyrolysis of a biomass predominately cellu-

losic needs to be subjected to a temperature between 600 and 700 �C. As an
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endothermic process, the heat requirement for pyrolysis, as it is the case for

drying, comes from the partial oxidation stage.

The gaseous fraction (pyrolysis gas) represents around 70–90 wt% of the

feedstock and is mainly constituted of carbon monoxide, carbon dioxide, hydro-

gen, methane, as well as some or inert gases [294]. As for the condensed and

solid fractions (tars and char, respectively), they have a high carbon content and

are therefore of high heating value [295].

4. Reduction: In this gasification step, all the compounds generated during the

previous pyrolysis and oxidation stages react with each other. Specifically, the

gas mixture and the biochar will interact to produce the final bio-syngas. The

main chemical reactions occurring during this reduction phase are:

(a) Water gas shift reaction: CO + H2O $ CO2 + H2

(b) Steam reforming reaction: CH4 + H2O $ CO + 3H2

(c) Boudouard reaction: C + CO2 $ 2CO

(d) Water gas (primary) reaction: C + H2O $ CO + H2

(e) Methanation reaction: C + 2H2 $ CH4

The final step in the conversion of biomass to bio-syngas is to upgrade it to be

used in various industrial applications. At this stage, the produced bio-syngas

needs to undergo a number of downstream processing steps in order to remove

the residual impurities such as barrier filtering, hot gas cleaning, and wet

scrubbing [296].

Currently, this renewable bio-syngas is a recognized raw material for com-

bined heat and power processes, and more attention is being paid by industrials

Fig. 4.5 Zonal

arrangement of the

gasification stages in

downdraft and updraft

gasifiers [287]
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to use it as feedstock in biorefineries producing added-value fuels, fine

chemicals, and materials, including ethanol, synthetic fuel, jet fuel, Fischer-

Tropsch diesel, hydrogen, as well as methanol and synthetic lubricants.

At the end of this chapter, and after presenting and discussing the various

options and technologies to convert bioresources (from plants, animals, micro-

organisms, and marine biomass) into renewable and eco-friendly biofuels, we

could say that biomass will be a major supplier of clean fuel and energy in near

future. Indeed, with those strategic biofuels, we proved that the eco-friendly

replacement is ready (bioethanol vs. gasoline, biodiesel vs. diesel, biogas

vs. natural gas, and bio-syngas vs. fossil-based syngas). With more R&D

breakthroughs, biofuels will become more competitive, which is the real catalyst

to accelerate the shift to bioeconomy.

Let us now move to the chemical industry and see what would be the place of

biomass in this vibrant, versatile, and highly profitable sector. The big question

to be answered throughout the next chapter is: How can we convert biomass in

order to produce various added-value biochemicals able to compete and then

replace chemical from fossil feedstocks.
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Chapter 5

Biochemicals

Abstract Various chemicals are being produced from fossil resources, primarily

petroleum (petrochemicals) as well as coal and natural gas. With the decade-long

advances in the petrochemical industry, the extent of utilization of the end products

produced from platform chemicals from fossil resources is so versatile that it affects

every aspect in our today’s life, including plastics, pesticides, dyes, personal care

products, and even vitamins and aspirin.

In this chapter, various profitable opportunities to convert biomass and derived

wastes into value-added biochemical compounds are showcased and discussed with

respect to their production procedures (chemical and/or enzymatic) and yields and

applied separation and purification technologies. This includes the production of

organic acids (glycolic, 3-hydroxypropionic, and succinic acids), pharmaceuticals

and biocosmetics (antibiotics, antibiotics, and antioxidants), fuel and food additives

and biopesticides, all from renewable and available plants, aquatic biomass, and

microorganisms.

In this context, joint academic and industrial research and development is

highlighted as the main key to implement a bio-based economy able to produce a

wide range of alternative green chemicals at a large scale, either within the

current chemical, pharmaceutical, and cosmetic industries or via more sustainable

bioprocessing activities in new integrated biorefineries.

5.1 Introduction

One of the main challenges facing the growing bioeconomy is to develop efficient

and cost-effective green technologies for the sustainable production of commodity

items from biomass.

As we have seen in the first chapter (cf. Figs. 1.5 and 1.6), numerous platform

and building block chemicals are produced from fossil resources, primarily petro-

leum and also coal and natural gas. The extent of utilization of the end products

derived from fossil resources is so versatile that it affects every aspect in our today’s
life. Thus, providing the green alternatives of those petroleum-derived chemicals

will have two important consequences:
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1. Benefit from the fully operational infrastructure and decade-long expertise of

commodity production from various chemicals. Therefore, we just need to focus

on producing a wide range of platform chemicals from renewable resources at

competitive costs and in total respect of the environment.

2. Quicken the shift towards a bio-based economic model of production and

consumption, which will speed up the planet healing, ease geopolitical tensions

worldwide, create green jobs, and mitigate climate change.

The current situation is that numerous petrochemicals are still being produced

from petroleum and used as building blocks or platform chemicals for the produc-

tion of products as diverse as plastics, pesticides, paints, tires, shampoos, diapers,

and even vitamins and aspirin (to name a few). With its limited reserves, heavy

environmental legacy (spills, global warming, etc.), and prompted geopolitical

tensions, the “days” of petroleum are numbered. The direct consequence is the

orientation (or reorientation to be accurate) to the only true renewable resource of

fixed carbon, biomass, to produce commodities.

Nonetheless, the competition with fossil resources is not over. Indeed, coal and

natural gas are next in line to replace petroleum, which means trading one addiction

for another, unless the biomass biorefining industry is ready on time to provide

alternative green chemicals at a larger scale. Several industries could benefit from

this new orientation mainly the chemical, pharmaceutical, and cosmetic industries.

The produced biochemicals could be used as precursors for a variety of bulk

chemicals and polymers including coatings, adhesives, and diverse plastic, poly-

mer, and resin products [1–3].

In the present chapter, we will showcase and discuss the various profitable

opportunities to convert biomass and valorize wastes into value-added chemical

compounds including fine chemicals (organic acids), pharmaceuticals and bio-

cosmetics, fuel and food additives, and biopesticides.

5.2 Fine Chemicals: Organic Acids

Organic acids are mainly produced via fermentative processes (chemical synthesis

in some cases) and used as precursors for a variety of bulk chemicals and polymers

including coatings, adhesives, and diverse plastic, polymer, and resin products.

Among the top 12 value-added chemicals from biomass reported by the US Depart-

ment of Energy, eight are organic acids [4], which illustrate how valuable those

chemicals are. Consequently, one of the main challenges facing bioeconomy is to

develop a sustainable and efficient (production wise) platform to produce organic

acids from complex (even recalcitrant) biomass and derived by-products and wastes

to the various industries at competitive cost.
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5.2.1 Glycolic Acid (GA)

GA is an α-hydroxy acid (smallest of its group) containing both alcohol and

carboxyl groups. Its chemical properties are of special interest for a wide range of

industrial applications such as the leather, textile, and personal care products

industries. Poly lactic-co-glycolic acid (PLGA), a copolymer of polyglycolic acid

(PGA) and polylactic acid (PLA), is reported to be the best biomaterial available for

drug delivery, design and performance wise [5]. Glycolic acid can also be poly-

merized to polyglycolic acid (PGA), a valuable polymer for food packaging

considering its high gas barrier properties and mechanical strength [6]. Nowadays,

most of the production of GA is secured from petrochemical resources, but the

worldwide production yields are far from sufficient. Indeed, for the PGA production

sector, the annual market requirements are estimated at 500,000 tons, whereas the

annual GA production is only around 40,000 tons. Thus, the expansion of the GA

production industry (forecasted market size of $200 million by 2020 [7]) is neces-

sary and well justified, not from fossil resources this time but from renewable

biomass using formative routes. The objective is to join sustainability and

profitability.

In the beginning of the orientation, several microorganisms were reported in the

literature for their ability to synthesize GA. But the high cost and the recourse to

petrochemical compounds in the process such as ethylene glycol [8] and glycolo-

nitrile [9] seriously constrained this production scheme. Thus, based on the bio-

economy philosophy, the use of available and low-cost biomass is well positioned

to ensure a continuous, eco-friendly, and flexible pathway to produce GA, or

any other biochemical for that matter.

In general, the transition towards bio-based industrial process to produce organic

acids was tightly linked to the innovative sustainable bioprocesses using renewable

resources (fractionation to simple sugars and then fermentation to organic acids).

Recent R&D came up with new bio-based pathways to produce GA, mainly

based on engineered microorganisms. For instance, the fermentative production of

GA from renewable resources can be achieved using an engineered strain of E. coli
with an overexpressed glyoxylate shunt in the tricarboxylic acid cycle [10]. Other

scientists also proved the feasibility of synthesizing glycolic acid from renewable

resources using the yeasts S. cerevisiae and Kluyveromyces lactis [11]. The related
results showed that the engineered microorganisms were tolerant to high acid

concentration (up to 50 g/L). The S. cerevisiae strain, provided with d-xylose and

ethanol as carbon source, produced around 1 g/L of GA. Under the same cultivation

conditions, the other yeast strain, K. lactis, produced a much higher yield approx-

imating 15 g of GA per liter.
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5.2.2 3-Hydroxypropionic Acid (3-HPA)

3-HPA is a three-carbon platform chemical identified as one of the top-value

chemicals from biomass [4]. The interesting fact about this compound is that, for

economic and environmental reasons, there is no viable route to produce 3-HPA

from fossil fuel feedstocks. This cleared the way for sustainable biological routes to

fill the void. In this regard, the two main feedstocks for the production of 3-HPA are

glucose and glycerol. The most cost-effective feedstock is bioglycerol, a valuable

by-product of the biodiesel industry. The bio-based routes to convert glycerol to

3-HAP, only requiring two enzymatic activities (glycerol dehydratase and aldehyde

dehydrogenase), were based on the use of recombinant strains of E. coli [12] and
Klebsiella pneumoniae [13]. Glucose was also used as feedstock to produce 3-HPA
using E. coli through the malonyl-CoA route [14], as illustrated in Fig. 5.1, or using

S. cerevisiae through the β-alanine pathway [15].

The production yields of 3-HPA, and other selected organic acids, are provided

in Table 5.1, at the end of this “fine chemicals” section.

At this point, it has to be noted that some challenges are still facing the large-

scale production of 3-HPA such as engineering more acid-tolerant microbial stains,

enhancing the internal redox balance, and applying more efficient and cost-

effective purification techniques to separate 3-HPA from the culture broth [15].

For the industrial sector, the bifunctionality of 3-HPA (acid and alcohol func-

tions) is of special interest as it enables its conversion to many intermediate

platform molecules by simple chemical transformations, thus widening its

Biomass

TCA

NADH + NADP++ H+ NAD+ + NADPH + H+ 

Fatty acid synthesis

3-hydroxypropionic acid

Pyruvate

Acetyl-CoA
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Fig. 5.1 Metabolic pathway of 3-hydroxypropionic acid production from glucose through

malonyl-CoA route with recombinant E. coli strains [14]
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industrial application. One option is to reduce 3-HPA to 1,3-propanediol, a chem-

ical intermediate used for production of resins, engine coolants, and water-based

inks [16] and combined with terephthalic acid to produce polytrimethylene tere-

phthalate (PTT), used for the manufacture of fibers and resins [17]. Another option

is the dehydration of 3-HPA to acrylic acid, and its ester and amide derivatives,

which could be used in the production of polymers and copolymers in the surface

coatings, absorbents, textiles, and adhesives industries [18]. The polymerization of

3-HPA into poly-3-hydroxypropionic acid is an interesting procedure for an added-

value manufacturing scheme. Indeed, the produced 3-HPA-based bioplastic was

reported to have strong mechanical properties and good susceptibility to

biodegradation [19].

Overall, scientists are confirming that the prospect of 3-HPA as a novel platform

molecule for many industries is more tangible than a decade ago, based on the

advances made on two main fronts: biological conversions and catalytic chemical

processes [20].

5.2.3 Succinic Acid (SA)

SA (C4H6O4), or 1,4-butanedioic acid, is a versatile platform chemical used for the

production bulk chemicals such as 1,4-butanediol, tetrahydrofuran, adipic acid, and

γ-butyrolactone, as well as a monomer of some biodegradable polymers [21]. Sev-

eral industries profited for the use of SA as precursor for the production of various

commodities in the food, pharmaceutical, and polymer industries [22]. Currently,

SA is mainly produced from butane through maleic anhydride hydrogenation. This

“conventional” chemical route using a fossil resource was proven to be expensive

(more so when the petroleum reserves start to decline) and also to contribute in

some environmental problems [23]. Based of those setbacks, the orientation

towards producing SA from low-cost biomass via biological routes has become a

major trend in this field.

The industrial biological production of SA started with the use of fermentable

sugars extracted from corn or sugarcane as substrates. Then, with the breakthroughs

in the sector of biomass fractionation, an evident shift towards nonfood feedstocks

to produce simple sugars (mainly lignocellulosic and algal biomass) was observed.

In this context, various natural resources were investigated for the production of SA

including sugarcane bagasse [24], bioglycerol [25], duckweed [26], and macroalgae

Laminaria japonica [27].

Several microorganisms are being used to produce SA including Actinobacillus
succinogenes and Mannheimia succiniciproducens (bacteria) and Saccharomyces
cerevisiae (yeast). For instance, A. succinogenes, a natural succinate-producing

strain was able to produce substantial amounts of succinic acid from a broad range

of reducing sugars including arabinose, fructose, glucose, lactose, xylose, and

sucrose [28]. Another study applied genome shuffling to improve the fermentative

production of SA using A. succinogenes [29]. The related results showed that after
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48 h in fed-batch fermentation, the genome shuffled strain improved the SA

production by 73% when compared with the original strain, corresponding to

production rate and yield of 1.99 g/L/h and 95.6 g/L, respectively. What is genome

shuffling in brief? It is a technique based on deliberate genomic recombination

(as opposed the spontaneous mutation in nature) aiming at generating, screening,

and isolating new mutant strains with enhanced tolerance and increased potential to

produce metabolites [30].

On the other hand, the use of metabolic engineered strains of E. coli and

Corynebacterium glutamicum enabled a high-yielding production of SA, up to

127 g/L for the former and 146 for the latter [31].

Figure 5.2 gives a wider perspective on the various applications and products

derived from succinic acid.

Fig. 5.2 Overview of possible applications and derived products from succinic acid [32]
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5.2.4 Production Data for Selected Organic Acids

Table 5.1 illustrates the performances of various microorganisms to produce dif-

ferent organic acids for different renewable feedstocks including sugars from bio-

mass (glucose, D-xylose and sucrose), starch, and sugarcane molasses, as well as

from glycerol, a by-product of biodiesel production.

5.3 Pharmaceuticals from Biomass

5.3.1 Aspirin from Wood

Willow tree (Salix spp.) was considered as a medicinal plant for its ability to bio-

synthesize bioactive phytochemicals, including salicin [49]. Willow tree and salicin

have been associated with salicylic acid, the key precursor molecule that has

contributed to the discovery of acetylsalicylic acid, commonly known as

aspirin [50].

These molecules (salicylic acid and related salicylates) were proven to be bio-

active chemicals found in the bark and leaves of willow and poplar (Populus spp.)
trees, as well as in some fruits, grains, and vegetables [51].

Many of those natural resources were included in the human diet. Thus, the

ingested salicylates acted as analgesic (painkillers), anti-inflammatory, and anti-

pyretic (reduce fever) compounds, thousands of years before their identification.

Recently, the use of willow bark in phytotherapy as an analgesic drug has been

gaining interest as an alternative renewable source to the synthetic analog, aspirin

(acetylsalicylic acid). Besides, it was proven that willow salicylates did not induce

side effects such as irritation and stomach ailments, generally caused by

aspirin [52].

5.3.2 Bioactive Compounds from the Sea: Chitin
and Chitosan

Chitin, the second most available polysaccharide on earth after cellulose, is a

renewable compound found in many terrestrial and marine organisms including

insects (exoskeletons), mollusks (endoskeletons), crustaceans (shells), and some

fungi and algae [53], with an overall production estimated at 1011 tons of chitin per

year [54].
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At a commercial level, chitin is mainly recovered from the by-products of the

large seafood industry, especially from the crustacean-processing industries. For

instance, 103 tons of chitin could be recuperated from shellfish waste annually

[55]. The chitin content in various bioresources can be found in Table 3.5.

Several industrial valorization schemes were reported in the literature in the

agricultural, food, and textile industries [56, 57]. In this section, the medical and

pharmaceutical applications of chitin and chitosan will be discussed.

Many studies reported the promising use and incorporation of chitin and derived

compounds in several medical and pharmaceutical chemicals and products such as

wound dressing materials [58], matrix for enzymes immobilization [59], drug

carriers [60], and medical components to repair wounded skin, nerves, cartilages,

and bones [61].

In order to generate new biopolymers from chitin with improved biochemical

properties, several chemical modification procedures were investigated. Thus,

many research studies worked on dissolving chitin in various solvents and applied

different chemical treatments including sulfonation for anticoagulant activity [62],

TEMPO-mediated oxidation for antioxidant activity [63], and trimethylsilylation

for enhanced solubility in common organic solvents [64]. O-acylation with fatty

acids is another method reported in the literature for the improvement of chitin

solubility. Several catalysts were used including methanesulfonic acid and

perchloric acid. The generated compounds are formylated, propionylated,

butyrylated, or valerylated chitins [65, 66], as well as mixed esters such as chitin

co-(acetate/propionate) and chitin co-(acetate/butyrate) [67].

The main objectives from such modification is to preserve the fundamental

skeleton of chitin and therefore its physiochemical and biochemical characteristics

while increasing its water solubility and adding new functional properties [68]. The

interesting outcome of such scientific endeavor is that both chitin and its chemical

derivates are nontoxic, biocompatible, and biodegradable and have a versatile bio-

logical activity [69]. In general, chemical deacetylation of chitin to produce the

commonly known derivative, chitosan, is the main modification in the industrial

sector (Fig. 5.3).

Fig. 5.3 Deacetylation of chitin (a) into chitosan (b)
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5.3.3 Pharmaceutical Enzymes

Enzymes are biomolecules catalyzing and accelerating chemical reactions. Basi-

cally, any biochemical reaction in a living cell requires the catalytic intervention of

specific enzymes. In the literature, enzymes could be grouped into six categories:

1. Oxidoreductases: catalyzing oxidation-reduction reactions via the transfer of

electron between biological molecules [70].

2. Transferases: catalyzing the transfer of functional groups from one molecule to

another. For instance, glutathione S-transferases, extracted from Arabian

camels, have an interesting catalytic ability in conjugating the tripeptide gluta-

thione to less toxic and water-soluble compounds easily excluded from the cell

through membrane-based glutathione conjugate pumps [71].

3. Hydrolases: catalyzing the breaking of one compound into two molecules via the

addition of water. Some of those hydrolases include lipases, nucleases, and

peptidases, breaking down lipids, nucleic acids, and proteins [72].

4. Lyases: catalyzing the cleavage of a single molecule into two compounds. When

the product is more important than the substrate, the reverse reaction occurs, and

it is catalyzed by synthases. For example, cystathionine γ-synthase and

cystathionine β-lyase have similar structures and many active-site residues;

nonetheless they catalyze distinct side chain rearrangements in the two-step

transsulfuration route converting cysteine to homocysteine, the precursor of

methionine (an α-amino acid that is used in the biosynthesis of proteins) [73].

5. Isomerases: catalyzing the conversion of a molecule from one isomer to another.

In general, isomers can be grouped into two main classes: stereoisomers and

structural isomers. The former have the same ordering of bonds but different 3-D

arrangement of bonded atoms, while the latter have a different ordering of

bonds. Isomerases are able to catalyze the conversion reactions for both isomer

classes. Glucose isomerase for instance is an important catalyst in the food

industry for the conversion of glucose to fructose [74].

6. Ligases: catalyzing addition or synthesis reactions between two molecules with

the breakdown of a pyrophosphate bond in ATP or a similar triphosphate. One of

the main biological activity of those enzymes is DNA ligation, occurring during

DNA replication, recombination, and repair events. For instance, in human cells,

the DNA ligases encoded by three LIG genes are responsible for joining inter-

ruptions in the phosphodiester bonding forming the DNA backbone [75].
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The important role of enzymes in many industries is well known, and it is

based on several valuable properties such as high-substrate specificity, low

toxicity, and rapid and efficient reaction at low concentrations and under mild

operating condition (pH and temperature). Around hundred enzymes are being

used in various industrial applications, among which over half are extracted

from fungi, one-third from bacteria, as well as from animal (8%) and plant (4%)

sources [76]. Noting that some microbial strains produce enzymes within the cell

(intracellular enzymes), others produce externally (extracellular enzymes) [77].

The concept of enzyme utilization for therapeutic applications is relatively

new. In the 1960s, lysosomal enzymes were included in replacement therapies

for genetic deficiencies [78]. In 1987, the first recombinant enzyme drug,

Activase® (Alteplase), was approved for commercialization. This injectable

pharmaceutical drug is used to treat heart attacks, strokes, and blood clots [79].

Table 5.2 presents a selection of pharmaceutical enzymes developed and used

for the treatment of various diseases.

Table 5.2 Pharmaceutical application of enzymes [80, 81]

Generic name

Brand

name Treatment Manufacturer

Asparaginase Elspar Acute lymphoblastic leukemia Merck & Co., Inc., USA

Alteplase Activase Acute ischemic stroke Genentech Inc., USA

Anistreplase Eminase Myocardial infarction Wulfing Pharma GmbH,

Germany

Imiglucerase Cerezyme Gaucher’s disease Genzyme Inc., USA

Rasburicase Elitek Hyperuricemia disease GlaxoSmithKline Inc.,

Britain

Galsulfase Naglazyme Mucopolysaccharidosis VI (MPS

VI)

BioMarin Pharmaceuti-

cals, USA

Pegaspargase Oncaspar Acute lymphoblastic leukemia Ben Venue Laboratories

Inc., USA

Streptokinase Streptase Coronary artery thrombosis Pfizer Inc., USA

Urokinase Kinlytic Pulmonary embolism Microbix Biosystems Inc.,

Canada

Pegademase

bovine

Adagen Severe combined immunodefi-

ciency (SCID)

Enzon Inc., USA

Sacrosidase Sucraid Congenital sucrase-isomaltase

deficiency

Orphan Medical Inc., USA

Agalsidase

beta

Fabrazyme Fabry’s disease Genzyme Inc., USA
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5.3.4 Antibiotics and Bacteriocins

In order to adapt to limited nutrient supply and defend themselves against prokary-

otic enemies, many bacteria produce antibacterial chemicals. Many of those bio-

chemicals were discovered, but only some of them showed therapeutic properties,

later co-opted by humans as antibiotics [82]. Since the well-known discovery of

penicillin by Alexander Fleming in 1928, more than 5000 different antibiotics have

been isolated from cultures of bacteria, fungi, and plant cells, among which 60% is

synthesized by the genus Streptomyces alone [83].
Lactic acid bacteria can produce a variety of compounds during fermentation

including organic acids, hydrogen peroxide, and bacteriocin [84], with the latter

being a proteinaceous toxin exhibiting antimicrobial potency [85]. In this context, it

has to be underlined that although bacteriocins might be considered as antibiotics,

still major differences do exist. Indeed, bacteriocins restrict their activity to species

closely related to the synthesizing strain, whereas antibiotics have a wider bio-

activity spectrum.

In addition, bacteriocins are synthesized during the primary phase of growth;

however, antibiotics are usually secondary metabolites, and the former are quickly

digested by proteases in the digestive tract [86]. Besides, studies revealed that

bacteriocins are inactivated by enzymes found in the gastrointestinal tract such as

trypsin and pepsin [87].

Application wise, this differentiation is very important to avoid confusion with

therapeutic antibiotics, which could lead to allergic reactions and other medical

complications [88]. Overall, and based on the specific characteristics of each

compound, antibiotics are of interest for the pharmaceutical industry, whereas

bacteriocins are mainly used in the food industry (biopreservation) and also for

therapeutic applications. Indeed, scientists started recently to explore bacteriocins

as viable alternative to antibiotics [89]. The prospects of synergetic activity

between antibiotics and bacteriocins to enhance current insufficient infection ther-

apies were also investigated [90].

Tables 5.3 and 5.4 summarize the classification, chemical characterization,

mode of action, and synthesizing microbial strain of several antibiotics and

bacteriocins, respectively.

5.3.5 Vitamins

Vitamins are organic substances of great interest to human health, although

required in small amounts. Since they cannot be synthesized at all or in sufficient

quantity in the body, they must be included in the diet or prescribed as

pharmaceutical-grade (single/multi) vitamins to cure deficiencies and avoid serious

health complications.
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Indeed, vitamin deficiencies can lead to severe diseases and even death in some

serious cases. For instance, deficiency of vitamin A, involved in immune functions,

vision, reproduction, and cellular communications, constitutes a major health issue

in low-income countries, thus putting around 130 million children at increased risk

of infectious diseases and mortality [98]. Among the disorders related to vitamin

deficiencies, there are also blindness (vitamin A), beriberi (vitamin B1), pellagra

(vitamin B3), anemia (vitamin B6), scurvy (vitamin C), and rickets (vitamin D) [99].

Although vitamins originate primarily from plant tissues, most of the currently

produced vitamins come from synthetic routes using fossil feedstocks, for practical

(large-scale production) and economic reason (chemical synthesis is more cost-

effective than extraction and purification). But despite those industrial advantages,

the synthetic vs. natural dilemma is still being debated [100] and not only from a

consumer perspective, inclined towards natural products. Indeed, several in vivo

studies revealed some physiological limitations using synthetic vitamins due to a

different bioavailability potential when compared with natural ones [101], that is,

the proportion of vitamin absorbed by the intestines and made available for

metabolic processes within the body.

Thus, one of the major orientations in bioeconomy is to provide humanity with

vitamins from natural resources at a competitive cost. One option is to increase the

amount of vitamins from plants by improving the agricultural practices and there-

fore optimizing the growth conditions of conventional species or through use of

transgenic techniques, commonly known as biofortification [102]. The other option

is to explore the potentialities of marine biomass, especially microalgae to produce

vitamins at a larger scale and with no competition over soil and water [103].

Overall, most scientists agree that within the bioeconomy concept, the biotech-

nological route for the production of vitamins, especially from microalgae and

microbes, is most viable alternative to replace chemically synthesized vitamins.

Table 5.5 shows a selection of water and fat-soluble vitamins produced via

Table 5.4 Overview of selected bacteriocins for therapeutic and food biopreservation applica-

tions [95–97]

Bacteriocin Mode of action Producing strains

Nisin A Inhibition of cell wall formation Lactococcus lactis

Nukacin ISK-1 Staphylococcus warneri

Lacticin 481 L. lactis CNRZ 481

Lactococcin A, B Membrane disruption L. lactis subsp.

Geobacillin I Geobacillus thermodenitrificans
NG80–2

Mesentericin Y105 Leuconostoc mesenteroides Y105

Garvicin A Inhibition of septum formation Lactococcus garvieae

Lactococcin 972 L. lactis

Pep5 Pore former Staphylococcus epidermidis 5

Epidermin S. epidermidis Tu3298

Colicins DNase and RNase E. coli

Microcin B17 Prevents DNA decatenation
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biotechnological procedures, i.e., fermentation and microbial or enzymatic

transformation.

5.4 Biocosmetics

5.4.1 Cosmetic Ingredients from Biowastes: Antioxidants

Biocosmetic are cosmetic product containing biomass-derived ingredients or natu-

ral products having mechanisms of action based on biologic principles. These

products, essentially used for cleansing, protecting, and moisturizing the skin,

could be formulated and sold in various forms including lotions, creams and

powders, and so forth. From the early times, humans used natural resources for

cosmetic purposes including natural pigments, honey, milk, clay, and many others.

Then, with the R&D in the chemical field during the “petroleum century,”

chemicals and products from the petrochemical industry were extensively used in

cosmetics manufacturing.

Recently, the consumers’ awareness about the health risks associates with some

chemical ingredients in cosmetic products started to increase. Indeed, it was

reported that makeup, shampoo, skin lotion, nail polish, and other cosmetic and

Table 5.5 Biotechnological processes for the production of water and fat-soluble vitamins

[104, 105]

Vitamin Enzyme (microorganism) Procedure

Water-soluble vitamins:

Vitamin B2

(riboflavin)

(Eremothecium ashbyii,
Ashbya gossypii, and Bacillus
sp.)

Fermentative production from glucose

Vitamin B3 (nia-

cin or nicotininc

acid)

Nitrilase (Rhodococcus

rhodochrous)

Hydrolysis of 3-cyanopyridine to form

corresponding acid (nicotinic acid) and

ammonia

Vitamin B7

(biotin)

(Serratia marcescens) Fermentative production from glucose by

genetically engineered bacterium

Vitamin B12

(cobalamin)

(Propionibacterium
shermanii and Pseudomonas
denitrificans)

Fermentative production from glucose

Vitamin C 2,5-diketo-D-gulonic acid

reductase (Corynebacterium
sp.)

Enzymatic conversion of 2,5-diketo-D-

gluconate obtained through fermentative

process to 2-keto-L-gulonic, followed by

chemical conversion to L-ascorbic acid

Fat-soluble vitamins:

Vitamin E

(α-tocopherol)
(Freshwater microalgae

Euglena gracilis)
Fermentative production from glucose

Vitamin K2 (Mutated strain of Bacillus
subtilis)

Fermentation using soybean extract
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personal care products contain chemical ingredients that “lack safety data”

[106]. Phthalates, for instance, are a group of chemicals susceptible of having

endocrine-disrupting effect, and it has been linked to early puberty in girls and a

risk factor for later-life breast cancer [107]. Nonetheless, chemicals like dibutyl

phthalate and diethyl phthalate are still found in cosmetic products like nail polish

and synthetic fragrance, respectively.

In response to this increasing awareness from consumers, many industrialists in

the cosmetics sector started to consider using biochemicals as ingredients in their

products. In this section, chemicals from biomass that could be of interest as

ingredient in cosmetics formulation and production will be considered. And since

bioeconomy is a holistic concept, the so-called organic cosmetics, benefiting for the

organic or natural label to gain new clientele and make more profit without

following sustainable production procedure will not be included.

The exposure to free radicals whether from endogenous (cellular metabolism)

and exogenous sources (UV radiation or pollution) was proven to damage the skin

on the cellular and tissue levels. Although the human body can prevent this kind of

damage, it could be easily overwhelmed, especially with the current way of living

(unhealthy diets, higher risk of exposure to pollutants, etc.), which could induce an

oxidative stress or immunosuppression, and can even trigger carcinogenesis [108].

The use of topical cosmetics supplemented with antioxidants helps in providing

an additional protection to the skin by neutralizing reactive oxygen species. Anti-

oxidants were also reported to have other valuable bioactive properties for pharma-

ceutical and cosmetic applications such as their anticarcinogenicity,

antimutagenicity, antiallergenicity, bleaching, and antiaging [109].

Several bioactive molecules with antioxidants properties were extracted from

diverse bioresources including different classes of polyphenols (flavonoids, antho-

cyanins, and phenolic acids), which were proven to have high antioxidant capacity

and considerable therapeutic properties in protecting skin cells from damages

induced by oxidative stress [110].

For instance, a growing interest by researchers and the cosmetic industry in

polyphenolic compounds from the flavonoids family was remarked. The green tea

extract, Catechin, showed a protective action against ultraviolet B radiation-

induced photocarcinogenesis [111]. Note that tea polyphenols are unstable mole-

cules (i.e., short biological activity). Thus, topical formulation of polyphenol has

been stabilized by butylated hydroxytoluene in order to reduce its susceptibility to

oxidation [112]. As a consequence, and depending on the degree of stabilization,

not all cosmetic products containing green tea extracts will exhibit the same level of

antioxidation activity.

Other kinds of bioresources were revealed to be promising sources for antioxi-

dants including the invasive species lawn pennywort (Hydrocotyle sibthorpioides)
[113], various seaweeds [114], and the residues of many fruit- and vegetable-

processing industries [115].
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5.4.2 Cosmetic Ingredients from the Sea: Chitin
and Collagen

5.4.2.1 Chitin and Chitosan

Chitin, mainly obtained from crustaceans, and its well-known derivative chitosan

have a wide range of industrial applications in the food, agricultural, biomedical,

and chemical sectors [56]. Several chemical and biological properties of those

chitinous materials were of interest for the cosmetic industry as thickening, gelling,

foaming, and antimicrobial and moisturizing agents [116].

Several research studies explored the option of using insoluble chitin as an active

carrier for cosmetic products. In one of those studies, chitin-based nanofibrils were

embedded with antioxidant ingredients, namely, melatonin, lutein, and Ectoin, for

skin protection. The results revealed that, due to their scavenging activity, those

nanofibrils did enhance the penetration of the active ingredients through the skin

layer, which improved the protection against UV solar radiation, responsible for

photoaging and wrinkles [117]. Also, chitin polymers were included in various

cosmetic and personal care products for skin care (creams and lotions), hair care

(shampoos, dyes, and sprays), as well as oral care (toothpastes and mouthwashes)

[118, 119].

Nonetheless, the main restriction for a wider application of chitin remains its

very poor solubility in all commonly used solvents [120], hence the need for

chemical modification to generate water-soluble chitin derivates such as carboxy-

methylchitin and chitosan. Note that, even though chitosan can be dissolved in

aqueous media at pH < 6.5, its involvement in biological applications requiring

neutralization would lead to changes in the shape and size of any chitosan-based

material [121].

For instance, it was reported that after neutralization, chitosan-based films

become stiff, which is an undesired feature for cosmetic applications. The addition

of glycerol, which has a plasticizer property, reduced the stiffness of the films.

Besides, since glycerol is polar molecule with hygroscopic properties, it makes the

stratum corneum (outermost layer of the skin) softer and more pliable [122], which

further justifies the incorporation of glycerol to the chitosan films for the treatment

of dry skin conditions.

Further investigations on the application of chitosan in cosmetics revealed that

the high molecular weight of this natural polymer tend to limit the transepidermal

water loss [123], thus maintaining the skin humidity and therefore its softness.

Chitosan was also reported to be a suitable ingredient for allergic skin as high

molecular weight compounds were found to reduce skin irritation [124], in addition

to its antibacterial and wound healing properties [125].
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5.4.2.2 Collagen

Collagen is the most abundant protein in vertebrates, constituting around 25% of

the total proteins. The conventional collagen is mainly extracted from the skins of

cows, pigs, and other terrestrial animals [126]. Recently, and due the recurrent

serious diseases affecting cattle, the use of animal-derived collagen was heavily

restricted [127].

As a consequence, collagens from marine resources received increased attention

and several studies successfully extracted collagens from the skin, muscle, or bones

of various fish species including seabass (Lates calcarifer) [128], blacktip shark

(Carcharhinus limbatus) [129], as well as several carp species [130].

As far as the cosmetic industry is concerned, collagens have an interesting set of

properties that include high water retention capacity, antiradical activity, biocom-

patibility, and weak antigenicity [131]. In addition, collagen hydrolyzate, fre-

quently incorporated in cosmetic formulations, is believed to protect the structure

and the function of the skin, hence persevering or enhancing its appearance [132].

5.5 Fuel Additives from Platform Biomolecules

The addition of additives to neat or blended fuels and biofuels is one of the standard

procedures to improve the engine performances and reduce emissions. Various

kinds of fuel additives were developed including metal organic compound, oxy-

genates, ignition promoter, wax dispersant, antiknock agents, and lead scavengers.

For instance, one of the main characteristics of good fuel, suitable for spark-

ignited internal combustion engines, is its knock resistance [133]. In general,

knock-resistant fuels (mainly alcohols) have high octane numbers, and when used

as antiknock additives to non-oxygenated gasoline, the octane number of the fuel

increases [134]. This octane boosting effect of fuel additives is one illustration, and

in the present section, the production of fuel additives from platform biomolecules

derived from biomass will be presented.

5.5.1 Additives from Bioglycerol

Most of the biodiesel production is carried out via the transesterification of tri-

glycerides (vegetable oils or animal fats) with low molecular weight alcohol

(methanol or ethanol) in the presence of alkali-based catalysts [34]. During this

conversion process, bioglycerol is generated as a by-product with an equivalent

yield of 10 wt% of the total biodiesel production [135].

The R&D efforts to valorize this by-product and make the biodiesel production

process more profitable and competitive [136] faced a big challenge. The direct
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combustion of crude bioglycerol in engines was not recommended because of its

high viscosity, low heating value, and high autoignition [137]. Besides, the incom-

plete combustion of glycerol generates carcinogenic acrolein [138]. Therefore, new

routes to valorize this by-product into value-added chemicals were considered.

Among the possible conversion schemes, the chemical transformation of glycerol

into value-added oxygenated fuel additives received great attention [139, 140].

In this context, several reaction pathways for catalytic conversion of glycerol

were proposed including selective oxidation, hydrogenolysis (to propanediol),

dehydration (to acrolein), pyrolysis, gasification, steam reforming, thermal reduc-

tion (to syngas), selective transesterification, and etherification (to fuel oxygenates)

[141–144].

Two main catalytic conversions were proposed for the production of fuel addi-

tives from bioglycerol:

5.5.1.1 Etherification

This procedure converts glycerol into lower viscosity and higher volatility com-

pounds, which could be used as fuel additives or solvents [145]. Some studies

showed that high acidity and the use of porous catalysts tend to favor the conversion

reaction [146]. The glycerol etherification can be carried out with various alcohols,

e.g., tert-butyl alcohol. The regenerated products could be used as oxygenated

additives for fuels including diesel and biodiesel, thus establishing eco-friendly

and cost-effective production system.

In this regard, there is an increasing interest in the production of alkyl ethers of

glycerol by etherification with isobutylene, which reacts with glycerol in the

presence of acid catalysts to produce mono-, di-, and tri-tert-butyl glycerol ethers

(MTBG, DTBG, and TTBG, respectively) [147, 148]. The higher ethers (DTBG

and TTBG) were reported to be suitable fuel additives for diesel and biodiesel

formulation. The incorporation of those oxygenated compounds in conventional

diesel fuel is on special interest as it helps in reducing the emissions of carbon

monoxide, particulate matter, nitrogen oxide, hydrocarbon, and aldehyde resulting

from incomplete combustion [149], as well as improving the cold flow

properties [150].

5.5.1.2 Acetylation

Bioglycerol acetylation with acetic acid or acetic anhydride is gaining interest

among industrialists due to the importance of the generated products

(cf. Fig. 5.4), namely, mono-, di-, and triacetyl glycerol (MAG, DAG, and TAG,

respectively) [152], which could be used in a wide range of applications ranging

from moisturizers to fuel additives [153].

Among the three compounds derived from bioglycerol acetylation, studies

revealed that TAG can be added to conventional diesel in order to improve the
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fuel combustion, reduce NOx emission in exhaust gas, and enhance the fuel cold

and viscosity properties [154, 155]. The blend of TAG with fuel helped in ensuring

a complete combustion as it serves as an efficient antiknocking agent. Also, adding

10% of TAG to biodiesel fuel was reported to considerably improve the perfor-

mance of direct-injection diesel engines [156].

5.5.2 Additives from 5-Hydroxymethylfurfural (HMF)

HMF is an interesting platform chemical that can be obtained from sugars extracted

from cellulosic biomass such as fructose, glucose, and sucrose [157]. At ambient

conditions, HMF is a solid compound with very poor blending properties, which

limits its application as fuel additive. Therefore, HMF was used as a platform

molecule and subjected to catalytic chemical processes (oxidation and/or reduction)

in order to convert carbohydrates into furanic compounds such as

2,5-dimethylfuran (DMF), 2,5-furandicarboxylic acid (FDCA), and

5-ethoxymethylfurfural (EMF) [158, 159].

Among these chemical compounds, EMF, the product of catalytic HMF etherifi-

cation with ethanol, was reported to be a promising biofuel and additive for diesel

[160]. Indeed, this ether has a high cetane number and good oxidation stability and

is present in liquid form at room temperature. Also, EHM has a high energy density

Fig. 5.4 Glycerol acetylation with acetic acid [151]
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(8.7 kWh/L), comparable with that of conventional gasoline (8.8 kWh/L) and diesel

fuel (9.7 kWh/L), and considerably higher than that of bioethanol, the reference for

liquid biofuel (6.1 kWh/L) [161]. In this context, DMF has also properties that are

similar to petroleum-derived gasoline fuels and could be recommended as suitable

fuel additive for petrol engines due to its high octane number [162]. The same study

also stated that DMF is better fuel than ethanol with respect to production effi-

ciency, energy density, handling, and storage.

Despite the potentialities of HMF as a platform molecule for the production of

various interesting chemical compounds (fuel substitutes and fuel additives in the

energetic sector), its large-scale production from cellulosic biomass is still limited,

mainly due to high production costs. Indeed, although the catalytic production of

HMF from hexoses (C6 sugars) was proved to be feasible in water, ionic liquids,

and other organic solvents [163, 164], some limitations still exist.

For instance, the dehydration of fructose in pure water generates some

by-products such as humins and levulinic acid, thus decreasing the overall produc-

tion yield of HMF [165]. Also, even though the use of ionic liquids was proved to

generate high yields of HMF at bench scale, the shift to an industrial scale

production is not cost-effective yet [166].

Note that levulinate esters, product of the esterification of levulinic acid with

alcohols, exhibit interesting properties that make them suitable to be used as fuel

additives including low toxicity, high lubricity, flash point stability, and moderate

flow properties under low temperature conditions [167]. Also, levulinate esters,

especially ethyl and methyl levulinates, were also mentioned in the scientific

literature as cold flow improvers in biodiesel [168] and oxygenate additives for

both gasoline and diesel fuels [169].

5.6 Food Additives

5.6.1 Sweeteners: Xylitol

Scientists are suggesting that children’s liking for all that is sweet, starting with

mother’s milk then fruit jams, chocolate, and ice cream, reflects a basic biological

need. Indeed, the obvious preference for sweet-tasting foods and beverages during

childhood is universal and evident among infants and children worldwide

[170]. Many research studies are suggesting that liking sweet products by children

could be related to the pain-reducing properties of sugars [171].

In this context, sweeteners are basically any chemical compounds interacting

with the taste buds located on the tongue to enhance the perception of sweet taste.

This specific action enables sweeteners to impart the sweet taste to other products,

which is a mode of action highly sought by many food, beverage, and pharma-

ceutical industries.
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Xylitol is a pentahydroxy natural polyol (i.e., five-carbon sugar alcohol) used as

a commercial sweetener. It possesses several valuable characteristics including a

high sweetening power and solubility, low calorie content, lack of carcinogenicity,

and cariostatic properties as a non-fermentable sugar [172, 173].

Therefore, its production is attracting great interest from the food industry as a

replacement for sucrose (table sugar) and as diabetic sweetener. It was indeed

proved that xylitol has similar taste to sucrose, but with less calorific value (around

33% less) [174]. For instance, xylitol ingestion was revealed to cause a small

increase of blood glucose; hence, it is frequently used as an alternative to high-

energy supplements in diabetic medications [175].

The industrial production of xylitol from lignocellulosic biomass could be

carried out via two main procedures:

1. Chemical hydrogenation of xylose:
This process starts by the extraction of the hemicellulosic polysaccharide

xylan from bioresources such as hardwoods or corncobs, which is hydrolyzed

into xylose and then catalytically hydrogenated into xylitol under high pressure

and temperature using catalysts (commonly Raney nickel) [176, 177].

The main disadvantages related to this chemical procedure are the high

energy demand, expensive downstream processing, and the release of toxic

by-products (mainly Ni) [178].

2. Biotechnological production of xylitol:
Many scientists are stating that the microbial production of xylitol is the

future production process as it shows several advantages when compared with

the chemical processes such as a considerably lower energy requirement and less

restriction with the substrate (xylose) purity. Nonetheless, some drawbacks still

exist and need to be dealt with, including the need for a detoxification procedure

to remove inhibitors from the biomass hydrolyzate that would affect the biolog-

ical activity of the fermenting microorganisms, in addition to the costly separa-

tion of the produced xylitol from the fermentation broth [179].

Also, like most fermentation reactions, the biological conversion of xylose

into xylitol is a time-consuming process that takes days up to weeks, depending

of the microbial strain being used. Note that a couple of hours is required to

achieve the chemical hydrogenation of xylose and thus produce xylitol [180].

Regarding the bioconversion of xylose to xylitol, two biosynthetic routes

were reported in the scientific literature for the fermentative conversion of

xylose to xylitol by yeasts, which are considered to be the most efficient

xylitol-producing microorganism (compared with bacteria or fungi). The first

pathway involves the reduction of xylose to xylitol by NADH or NADPH-

preferring enzyme, xylose reductase. In the second pathway, intermediary xyli-

tol is oxidized to xylulose by NADþ or NADPþ�dependent enzyme, xylitol

dehydrogenase [181]. Several studies showed that the key operating conditions

affecting xylitol production are pH, temperature, stirring rate, oxygen transfer

rate, inoculum ratio, and age, as well as the initial xylose concentration

[182, 183].
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Table 5.6 illustrates the capabilities of xylitol production by several micro-

organisms including wild and recombinant bacteria, fungi, and yeasts.

5.6.2 Flavoring Agents: Vanillin

5.6.2.1 Background and Current Status

Vanillin is simply the highest volume aroma chemical produced in the world

[198]. It is mainly used by the food (yogurt, chocolate, ice cream, etc.) and cosmetic

(perfumes, shampoos, soaps, etc.) industries as a flavoring or fragrance ingredient

that is highly liked by consumers worldwide.

Table 5.6 Production yields and productivity of xylitol by wild species (W) and metabolically

engineered strains (E) of selected microorganisms

Microorganism Substrate

Xylitol

References

Yield

(g/g)

Productivity

(g/L/h)

Bacteria:

Enterobacter liquefaciens (W) Xylose 33.3 0.35 [184]

Corynebacterium sp. (W) 80 0.4 [185]

Escherichia coli JM109 (E) 0.27 0.67 [186]

Gluconobacter oxydans (W) Arabitol 51.4 1.9 [187]

Gluconobacter oxydans pSAXDHUP
(E)

0.25 1.19 [188]

Escherichia coli ZUC99(pATX210)
(E)

Arabinose 0.95 0.95 [189]

Fungi:

Petromyces albertensis (W) Xylose 39.8 0.166 [190]

Penicillium crustosum (W) 0.52 0.005 [191]

Penicillium janthinellum (W) 0.29 0.006

Penicillium citrinum (W) 0.27 0.004

Aspergillus niger (W) 0.36 0.004

Fusarium oxysporum (W) 1 0.021 [192]

Yeasts:

Candida sp. 559–9 (W) Xylose 173 1.44 [193]

Candida boidinii NRRL Y-17213

(W)

53.1 0.16 [194]

Kluyveromyces marxianus YZJ015
(E)

0.83 1.49 [195]

Saccharomyces cerevisiae
S3-TAL-TKL (E)

0.82 0.04 [196]

Pichia pastoris GS225 (E) Glucose 0.078 0.29 [197]
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From a historical perspective, natural vanillin is produced from glucovanillin,

after subjecting the beans of the tropical orchid Vanilla planifolia to a multistage

curing process [199]. Thus, the agronomic technicalities needed during vine culti-

vation, pollination during flowering, along with the extreme care during beans

harvesting and curing, explain why natural vanillin represents less than 1% of

world market demand and has a market price almost 300 times higher than synthetic

alternatives [200].

In order to meet the increasing demand for this flavoring compound, new syn-

thetic pathways were developed. During the late 1930s, vanillin was synthesized

from lignin-containing sulfite liquor, a by-product from the pulp and paper industry

[201]. In the 1970s, vanillin was successfully prepared from eugenol (an essential

oil extracted from cloves) via its isomerization to isoeugenol and then

oxidation [202].

Currently, among the 20,000 tons of vanillin produced per year worldwide [203],

85% comes from guaiacol and 15% are lignin derivates (roughly 3000 tons annu-

ally) [204]. Although the guaiacol-based process to produce vanillin is almost

by-product-free, which means simpler and less costly separation phase, this route

is intrinsically unsustainable as it is depends on a petroleum-derived compound.

Thus, the viable option to produce vanillin is from renewable sources (other than

vanilla beans for the practical and economic reasons stated earlier). In this context,

researchers from around the world are working on two main routes to produce

vanillin from biomass (controlled oxidation of lignin) and via biomass (microbial

synthesis).

5.6.2.2 Vanillin Production from Lignin

Lignin extracted from various lignocellulosic resources as by-product of the pulp

and paper industry (spent black liquor) or prior to fermentation procedures (e.g.,

sugarcane and wood processing) can be oxidized to obtain phenolic compounds. As

a feedstock, and based on the extraction procedure, two main lignin types are

commercially available for further processing into value-added chemicals

including:

• The sulfur-free lignins, obtained from the fractionation and conversion of lig-

nocellulosic materials into biofuels [205], organosolv pulping [206], as well as

soda pulping of bioresources such as nonwood agricultural residues and

nonwood fibers [207].

• The sulfur-containing lignins, mainly obtained from kraft [208] and sulfite [209]

pulping processes. Kraft pulping remains the main procedure for pulp and paper

production, as it allows the removal of around 90% of the lignin content under

strong alkaline conditions [210].

Overall, in organosolv pulping, the lignocellulosic biomass is subjected to

milder delignification processes, compared to kraft and sulfite pulping. Thus, the
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lignin fraction resulting from the organosolv treatment is the one undergoing a

lesser transformation.

In general, organosolv lignin is characterized by a lower content of hydroxyl

groups, higher molecular weight, and lower condensation degree, when compared

with lignin extracted through harsher delignification procedures. Additionally, the

absence of organic sulfur (either as thiol groups in kraft lignin or as sulfonic groups

in lignosulfonates) is an advantage from the point of view of lignin

valorization [211].

The chemical oxidation of lignin is a reaction occurring at high pH values

(almost 14), high temperatures (up to 150 �C), and high pressure (more than

3 and up to 10 bar) [212, 213]. Several oxidants were reported in the related

literature including air, oxygen, nitrobenzene, or metallic oxides

[214, 215]. Under those alkaline oxidative operating conditions, lignin is degraded

and oxidized, and among the by-products of the involved reactions is vanillin [216].

It is worth mentioning that due to the complex molecular structure of lignin and

the drastic oxidative conditions, clearly identifying the reaction mechanism is a

complicated endeavor. Nonetheless, some assumptions were reported to describe to

the vanillin production via lignin oxidation including the following five stage routes

[217]:

1. The formation of phenoxyl radicals through the detachment of one electron from

phenoxyl anion

2. The formation of quinone methide via disproportionation of phenoxyl radical

3. The formation of coniferyl alcohol by nucleophilic addition of hydroxide ion

4. The probable formation of γ-carbonyl by oxidation of coniferyl alcohol

5. And, the formation of vanillin by the retro-aldol cleavage of the α- and

β-unsaturated aldehydes

5.6.2.3 Microbial Production of Vanillin

The increasing demand from consumers to natural or organic products had a great

impact on the industry of food and beverage-flavor additives, especially for the case

of vanillin. Also, strict labeling legislations and clearing differentiation between

synthetic/artificial products and organic/natural ones encouraged researchers and

industrialists to develop new ways to produce natural vanillin (other than from

vanilla pods) [218], using renewable feedstocks and sustainable production pro-

cesses. Marketing wise, and in order to have an idea about the economic repercus-

sion for the label “natural,” the current natural vanillin available on the market

(extracted from vanilla pods) has price range between 1200 and 4000 US dollars per

kg, while the price of the synthetic product is less than 15 dollars per kg [219].

In this context, the production of vanillin from natural raw materials via bio-

technological pathways seems to be the most viable option to win the “natural”

label by US (FDA) and European legislations [220, 221]. The biotechnological

techniques used for “biovanillin” production include:
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1. In vitro cell or tissue culture process involving vanillin or its precursor-

producing plant systems

2. Biotransformation of different plant-derived materials to generate vanillin by

utilizing the enzymatic arsenal of plant cell cultures or microbial cultivation

systems

3. Metabolic engineering in microorganisms, as well as plants, through introducing

phenylpropanoid pathway genes to generate vanillin [222]

At this point, it has to be noticed that a biotechnological solution to produce

vanillin via heterologous (i.e., derived from a different organism or specie) expres-

sion of the native vanilla orchid genes in microbes is still a challenge for the

scientific community since the pathway is still unknown [223].

Several biomass-derived substrates were successfully used to produce vanillin

through microbial bioconversion, including chemical compounds structurally sim-

ilar to vanillin such as eugenol and ferulic acid (cf. Fig. 5.5), as well as from glucose

[225] and curcumin [226].

Nevertheless, numerous research teams believe that ferulic acid, a secondary

metabolite highly present in the cell walls of plants such as wheat, maize, and rice

[227], is the most suitable natural substrate for bioconversion into vanillin. Indeed,

a wide spectrum for microorganisms were reported in the literature for the produc-

tion of vanillin from ferulic acid, and Table 5.7 presents a selection of those

microorganisms along with their bioconversion efficiencies.

Fig. 5.5 The pathway from eugenol to ferulic acid (a) and from ferulic acid to vanillin (b) in

Pseudomonas strains [224]
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5.7 Biopesticides

5.7.1 Chemical Pesticide vs. Biopesticides

Since the beginning, humanity’s endeavor to domesticate wild plants for their

consumption was challenged by the damaging activities of various pests including

insects, fungi, weeds, nematodes, bacteria, and viruses, leading to drastic decreases

in the quantity and quality of produced goods.

Nowadays, the situation did not change. Indeed, pests are still causing severe

damage to cultivated crops around the world. It was estimated that in average

35–40% of all potential food and fiber crops are lost due to pests [229]. The

substantial increase in global trade has resulted in numerous cases of accidental

introduction of non-native pests to new countries [230], which is a more serious

threat than in native ecosystems, as natural predators are not necessarily present in

the new areas. In other cases, plants and insects that are intentionally introduced in

new locations become pests themselves.

Controlling these aggressive species, native or introduced, presents a serious

challenge to the agricultural sector around the world, especially that fulfilling the

food demand of a growing world population (more than 10 billion by 2100 [231])

will one the primary missions of bioeconomy.

During the last decades, and with the advancements in the agrochemical sector,

the pest crisis was resolved to a great extent using chemical pesticides produced by

big industries such as Bayer and BASF from Germany, Syngenta from Switzerland,

and many US companies like Dow AgroSciences, Monsanto, and DuPont. But the

Table 5.7 Bioconversion of ferulic acid to vanillin using various microorganisms [228]

Microorganism Bioconversion efficiency (%)

(B) Bacillus subtilis B7-S 63.30

(B) Bacillus subtilis B7 42.45

(B) Enterobacter cloacae Y219 29.25

(B) Bacillus coagulans 24.74

(B) Streptomyces thermophila 16.72

(B) Escherichia coli BL21 16.17

(B) Bacillus stearothermophilus 12.61

(B) Pseudomonas putida 12.44

(B) Corynebacterium glutamicum 10.27

(F) Artomyces pyxidatus KX320SH 9.06

(F) Kluyveromyces marxianus D10 7.64

(Y) Rhodotorula rubra 7.57

(F) Cantharellus sp. KX560JY 7.45

(F) Candida kefyr 3.99

(F) Kluyveromyces lactis B9 3.86

(B) bacteria, (F) fungi, and (Y) yeasts
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subsequent impact on the environment and on humans, whether throughout the food

chain or via direct exposure, was alarming and eventually led to the ban of many

pesticides. But due the persistent nature of many of them, scientists are still

monitoring the precarious impact of chemical pesticides on soils, water resources,

and wildlife [232, 233].

Dichlorodiphenyltrichloroethane (DDT), for example, is a good showcase.

Developed for large-scale applications as synthetic insecticide in the 1940s, it had

a great impact in the worldwide campaign to combat malaria, typhus, and the other

insect-borne human diseases among both military and civilian populations

[234]. But the spectacular success of DDT as a pesticide and its extensive use

around the world came with a high price. Indeed serious cases of pollution were

reported, in addition to the appearance of many DDT-resistant insect species [235].

Overall, the heavy reliance on chemical pesticides during the last decades,

mainly in intensive agricultural practices, had a heavy impact on the environment.

The highly debated episode on honeybees is the most mediated one. From an

agronomic perspective, contaminated soils and groundwater resulted in the loss

of many productive lands. Also, residual fraction of pesticides in food products

raised many safety concerns among consumers, which led governments to impose

trade restrictions on crops imported from countries that are still using banned

pesticides or exporting products with high pesticide residues [236].

As a direct consequence, the development of alternative eco-friendly pesticides

became a necessity, hence the production and marketing of bio-based pesticides

from various natural resources. Biopesticides are naturally occurring biological

compounds able to control pests via nontoxic mode of actions. The US Environ-

mental Protection Agency (EPA) categorizes biopesticides into three major groups:

microbial, biochemical, and plant-incorporated protectants [237].

Biopesticides could also be grouped into three other groups based on their active

substance, namely, microorganisms, biochemicals, and semiochemicals (such as

insect pheromones) [238].

In this chapter, the term biopesticide is applied for any living or dead organisms

with a pesticidal action, whether as predators or better competitors over available

resources or via synthesized substances, from natural or genetically engineered

plants or microbes.

Table 5.8 illustrates the advantages in using biopesticides and the disadvantages

of chemical pesticides. Some limitations related to bio-based pesticides are also

reported in order to have a fair assessment of their efficiency and to highlight the

aspects that need to be optimized via worldwide R&D effort.

5.7.2 Pesticides from Plants and Microbes

Microbial biopesticides are pesticides derived from bacteria, fungi, oomycetes,

viruses, and protozoa used for the biological control of pests, including insects,

weeds, and plant pathogens [241]. In the agricultural sector, bacterial biopesticides
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are the mostly used microbial pesticides as it covers around 74% of the worldwide

demand. Second comes fungal biopesticides with 10% market share, followed by

viral biopesticides (5%) and other biopesticides [242].

The most widely applied microbial (bacterial) biopesticide is the entomo-

pathogenic (harmful to insects) bacterium Bacillus thuringiensis. It was reported
that the worldwide use of this entomopathogen is estimated at 13,000 tons

[243]. The mode of action of this bacterial pesticide is characterized by the

production, during the bacterial sporulation, of crystalline protein inclusions toxic

to various insect species. These proteins (aka. protoxins) are transformed into toxic

peptides in the midgut after ingestion of B. thuringiensis, leading to the death

killing the susceptible insect via lysis of gut cells [244].

Table 5.9 presents a wide selection of biopesticides derived from various plants

and microorganism (bacteria, fungi, viruses, and nematodes), along with their

modes of action and commercially available products.

Table 5.8 Biopesticides vs. chemical pesticides: advantages and limitations [239, 240]

Biopesticides Chemical pesticides

Advantages Disadvantages Advantages Disadvantages

– Nontoxic and non-

pathogenic to nontarget

organisms

– Their pest specific-

ity could limit their

marketing potentiali-

ties and therefore

increase their prices

– Cost-effective

and less labor input

is required

– Reduction in benefi-

cial insects due to the

toxicity of these pesti-

cides to nontarget

pests, resulting in

changes in

biodiversity

– Specific to a single

group or species of

pests, therefore not

affecting directly bene-

ficial animals such as

predators and

parasitoids

– Decompose quickly,

hence the need for

special formulations

and storage

procedures

– Highly effective

in controlling tar-

get pest

populations

– Drift of sprays of

chemical pesticides

can cause severe

problems in nearby

crops, waterways, and

many organisms in the

contaminated

ecosystem

– Could be used in

habitats where chemi-

cal pesticides are

prohibited including

urban areas and near

homes, schools, and

lakes

– Easily available

in large quantities,

at high quality, and

at reasonable price

– Chemical pesticides

do leave residues in

food, either by direct

application or by

bio-magnification

– Residues of microbial

pesticides are

nonhazardous

– Longer residual

activity, providing

greater pest control

under field

conditions

– Overuse of chemical

pesticides induces

resistance in target

pests

– Less likely to have

resistance issues
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Table 5.9 Selection of plant-derived and microbial pesticides [245, 246]

Plant/microorganism Targeted pest

Pesticidal

activity

Commercial

product

(manufacturer)

Plants (phytochemical active principles):

Neem – Azadirachta
indica (Azadirachtin)

Broad range of insects Insect growth

regulator

Azatrol EC

(Gordon’s
Professional)

Citrus peels

(d-Limonene)

Fleas, aphids, fire ants and

mosquitoes

Mosquito larvi-

cide and insect

repellent

Orange Guard

103 (Orange

Guard)

Sabadilla Seed

(vetarine)

Thrips and other insects Neurotoxic

causing paralysis

and death

Veratran D

(MGK)

Capsicum (capsaicin) Insects Repellent Insect repellent

(Hot Pepper

Wax)

Bacteria:

Agrobacterium
radiobacter

Agrobacterium tumefaciens
(Crown galls)

Antagonista Galltrol-A

(AgBioChem)

Dygall

(AgBioResearch)

Bacillus popilliae Larvae of various beetles Stomach poison Doom (Fairfax

Biological)

Bacillus sphaericus Mosquitoes Larvicide VectoLex

(Valent

Biosciences)

Bacillus subtilis Rhizoctonia, Fusarium,
Alternaria, and Pythium-
causing root rot

Fungicide Serenade (Agra

Quest)

Epic (Gustafson)

Bacillus thuringiensis
var. galleriae

Cotton bollworm

(Helicoverpa armigera) and
tobacco hornworm (Manduca
sexta)

Stomach poison Spicturin (ISCB)

B. thuringiensis var.
tenebrionis

Coleopteran beetles Stomach poison DiTera (Valent

Biosciences)

Trident

(Mycogen)

B. thuringiensis var.
kurstaki

Lepidopteran larvae and some

leaf beetles

Stomach poison Condor (Certis)

Cordalene

(Agrichem)

Batik (Mycogen)

Pseudomonas syringae Molds and rots attacking

fruits during storage

Antagonist Bio-Save (Jet

Harvest

Solutions)

Fungi:

Alternaria destruens Parasitic plants of the genus

Cuscuta
Herbicide Smolder G (Syl-

van Bioproducts)

(continued)
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Table 5.9 (continued)

Plant/microorganism Targeted pest

Pesticidal

activity

Commercial

product

(manufacturer)

Gliocladium virens Soil pathogens causing

damping off and root rot

Antagonist Soil Guardl2G

(Certis)

Metarhizium
anisopliae

locusts and grasshoppers Fungal infection Bio-Blast

(EcoScience)

Pacer MA (Agri

Life)

Myrothecium
verrucaria

Various nematodes Nematicidal DiTera (Valent

Biosciences)

Streptomyces
griseoviridis

Wilt, seed rot, and stem rot Antagonist Mycostop

(Verdera Oy)

Trichoderma
harzianum

Wound pathogens Antagonist Root Shield

(BioWorks)

Trichoderma viride Rot diseases Mycoparasitic Ecosom TV

(Agri Life)

Viruses:

Granulosis virus Leaf roller and codling moth Insecticide Capex (Ander-

matt)

Cyd-X (Certis)

Nucleopolyhedrovirus

(NPV) isolated from

Anagrapha falcifera

Lepidopterans Insecticide AfMNVP

(Certis)

NPV from Anticarsia
gemmatalis

Velvetbean caterpillar and

sugarcane borer

Insecticide Multigen

(Embrapa)

Polygen

(Agrogen)

NPV from Heliothis
zea and H. virescens

Bollworms Insecticide Biotrol (Certis)

Elcar (Novartis)

NPV from Syngrapha
falcif

Helicoverpa and Cydia spp. Larvicide NPVSf (Certis)

Nematodes:

Heterorhabditis
bacteriophora

Lepidopteran larvae and

Japanese beetles

Entomopathogen Heteromask

(BioLogic)

Terranem

(Koppert)

Heterorhabditis
megidis

Black vine weevils and soil

insects

Entomopathogen Larvanem

(Koppert)

Phasmarhabditis
hermaphrodita

Slugs Slug-eating

nematode

Nemaslug

(Becker

Underwood)

Steinernema
carpocapsae

Weevils, cutworms, and

termites

Entomopathogen Bio-Safe-N

(Certis)

Hortscan

(BioLogic)
aAntagonist: outcompeting species for available space and/or nutrients
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After detailing the production of biofuels and biochemicals in the previous two

chapters, the next chapter will deal with another important industrial activity within

bioeconomy, which is the production of a wide range of biomaterials from renew-

able biomass and derived wastes in a sustainable yet profitable manner.

References

1. Ghaffar SH, Fan M, McVicar B. Bioengineering for utilisation and bioconversion of

straw biomass into bio-products. Ind Crop Prod. 2015;77:262–74.

2. Sukan A, Roy I, Keshavarz T. Dual production of biopolymers from bacteria. Carbohydr

Polym. 2015;126:47–51.
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152. Silva LN, Gonçalves VLC, Mota CJA. Catalytic acetylation of glycerol with acetic anhy-

dride. Catal Commun. 2010;11:1036–9.

153. Rahmat N, Abdullah AZ, Mohamed AR. Recent progress on innovative and potential techno-

logies for glycerol transformation into fuel additives: a critical review. Renew Sust Energ

Rev. 2010;14:987–1000.

154. Mufrodi Z, Rochmadi R, Sutijan S, Budiman A. Synthesis acetylation of glycerol using batch

reactor and continuous reactive distillation column. Engl J. 2014;18:29–40.

155. Liao X, Zhu Y, Wang SG, Li Y. Producing triacetylglycerol with glycerol by two steps:

esterification and acetylation. Fuel Process Technol. 2009;90:988–93.

References 179



156. Rao PV, Rao BVA. Effect of adding Triacetin additive with Coconut oil methyl ester

(COME) in performance and emission characteristics of DI diesel engine. Int J Thermal

Technol. 2011;1:100–6.

157. Raveendra G, Srinivas M, Prasad PSS, Lingaiah N. Heteropoly tungstate supported on

tantalum oxide: a highly active acid catalyst for the selective conversion of fructose to

5-hydroxy methyl furfural. Int J Adv Eng Sci Appl Math. 2013;5:232–8.

158. Casanova O, Iborra S, Corma A. Biomass into chemicals: one pot-base free oxidative esterifi-

cation of 5-hydroxymethyl-2-furfural into 2,5-dimethylfuroate with gold on nanoparticulated

ceria. J Catal. 2009;265:109–16.

159. Román-Leshkov Y, Barrett CJ, Liu ZY, Dumesic JA. Production of dimethylfuran for

liquid fuels from biomass-derived carbohydrates. Nature. 2007;447:982–5.

160. Mascal M, Nikitin EB. Direct, high-yield conversion of cellulose into biofuel. Angew Chem

Int Ed Eng. 2008;47:7924–6.

161. Liu B, Zhang Z. One-pot conversion of carbohydrates into 5-ethoxymethylfurfural and

ethyl D-glucopyranoside in ethanol catalyzed by a silica supported sulfonic acid catalyst.

RSC Adv. 2013;3:12313–9.

162. James OO, Maity S, Usman LA, et al. Towards the conversion of carbohydrate biomass

feedstocks to biofuels via hydroxylmethylfurfural. Energy Environ Sci. 2010;3:1833–50.

163. Zakrzewska ME, Bogel-Lukasik E, Bogel-Lukasik R. Ionic liquid-mediated formation of

5-hydroxymethylfurfural – a promising biomass-derived building block. Chem Rev. 2011;

111:397–417.

164. Rosatella AA, Simeonov SP, Frade RFM, Afonso CAM. 5-Hydroxymethylfurfural (HMF) as

a building block platform: biological properties, synthesis and synthetic applications.

Green Chem. 2011;13:754–93.

165. Deng T, Cui X, Qi Y, Wang Y, Hou X, Zhu Y. Conversion of carbohydrates into

5-hydroxymethylfurfural catalyzed by ZnCl2 in water. Chem Commun. 2012;48:5494–6.

166. Yong G, Zhang Y, Ying JY. Efficient catalytic system for the selective production of

5-hhydroxymethylfurfural from glucose and fructose. Angew Chem Int Ed. 2008;47:9345–8.

167. Hayes DJ. An examination of biorefining processes, catalysts and challenges. Catal Today.

2009;145:138–51.

168. Joshi H, Moser BR, Toler J, Smith WF, Walker T. Ethyl levulinate: a potential bio-based

diluent for biodiesel which improves cold flow properties. Biomass Bioenergy. 2011;35:

3262–6.

169. Mao RLV, Zhao Q, Dima G, Petraccone D. New process for the acid-catalyzed conversion of

cellulosic biomass (AC3B) into alkyl levulinates and other esters using a unique one-pot

system of reaction and product extraction. Catal Lett. 2011;141:271–6.

170. Ventura AK, Mennella JA. Innate and learned preferences for sweet taste during childhood.

Curr Opin Clin Nutr Metab Care. 2011;14:379–84.

171. Pepino MY, Mennella JA. Sucrose-induced analgesia is related to sweet preferences in

children but not adults. Pain. 2005;119:210–8.

172. Lynch H, Milgrom P. Xylitol and dental caries: an overview for clinicians. J Calif Dent

Assoc. 2003;31:205–9.

173. Ronda F, Gómez M, Blanco CA, Caballero PA. Effects of polyols and nondigestible

oligosaccharides on the quality of sugar-free sponge cakes. Food Chem. 2005;9:549–55.

174. Ansari ARM, Mulla SJ, Pramod GJ. Review on artificial sweeteners used in formulation of

sugar free syrups. Int J Adv Pharm. 2015;4:5–9.

175. Amo K, Arai H, Uebanso T, et al. Effects of xylitol on metabolic parameters and visceral fat

accumulation. J Clin Biochem Nutr. 2011;49:1–7.

176. Tylli M, Eroma OP, Nygren J, Golde M, Heikkila H. Method for producing xylitol.

CA 2259003A1 (1997).
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Chapter 6

Biomaterials

Abstract The production of various biomaterials from bioresources and biowastes

is a major industrial activity in bioeconomy. Providing markets with bio-based

materials as replacements to the fossil-based ones is facing two main challenges.

The first one is related to the wide range of materials to be replaced by bioproducts

at a competitive basis (i.e., producing equal quantities of better quality products).

The second challenge, which needs to be seriously taken into consideration in

bioeconomy, is managing the expected competition over the available biomass

between the industries involved in the production of materials and those in the

biofuel and biochemical sectors.

In the present chapter, numerous materials derived from renewable biomass are

presented, along with the involved mechanical, thermochemical, and biological

production procedures. This includes pulp and paper, bioplastics from various

biopolymers and microorganisms, as well as biochars and activated carbons with

versatile applications such as energy storage, water and wastewater treatment, soil

amendment and remediation, and CO2 sequestration.

6.1 Introduction

More attention is being paid by researchers and industrials worldwide to replace

fossil-based materials by greener alternatives from renewable natural resources. In

this context, the sustainable conversion of bioresources and agro-industrial wastes

into value-added materials is facing two serious challenges:

(i) The wide range and extensive amount of petroleum-derived materials to be

replaced by biomass-derived ones at competitive costs

(ii) The increasing competition over biomass between the various bio-based indus-

tries mainly for bioenergy, biochemicals, and biomaterials production

In order to ensure sustainable industrial production schemes, scientists, indus-

trials, and decision makers should be aware, well in advance, of the upcoming

dilemmas in order to anticipate their occurrence and develop suitable plans to

properly tackle those issues.

Although the first challenge currently constitutes the main task for bioeconomy

within short- and medium-term planning, ensuring the sustainability of this
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M. Sillanpää, C. Ncibi, A Sustainable Bioeconomy,
DOI 10.1007/978-3-319-55637-6_6

185



all-inclusive economic model relies on long-term planning. That’s why anticipating
serious conflicts is a key endeavor to lay a solid ground for bioeconomy. In the

beginning, the food and non-food dilemma seemed to be the main issue regarding

potential feedstocks. With numerous breakthroughs in the R&D field, related

mainly to the fractionation and conversion of lignocellulosic biomass, the use of

non-food feedstocks (natural resources or wastes) is gradually becoming the cost-

effective choice for material, fuel, and chemical production.

Therefore, with the increasing recourse to non-food biomass for industrial

applications, the competition over resources which caused many conflicts during

the petroleum era might reemerge, but this time to control the supply chain of

non-food feedstock. We are still far away from this scenario, but anticipating it

could help avoiding serious problems for generations ahead, which is the core of

sustainable development.

In the present chapter, the production of various biomaterials from natural

resources and wastes will be presented including pulp and paper, various bio-

plastics, as well as biochars and activated carbons for energy storage, water treat-

ment, soil remediation, and CO2 sequestration.

6.2 Pulp and Paper

The pulp and paper industry is mainly based on wood feedstock, and the still

increasing growth of this important papermaking sector (including printing paper,

paper and cardboard, and household/sanitary items [1]) would create a challenge for

the countries with forested areas to ensure a long-term sustainable exploitation

model of their resources. For the less-forested countries, the problem of the cost-

effectiveness of any wood-based conversion process would be added. Therefore,

the resource to non-wood bioresources as alternative feedstock to wood biomass

gained momentum during the last decades. So far, although the commercial

non-wood pulp production has been estimated to be around 6.5% of the global

pulp production, it is expected to increase [2]. Nonetheless, in China and India, it

was reported that more than 70% of feedstock for the pulp and paper industry is

made of non-woody biomass, mainly agricultural by-products such as cereal straw,

sugarcane bagasse, bamboo, and reeds [3].

In the present chapter, the discussion will be focused on the production of pulp

and paper from renewable non-wood bioresources, by-products, and wastes. The

recourse to wood species from fast-growing and hybrid trees remains a viable

option to provide renewable feedstock for the pulp and paper industry [4, 5],

provide a sustainable exploitation process from cultivation until pulping, based

mainly on avoiding competition with food crops over land and water (through the

exploitation of marginal lands sand the use of unconventional water resource), and

generate minimum (at least mitigable) impact on the environment.
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6.2.1 Conventional Pulping Technologies

Pulp is the product of wood or alternative lignocellulosic fibrous mechanically

and/or chemically treated in order to detach the fibrous content (defibration), to be

later bleached, dispersed in water, and reformed into a web [6]. Several pulping

technologies ranging for well-established and newly developed ones were proposed

to defibrate lignocellulosic biomass into pulp. In general, pulp could be produced by

either mechanical or chemical pulping processes or a combination of both.

6.2.1.1 Mechanical Pulping Processes

Mechanical pulping is based on four main methods: (i) stone groundwood pulping

(SGW) [7], (ii) refiner mechanical pulping (RMP) [8], (iii) thermomechanical

pulping (TMP) [9], and (iv) chemi-thermomechanical pulping (CTMP) [10].

(i) SGW: The principle of this inexpensive technique is to press raw wood logs

against a revolving wet grindstone made of silicon carbide or aluminum oxide

grits. Papers produced from this pulp have high absorbing properties and good

opacity making them suitable for newsprint and magazine paper. Although

this mechanical method gives high yields, the resulting pulp is made of very

short fibers leading the end products with poor strength properties [11]. To

tackle this problem, the combination with long fibers mainly from the chem-

ical processes is needed, hence the recourse to integrated pulping

technologies.

(ii) RMP: In this technique the woody feedstocks including wood logs, chips,

sawmill residues, and sawdust are ground between two rotating disks (or one

rotating and one stationary). The produced pulp is made of fibers longer than

the one for SGW which results in stronger and lighter weight papers.

(iii) TMP: During this process, woody feedstock is first chipped and steamed.

Then, the soften biomass is fed into large refiners to be milled between two

steel disks (same as in RMP) into a high-grade mechanical pulp. The TMP is

the most common mechanical process to produce pulp from wood, despite its

high energy requirements.

(iv) CTMP: This technique is based on a mild chemical pretreatment of the

feedstock with sodium sulfite (2–5%) prior to refining (conventional TMP).

The chemical pretreatment allows a less destructive extraction of fibers and

the generation of high yields of long fibers, which increase the strength

properties of pulp normally produced via TMP as well as improving its

brightness. Nonetheless, like TMP, CTMP is a high energy-consuming

process [12].

Overall, mechanical pulping has the advantage of converting up to 95% of the

dry weight of the wood feedstock into pulp suitable to manufacture highly opaque

papers with good absorbing and printing properties but with the drawback of being
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relatively weak and easy to discolor. The main drawback of this mechanical

processing remains the needs for large energy supply.

6.2.1.2 Chemical Pulping Processes

The chemical treatment aims at dissolving the lignin content in order to facilitate

the separation of the fiber content (mostly cellulose and some hemicellulose), with

little to no mechanical action. The yields of chemical pulping range between 40 and

50% of the dry woody biomass.

In practice, and before the chemical treatment, the bark is removed and the logs

are milled. Then, the wood chips are chemically cooked in the digester under

controlled temperature and pressure conditions. Three main processes used in

chemical pulping are (i) soda, (ii) sulfate (kraft), and (iii) sulfite processes.

(i) Soda process: This is the first chemical pulping process. It is based on the use

of caustic soda as the cooking agent. The first commercial soda mills used

poplar as raw material for soda pulping. Considering the large amounts of soda

used in this process, recovering this chemical from the waste cooking liquor

becomes necessary. Soda recovery was carried out via evaporating of the spent

liquor and causticizing the formed sodium carbonate [13]. The causticizing

step consists on converting chemically inactive sodium carbonate (Na2CO3) to

the active sodium hydroxide (NaOH).

The addition of anthraquinone (AQ) to soda pulping is a known procedure

aiming at promoting the selective delignification, preserving the carbohydrate

content and increasing the pulp yield. Nevertheless, the addition of this

chemical produced pulp with lower bleachability and lower tear strength,

compared to the soda pulping process [14].

(ii) Sulfate (kraft) process: Kraft process is based on the chemical treatment of

wood materials (chips and sawdust) with sodium sulfide (Na2S) and sodium

hydroxide. The wood biomass is cooked in this highly alkaline solution in

batch or continuous digesters for 1–3 h. With the kraft process, most of the

lignin is dissolved along with a fraction of the hemicellulose, thus generating

well-separated cellulose fibers. Indeed, it was reported that around 90% of the

lignin content could be removed under such strong alkaline conditions

[15]. Among the many advantageous features of kraft process is that it could

accommodate various woody feedstocks (softwood and hardwood), as well as

non-wood bioresources such as Hibiscus species [16], wheat straw [17], and

bamboo [18]. Besides, the kraft pulp is of superior quality and the overall

process is efficient in recovering cooking chemicals.

Recently, with the advances in isolating kraft lignin from black liquor [19],

new value-added materials and chemicals could be produced from the recov-

ered lignin [20].

(iii) Sulfite process: To remove lignin, this process uses various chemicals includ-

ing sulfur dioxide and calcium, sodium, magnesium, or ammonium bisulfite.
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The woody biomass is mixed with the chemical solution and cooked in

digesters at high temperature and pressure [21]. The main sulfite pulping

processes were acid sulfite, bisulfite, neutral sulfite, and alkaline sulfite [22],

giving various levels of acidity and alkalinity of the sulfite chemical solutions

and leading to different degrees of delignification.

Among the advantages of sulfite pulping is that the process enables an efficient

cellulose separation by removing lignin and hemicelluloses in the same step

[23]. Regarding the quality of the produced pulp, the unbleached sulfite pulp is of

a light color and could be used without bleaching (if high brightness is not required)

and could be easily bleached to very bright pulps suitable for writing and printing

paper. The unbleached pulp could also be blended with high-yielding mechanical

pulping process to increase the mechanical strength for their pulps [24]. Besides,

sulfite pulp is used for the production of dissolving grade pulps (also called

dissolving cellulose) [25], provided further removal of hemicellulose [26]. Several

studies reported the use of dissolving pulps as the raw material for the production of

many textile fibers including viscose, rayon, and lyocell [26, 27], as well as other

cellulose derivatives such as cellulose acetate, cellophane, and cellulose triacetate,

a plastic-like material that could be manufactured into fibers or films [28].

Regarding the sulfite pulping, it has to be noted that it is only suitable for woody

biomass with low extractive contents such as tannins, polyphenols, pigments, etc.

because they tend to interfere with the sulfite pulping process [29].

Typically, chemical pulping requires large quantities of wood material due to the

dissolution of the organic matter into the delignification media, which decreases the

pulp yield to about half of the intimal amount of feedstock. Indeed, it was reported

that, for the kraft process, for instance, pulp recovery from softwoods is between

44 and 47% for the bleached and unbleached kraft pulp, respectively. As far as

hardwood is concerned, pulp recovery varies between 50 (bleached) and 52%

(unbleached) [24], noting that most of the dissolved organic matter could be

combusted to produce energy.

6.2.1.3 Organosolv Pulping Processes

Kraft pulping is the major process used for the production of pulp and paper based

on its feedstock versatility and superior pulp quality.

Nonetheless, this process displays some drawbacks related to the pulp that needs

an effective bleaching step [30], along with the emissions during the process of

harmful residues and malodorous substances including sodium and calcium salts in

addition to the emission of reduced sulfur compounds such as hydrogen sulfide,

methyl mercaptan, dimethyl sulfide, and dimethyl disulfide, all with extremely low

odor thresholds [31].

In order to mitigate those environmental problems, while producing a better

quality pulp, researchers worked on developing alternative pulping processes, and

the one that received much attention and then was widely adopted by industrials is
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the organosolv process, based on the use of organic solvents during the cooking

stage [32]. Organosolv processes have been applied since the 1990s to hard- and

softwood, as well as non-wood biomass [33], using various organic solvents

including methanol. Two main processes use methanol in the pulping procedure:

Organocell and ASAM (alkaline sulfite anthraquinone and methanol).

(i) The Organocell process: This pulping process is based on the utilization of

methanol as organic solvent in addition to sodium hydroxide and AQ as

catalyst. In practice, The Organocell process starts by impregnating the

woody biomass with mixture of methanol (or ethanol) and water at a temper-

ature ranging between 110 and 140 �C. The softened material is transferred to a

digester where sodium hydroxide (18–22%) and catalytic amounts of AQ are

added. The mixture is then cooked at 160–170 �C until reaching the desired

degree of delignification [34].

(ii) The ASAM: The chemicals used in this process include methanol, sodium

hydroxide (NaOH), sodium carbonate (Na2CO3), sodium sulfite (Na2SO3), as

well as AQ. In the mixture AQ acts as a catalyst. Anthraquinone serves as a

catalyst, and methanol assists in dissolving the lignin fraction as well as

preventing it from condensation. Methanol helps also to improve the solubility

of AQ [35]. The strength properties of the pulp produced by ASAMwere found

to be similar to kraft pulp derived from the same raw material. However, higher

yield and lower residual lignin content were reported for ASAM, which unlike

the kraft process do not generate reduced sulfur compounds. A previous study,

using eucalyptus as feedstock, reported that the main advantage of ASAM

process (comparted to kraft) is a better bleachability of the pulp, which enables

the application of chlorine-free bleaching sequence, without excessively dam-

aging pulp strength [36].

Other organic solvents were used in organosolv pulping such as acetic acid in the

acetosolv process [37, 38] and peroxyformic acid in the Milox process [39, 40].

6.2.2 Emerging Pulping Technologies

Several new technologies are being developed (some in demonstration stage) to

ensure lower energy and chemical consumption, in the one hand, and better quality

paper products and minimal carbon footprint, on the other hand [41, 42]. The

following Table 6.1 summarizes the main advantageous features of selected emerg-

ing pulping technologies with respect to production yields, energy requirements,

and environmental impact.
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6.2.3 Pulp and Paper from Non-wood Bioresources

Among the various potential non-wood feedstocks for the pulp and paper industry,

bagasse and straw are considered the most promising residual biomass and were

widely investigated by researchers worldwide [48]. Recently, the use of marine

Table 6.1 Overview of newly developed pulping processes

Emerging technology Advantages Commercial status

Directed green liquor

utilization pulping

[43]

Energy requirement is cut down by 25%

Alkali consumption is reduced by 50%

Lime kiln load is reduced by 30%, thus

reducing the related fuel consumption

H-factora is reduced by 30%, at similar

kappa number

Pulp yield is increased by 1–3%

Pulp strength is increased (10% gain in tear

strength), along with bleachability

Demonstration phase

Membrane concentra-

tion of black liquor

[44]

Energy cost is reduced for black liquor

evaporation

Less inorganic content in evaporators

resulting in less fouling

Active alkali concentrated in permeates for

improved makeup liquor

Eliminate evaporator or recovery boiler

bottlenecks

Development phase

Borate auto-

causticizing [45]

Energy efficiency in chemical recovery

process is increased

Lime demand is reduced

CO2 emissions are reduced from fuel burn-

ing and from calcining process in lime kiln

Causticizing capacity and pulp production

yield are increased without major invest-

ments

Costs related to lime kiln operation and

maintenance are reduced

Development phase

(full auto-causticizing)

Semicommercial phase

(partial auto-

causticizing)

Steam cycle washing

[46]

Fuel/steam consumption is reduced by 40%

Evaporative load is decreased by 50%

Plant effluent and freshwater usage are

reduced by 45%

Fiber yield is increased by 1–2%

Consumption of bleaching chemicals is

reduced

Operational costs could be reduced by

$40–60 per air-dry ton of pulp

Demonstration phase

Recycled paper frac-

tionation [47]

Energy consumption is lowered

Efficiency of ink detachment is enhanced

Pulp quality is improved

Consumption of virgin fiber is reduced

Production of de-inked pulp is promoted

Demonstration phase

aH-factor is a kinetic model for the rate of delignification in kraft pulping
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biomass for pulp and paper production has received a great deal of attention [49],

considering their availability and high biomass productivity [50].

6.2.3.1 Papermaking from Terrestrial Bioresources

Several terrestrial non-wood biomasses were successfully tested for pulp and paper

production. In Europe, the main sources of fibers from non-wood resources for

papermaking and other industrial applications are flax (Linum usitatissimum) and
hemp (Cannabis sativa) crops [51]. This is mainly due to the creation, in the early

1970s, of a common market organization for flax in the European Union. According

to European experts in the field, this decision has widely contributed to maintaining

the global competitiveness of flax and hemp fibers with other competing fibers

(mainly cotton and synthetic fibers) [52].

In this context, a research group from Spain worked on identifying and quanti-

fying the environmental impacts associated with the production of hemp and flax

fibers for papermaking using the life cycle assessment methodology [53]. The

environmental impacts associated to the tested crops were assessed via evaluating

the potentials of global warming potential, acidification, eutrophication, and photo-

chemical oxidant formation. In addition, two flow indicators were considered:

energy and pesticide use. The assessment showed that the production of hemp

fiber reported higher values for all tested environmental impact categories. On the

contrary, flow indicators were more intensive in the flax scenario due to the

irrigation and pesticide consumption (since hemp crop does not require pesticide

application).

Other interesting studies reported the use of many other bioresources as feed-

stock for pulp and paper production. For instance, in Bangladesh, different sections

of the jute plant (Corchorus capsularis) were investigated as feedstock for pulp

production (bark, core, and whole plant) [54]. The results showed that, under

identical cooking conditions, the bark gave higher pulp yield (50–52%) than core

(41%), due to the higher α-cellulose content. The pulp yield for the whole jute plant
was 44–46%. As well, the bark pulp reached 80% ISO brightness using less

chemicals, compared to core pulp. For the latter, however, the tensile index was

better mainly due to its shorter fiber content.

In Spain, the influences of the some key pulping conditions on the quality of

Miscanthus giganteus-derived pulp were evaluated [55]. The pulping factors were

NaOH percentage, digestion, and refining times. The assessment was based on a

comparison with a pulp obtained from commercial fluting paper. The main findings

showed that the fiber size distribution of the Miscanthus pulp was found to contain a

higher fines (less than 0.2 mm) percentage than the CF pulp. In addition, the

handsheets made from Miscanthus pulp showed better mechanical properties.

In India, two species of Hibiscus (H. cannabinus and H. sabdariffa) were

subjected to optimized pulping conditions in order to enhance the quality of the

produced pulp and paper [56]. The optimum cooking conditions for both Hibiscus
species were found to be a 16% active alkali, 20% sulfidity, 160 �C temperature,
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120 min cooking time, and a wood/liquor ratio of 1/4.5. The results also showed

that an anthraquinone (AQ) dose of 0.05% at an active alkali dose of 13% produced

kappa number similar to that obtained by using 15% active alkali.

In another study, the fibers of giant Hesperaloe (Hesperaloe funifera) were

tested for pulp and paper production via different cooking methods [57]. It was

shown that Hesperaloe pulp obtained by a cooking process with 10% NaOH and

1% AQ at 155 �C for 30 min exhibited interesting properties of yield (48.3%),

viscosity (737 mL g�1), kappa number (15.2), tensile index (83.6 Nm g�1), stretch

(3.8%), and burst index (7.34 kN g�1).

6.2.3.2 Papermaking from Marine Bioresources

As far as R&D is concerned, the valorization of algae in pulp and paper production

is relatively new. But, with the increasing demand for alternative feedstock, the

subject gained momentum in the last decades with quite interesting findings. The

following recent studies illustrate the worldwide extent of this research effort to

produce pulp from various marine fibrous bioresources.

In South Korea, a papermaking process was developed using bleached pulps

obtained from two red algae species: Gelidium amansii and Gelidium corneum
[58]. The results revealed that the yield of bleached red algae pulp from both red

algae was between 8 and 11%, with brightness over 80%. The produced handsheets

had very high smoothness (Bekk method) and opacity, when compared to the one

produced from commercial wood pulp, which are essential properties for high-

quality printing paper.

In Tunisia, the utilization of the marine biomass Posidonia oceanica fibers for

pulp production was assessed using the soda-AQ cooking procedure [59]. The

operating conditions were 2 h of contact time, 20% NaOH alkali charge, and

0.1% AQ dose. The results showed that the values of cooking yield and kappa

number both decreased (66–60% and 75–63%, respectively) when the cooking

temperature was increased from 150 to170 �C. However, the transition from the

pulping stage of the marine biomass to the actual papermaking was not possible

mainly due to its lower degree of polymerization (around 500), reducing therefore

the overall strength properties of the material.

A Taiwanese team investigated the feasibility of utilizing Rhizoclonium green

algae in pulping and papermaking under several cooking procedures [60]. Cooking

the algae pulp with 5–25% NaOH for 30–120 min at a temperature of 100 �C gave

high algal pulp yields (between 70 and 80%). On the other hand, the best pulp

mechanical strengths (breaking length 5.23 km, tensile strength 79.2 Nm g�1, and

bursting index 2.2 kpa m2 g�1) were obtained after cooking for 1 h with 20%

NaOH. Nonetheless, the produced pulp lacked bursting, tearing, and folding

strengths. Thus, blending the algae pulp with other kinds of pulps seems to be the

best solution to (i) lower the cost and the environmental impact if blended with

wood pulps and (ii) enhance the paper quality if blended with other non-wood

bioresources.
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The same problem (i.e., low mechanical strength) was also encountered for

several other marine biomasses, hence the frequent tendency to blend them (raw

or the derived pulp) with other pulps. In Greece, for instance, a research group

assessed the potential use of various freshwater algae (filamentous and

nonfilamentous green microalgae and diatoms from sewage treatment plants) as

tissue paper pulp supplements [61]. The experiments showed that the addition of

algal biomass to the conventional paper pulp (10% ratio) helped increasing its

mechanical strength significantly. However, the brightness was negatively affected

considering the relative high content in chlorophyll. Besides, an economic esti-

mation in the study revealed that the cost of the algal biomaterials is about 45%

lower than that of raw conventional pulp, corresponding to a reduction in the final

paper price between 0.9 and 4.5% as long as they are supplemented between 2.5 and

10% in the tissue paper manufacture.

6.2.4 Pulp and Paper from Agro-Industrial Wastes

Many agro-industrial wastes were investigated for their aptitude to produce good

quality pulp and paper. Sugarcane bagasse is among the most interesting alter-

natives to woody biomass based on its biochemical composition. Indeed, it consists

of approximately 35–43% cellulose and 20–30% hemicelluloses and 20–27%

lignin [62].

In a related study, depithed Sudanese bagasse was examined for its suitability for

pulp production. Different pulping procedures were carried out with soda-AQ and

alkaline sulfite-AQ (AS-AQ). It was revealed that soda pulping of bagasse at mild

cooking conditions (12.4% active alkali, 60 min heating up time to the maximum

temperature of 160 �C and 60 min cooking time) gave pulp yield of 55.8% and a

relatively high kappa number of 14.3. Under harsher conditions (90 min cooking

time at 165 �C), the yield dropped to 53.2%, but the pulp showed much higher tear

strength. Overall, the AS-AQ was the bagasse-pulping process which gave the best

results with respect to yield (57%), kappa number (6.2), pulp viscosity (1061mL g�1

), and initial ISO brightness (35%) [63].

With quite similar biochemical composition (i.e., 60.7% holocellulose and

21.9% lignin), rice straw was also widely studied for pulp production. In this

context, pulping tests on this agricultural residue were conducted using soda and

soda-AQ at 1 wt%, potassium hydroxide, and sodium sulfate (kraft process) under

two different sets of operating conditions (active alkali proportion, temperature, and

time) [64]. The comparative analysis showed that the paper sheets made from pulp

produced by cooking for 90 min with soda (15 wt%) and AQ (1 wt%) at 180 �C
exhibited the best drainage index (23�SR), breaking length (3494 m), and stretch

and burst index (3.34% and 2.51 kN g�1, respectively).

Another agricultural by-product, wheat straw, was also investigated as feedstock

for papermaking using soda, soda-AQ, AS-AQ methods to extract pulp, and a

totally chlorine-free (TCF) procedure to bleach the produced pulp [65]. The
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analysis of the extracted pulp showed that soda-AQ and AS-AQ pulps had similar

tensile strength, but the tear strength was better for the case of AS-AQ. As well, the

latter pulping methods had much higher yield (52%) and ISO brightness (37%).

Regarding the bleaching stage, it was demonstrated that wheat straw-derived

AS-AQ pulp can be bleached in a TCF sequence and reach an interesting ISO

brightness of 84%.

In Bangladesh, corn stalks and Saccharum spontaneum (kash), two agricultural

wastes, were tested as raw biomaterials for pulp production [66]. Prior to the

pulping phase, the lignified pith fraction was removed from a part of the studied

samples via water pre-extraction at 150 �C for 1 h. The related results revealed that

this pre-hydrolysis step dissolved 12.2% of biomass components (mainly pith and

hemicelluloses) from corn stalks and 11.9% from kash, on a dry weight basis. Then,

the soda-AQ pulping process was applied to both the non-hydrolyzed and

pre-hydrolyzed corn stalks and kash. For the case of corn stalks, the

pre-hydrolysis did not induce significant enhancement on the properties of the

derived pulp. As for the kash biomass, it was shown that the pulp produced from

the pre-hydrolyzed sample had higher tear index (11.6 vs. 8.3 mNm2 g�1) but lower

tensile index (35.4 vs. 45.3 N m g�1) than the non-hydrolyzed pulp.

6.3 Bioplastics

The worldwide pollution with plastic wastes has become a major environmental

issue because the degradation of the widely used petroleum-based plastics takes

several decades and produces many toxins, as well as macro- and micro-plastic

fragments that persist in soil and water [67]. Nevertheless, the low production costs

and high yields of petrochemical-derived plastics worsened the situation and

delayed genuine initiatives to deal with this serious issue for a long time.

Taking into account the importance of plastic materials in our everyday life, the

solution to this problem came with the production of alternative biodegradable

plastics from various bioresources, commonly known as bioplastics

[68, 69]. Bioplastics are made from natural biopolymers synthesized and accumu-

lated by various organisms, generally in response to stress conditions [70, 71].

After decades of R&D, various kinds of biodegradable polymers were proven to

be suitable for the production of biodegradable plastic that could be used for many

applications including polyhydroxyalkanoates (PHAs), polyhydroxybutyrate

(PHB), polylactide (PLA), polybutylene succinate (PBS), polycaprolactone

(PCL), and poly(p-dioxanone) (PPDO). These biopolymers could be produced

from the carbohydrates, lipids, and proteins of a wide range of terrestrial and

marine organisms and microorganisms [72–75].

The following section illustrates the extent of the research effort in this field and

the valuable results provided by researchers and inventors from all over the world.
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6.3.1 Bioplastics from Carbohydrates

6.3.1.1 Starch-Based Bioplastics

Starch-based bioplastic is estimated at 20% of the total world bioplastics production

[76]. Many research groups worked on this biopolymer to produce biodegradable

plastics with interesting structural and thermal properties.

In Malaysia, a thermoplastic starch derived from sugar palm tree (Arenga
pinnata) was developed in the presence of biodegradable glycerol as a plasticizer

(15–40 wt%) [77]. The results revealed that the mechanical properties of plasticized

starch increased with the increasing of glycerol until the optimum amount of 30 wt

%. Meanwhile, its water absorption decreased as the glycerol was increased. It was

also found that the addition of glycerol decreased the transition temperature of

plasticized starch.

In Japan, a research team succeeded in the production of polyhydroxybutyrate

(PHB) from soluble starch using the α-amylase cell-surface displaying Coryne-
bacterium glutamicum [78]. The results from this single-step production process

showed that the cells grown on starch accumulated higher PHB (6.4 wt%) than

those grown on glucose (4.9 wt%). This indicated that the fermentable sugars

resulting from starch hydrolysis by α-amylase induced PHB production. The

productivity of PHB from starch (0.39 g L�1) was slightly higher than that from

glucose (0.35 g L�1).

In another study, the thermal processing of starch-based polymers was investi-

gated [79]. It was proven that the thermal properties of those polymers are much

more complex than conventional polymers. Indeed, multiple chemical and physical

reactions may occur during the processing, such as water diffusion, granular expan-

sion, gelatinization, decomposition, melting, and crystallization. Among these

phase transitions, the study focused on gelatinization because it is the basis of the

conversion of starch to a thermoplastic.

6.3.1.2 Cellulose-Based Bioplastics

In China, the direct use of cellulose to fabricate bioplastic was investigated

[80]. The plastic material was constructed by hot-pressing cellulose hydrogels,

which were prepared from cellulose solution in an alkali hydroxide/urea aqueous

system. The results showed that, due to the removal of cellulose molecules in the

hydrogel state, the hot pressing induced a transition in the aggregated structure in

the cellulose bioplastic, leading to a plastic deformation. The produced cellulose

bioplastic was transparent, as a result of the uniformly orientated structure. More-

over, the cellulose-based bioplastic exhibited much higher tensile strength, flexural

strength, and thermal stability, along with lower coefficient of thermal expansion

than common plastics and regenerated cellulose films.
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Another research team developed a cellulose acetate biopolymer suitable for

bio-composite applications [81]. Plasticization of this biopolymer was carried out

using triethylcitrate (TEC) as an eco-friendly plasticizer and under varying

processing conditions. Hence, three types of processing were used to fabricate

plasticized cellulose acetate: (i) compression molding, (ii) extrusion followed by

compression molding, and (iii) extrusion followed by injection molding.

The analysis revealed that the processing mode affected the physico-mechanical

and thermal properties of the cellulosic plastic. Indeed, compression-molded sam-

ples exhibited the highest impact strength, while samples that were extruded and

then injection molded exhibited the highest tensile strength and modulus values.

The results also showed that the coefficient of thermal expansion of the produced

cellulose acetate increased with increasing amounts of plasticizer. Thus, plasticized

cellulose acetate was found to be processable at 170–180 �C, approximately 50 �C
below the melting point of neat cellulose acetate.

6.3.2 Bioplastics from Lipids

In Malaysia, the nonedible Jatropha oil was tested as a substitute to food-grade oils

for bioplastic production [82]. The experiments were conducted in order to produce

poly-3-hydroxybutyrate (P3HB), a biodegradable bioplastic, from Jatropha oil

using the bacteria Cupriavidus necator H16. The related results showed that high

(P3HB) accumulation of 87 wt% from 13.1 g L�1 of cell dry weight was obtained

by the bacterial stain when 12.5 g L�1 of Jatropha oil and 0.54 g L�1 of urea were

used. Besides, the bioplastic production in a 10 L lab-scale fermenter gave a yield

of 0.78 g (P3HB) per gram of used Jatropha oil, after 48 h.

In the United States, a research group investigated the development of

bio-thermoset plastics from several plant-based oils (e.g., linseed, soybean, cotton-

seed, oilseed radish, and peanut oils) using an optimal process of solvent-free

epoxidation [83]. The study revealed that an epoxidation by hydrogen peroxide

along with a catalyst was the most efficient method to epoxidize oils with a high

conversion percentage. Indeed, fatty epoxides can be used directly as plasticizers to

improve the flexibility, elasticity, and stability of polymer subjected to heat. As

well, it was found that linseed oil containing linolenic acids provided the highest

modulus and good impact resistance properties.

In the United Kingdom, a study compared the production yields of PHB by

bacterium Ralstonia eutropha H16 using various feedstocks as carbon source

including glucose, olive oil, and rapeseed oil [84]. The main result was that both

oils gave the highest PHB yields in comparison with glucose, presumably due to a

higher number of carbons per gram of oil (compared to glucose), which led to an

enhanced microbial cell growth in oils. Indeed, the average cell dry weights were

3.4, 2.9, and 1.1 g L�1, respectively, for olive oil, rapeseed oil, and glucose.

As well, it was reported that PHB from glucose had a higher molecular weight

(7.35 � 105 g mol�1) compared to PHB from rapeseed and olive oils (5.79 � 105

6.3 Bioplastics 197



and 5.92� 105 g mol�1, respectively). The glycerol content in plant oils is believed

to be the reason behind the lower molecular weight PHB from vegetable oils

based on its ability to terminate PHA chain elongation [85].

6.3.3 Bioplastics from Proteins

6.3.3.1 Gluten-Based Bioplastics

Glycerol-plasticized wheat gluten was used to produce thermo-molded biodegrad-

able plastics. The influence of incorporating aldehydes and L-cysteine was assessed

regarding the morphology, moisture absorption, dynamic mechanical properties,

tensile properties, and thermal degradation behavior of the produced plastics. The

results showed that cross-linking through disulfide bonding led to a high degree of

phase separation and a high glass transition temperature of the gluten-rich phase.

Aldehyde-induced cross-linking seems to improve tensile strength, in one hand, and

to lower elongation at break and Young’s modulus in comparison with cross-

linking via disulfide bonding in the cross-linker-free and the L-cysteine-containing

plastics [86].

The influence of hydrophobic liquids (castor and dimethyl silicone oils) on the

properties of glycerol-plasticized wheat gluten was monitored in another study. The

analyses revealed that combining hydrophilic plasticizer and hydrophobic liquids is

an effective method to improve the tensile strength of the wheat gluten-derived

plastic. The improvement of mechanical properties was also observed in the

produced plastics containing glycerol as plasticizer and dimethyl silicone oil as

hydrophobic modifier [87].

6.3.3.2 Soy Protein-Based Bioplastic

Soy protein, a low-cost by-product of the soybean oil extraction industry, was

proven to be a good precursor for bioplastic production, considering its rich compo-

sition in amino acids [88]. Nevertheless, the fabrication of soy protein-based

plastics is limited for two main reasons: (i) high moisture absorption and (ii) low

mechanical strength [89].

To overcome those problems, and benefit from this inexpensive source of pro-

teins, several solutions were proposed. In China, a study was conducted in order to

improve the flexibility and water resistance of soy protein isolate (SPI) using

waterborne polyurethane (WPU). The plastic blend films were successfully pre-

pared by casting the aqueous dispersions of SPI and WPU. The analyses revealed

that the flexibility and water resistance of the soy protein-based films were

improved significantly by the incorporation of WPU, which also helped enhancing

the mechanical properties of the plastic films in water, leading to the possible

applications under wet conditions [90].
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The other effective solution was to blend soy protein with another biodegradable

polymer. Several associations were investigated and some related studies will be

discussed in Sect. 6.3.4.

6.3.3.3 Other Protein-Based Bioplastic

A recent research study focused on the thermomechanical polymerization of

microalgal protein from Chlorella sp. and Spirulina sp. to develop algal-based bio-

plastics and thermoplastic blends [91]. The results showed that pressure, temper-

ature, content of plasticizer, and processing time are major variables in

polymerization and structure stabilization during the compression molding process

of both algal protein biomass and thermoplastic blends. Chlorella showed better

bioplastic elaboration potential than Spirulina microalgae, whereas the former

showed better blend performance.

Besides, the algal bioplastics seem to provide biodegradability that can be

tailored to have a wide range of material properties suitable for various applications

including consumable and disposable plastic products and agricultural plastic

products. Another interesting feature of this study is that the algal protein biomass

can grow on nutrient-rich wastewater from livestock farms, municipal or industrial

effluent sources, remediating (or at least mitigating) therefore the excess nitrogen

and phosphorus.

Egg white protein (albumen), usually used in the food industry, has been proved

to be an interesting source to produce bioplastics. Moreover, if compared to other

common proteins like gluten, egg white was shown to be an adequate raw material

to develop highly transparent bioplastics with suitable mechanical properties for the

manufacture of biodegradable food packaging and other plastic products [92, 93].

But, like soy protein, the use of albumen on its own to produce plastics is not

common for economic reasons (wide applications in the food industry). Thus,

blends of this protein with other biodegradable and low-cost biopolymers have

been investigated. Examples of those studies will be presented in the next section.

6.3.4 Bioplastics from Combined Sources

For the soy protein case, and in order to overcome the previously mentioned limits,

a series of glycerol-plasticized soy protein plastics containing castor oil were

prepared by intensive mixing and hot pressing. It was revealed that at high con-

centrations, phase separation occurred. But, the incorporation of low content of

castor oil (glycerol/oil ratio ¼ 9:1) resulted in a simultaneous enhancement of

tensile strength, elongation at break, and Young’s modulus, compared with neat

glycerol-plasticized protein plastics. As well, increasing castor oil content

enhanced the thermal stability of the protein plastics [94].
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In Spain, a research team developed different blends of albumen protein and

starch (from potato and corn) to be used as raw materials for bioplastics exhibiting

high transparency and an improved mechanical behavior. Three different pro-

cessing methods were investigated: (i) compression-molding-based manufacture,

(ii) extrusion, and (iii) combination of both [95]. The results showed that cornstarch

leads to bioplastics with higher values of tensile strength, while potato starch yields

more transparent materials. Besides, materials with good mechanical properties and

acceptable degree of transparency were obtained by compression molding, which

seems to be a more effective way to prepare improved albumen/starch-based

bioplastics than extrusion.

In Brazil, a research group combined rice flour (viz., starch) and cellulose fibers

in order to develop new biodegradable plastic films. The elaboration was performed

by direct mixing of the rice-derived starch with a plasticizer (glycerol or sorbitol)

with and without cellulose fibers. The results revealed that the cellulose-reinforced

plastic films presented lower water vapor permeability, compared with films with-

out fibers. As for the films containing sorbitol, they were less permeable to water

and more rigid. In addition, the incorporation of fibers mechanically reinforced the

rice flour-based films, which presented higher tensile strength [96].

6.3.5 Bioplastics from Bacteria

6.3.5.1 Polyhydroxyalkanoates (PHAs)

PHAs are thermoplastic materials synthesized and accumulated by variety of

bacteria (30–80% of cell dry weight) as intracellular energy and carbon storage

materials under limited nutrient conditions [97]. PHA-derived plastics are consi-

dered among the best alternatives to replace the current petroleum-based plastics

due to their durability in use, hydrophobicity (i.e., moisture resistance), biodegrad-

ability, and wide spectrum of applications [98].

The major issue regarding the PHAs is the high production cost. In order to

overcome this obstacle and reach large-scale production levels, R&D efforts

focused on two main approaches (generally combined): (i) enhancing the biocon-

version rates of the bacteria via genetically engineered strains and (ii) using renew-

able and low-cost feedstock as carbon sources.

In this context, several agro-industrial oily wastes (oleic acid, soybean oil, and

waste frying oil) were tested as substrates for PHA production by the new strain

Pseudomonas aeruginosa NCIB 40045 [99]. Different PHA accumulation ratios

were found, ranging from 29.4% for the waste frying oil up to 66.1% when waste-

free fatty acids from soybean oil were used as carbon substrate.

In India, a research study targeted cardboard industry wastes in order to isolate

PHA-accumulating bacteria and develop a cost-effective bioplastic production

process [100]. The screening and isolation was performed in two coloration steps:

(i) using Sudan Black B dye as a preliminary screening agent for lipophilic
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compounds and (ii) using Nile Blue A, a more specific dye for PHA granules. Thus,

starting from 42 isolates, two bacterial stains, namely, Enterococcus sp. NAP11 and
Brevundimonas sp. NAC1, showed maximum PHA production from cardboard

industry wastewater with accumulation ratios of 79.3 and 77.6%, corresponding

to polymer concentration of 5.24 and 4.04 g L�1, respectively.

6.3.5.2 Polylactic Acid (PLA)

PLA is a type of thermoplastic polyester resulting from the chemical polymer-

ization of the D- and L-lactic acids obtained from fermentation [101]. Bioplastics

made from PLA are extensively used in biomedical applications as sutures, stents,

dialysis devices, and drug capsules [102].

Basically, PLA is produced in a two-step process: first, by producing lactic acid

after fermentation, followed by ring-opening polymerization of lactide, a cyclic

dimer of lactic acid. In South Korea, a research team reported the possible produc-

tion of PLA and its copolymers by direct fermentation using metabolically

engineered Escherichia coli using glucose as a carbon source [103]. The results

showed that the engineered bacterial strain (E. coli JLXF5) with the evolved

propionate CoA-transferase and PHA synthase was able to produce poly

(3-hydroxybutyrate-co-lactate) with a polymer content of 43 wt% in a chemically

defined medium by the pH-stat fed-batch culture.

Other researchers investigated the use of PLA films for antimicrobial food

packaging. In Turkey, for instance, olive leaf extract (from Olea europaea L.)

was incorporated as antimicrobial agent into PLA films (using glycerol as plasti-

cizer). Antimicrobial activities of the elaborated films were tested against Staphy-
lococcus aureus. The main results revealed that increasing the amount of the olive

leaf extract in the film disks from 0.9 to 5.4 mg caused a significant increase in the

inhibitory zones from 9.10 to 16.20 mm, respectively. As well, the water solubility

and the degradation rates of the films increased up to 19.3% and 22.4%,

respectively [104].

6.3.5.3 Polybutylene Succinate (PBS)

Succinic acid, derived from the fermentation of renewable resources, is one of the

intermediates in the metabolic pathway of various anaerobic and facultative micro-

organisms. Actinobacillus succinogenes, Anaerobiospirillum succiniciproducens,
and Mannheimia succiniciproducens are among the most promising bacterial

strains to produce succinic acid at high yields [105]. For instance, a succinic acid

productivity of 3.9 g L�1 h�1 has been reported for M. succiniciproducens [106].
Several studies revealed that succinic acid is an abundant and inexpensive

feedstock for bioplastics production with interesting properties, compared to

petroleum-derived plastics. In the United States, a comparative study was

conducted between succinic acid-based thermoplastic and polybutylene adipate
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(PA), a common petrochemical-based polyester. The main results were that ther-

moplastic polyurethanes made using PBS exhibited higher glass transition temper-

atures and more hard-phase to soft-phase interaction than those with PA [107].

In order to improve the mechanical properties of the produced PBS-based

plastics, several composites were developed. But, within an overall eco-friendly

strategy, biocomposites are the most interesting subject of study. Thus, using the

thermo-pressed molding technique, the PBS polymeric matrix was reinforced with

different lignocellulosic fibers (coconut, sugarcane bagasse, curaua, and sisal)

[108]. The results of this study showed that sisal and curaua fibers were the best

reinforcing agents of PBS due to their high chemical compatibility with the

aliphatic matrix as well as to their surface morphology. Sisal/PBS and curaua/

PBS composites also showed greater resistance against water absorption, when

compared with coconut/PBS and sugarcane bagasse/PBS composites.

6.4 Biochars and Activated Carbons

Consulting the literature related to carbonized biomaterials could be somehow

confusing. Indeed, several designations are being used, some intermittently refer-

ring to different carbonaceous materials and others terming the same material with

different nomenclatures based on specific production processes or application. This

list includes biochar, hydrochar, biocarbon, charcoal, activated carbon, activated

charcoal, and activated biochar.

Thus, in order to avoid unnecessary confusion, all carbonaceous materials

presented in the present chapter will be categorized in two main groups: biochars

and activated carbons. Biochar is the solid material obtained after carbonization of

biomass in oxygen-limited environment. Activated carbons are biochars subjected

to chemical and/or physical activation, either before or after carbonization.

6.4.1 Biochars from Bioresources and Organic Wastes

The increasing interest in producing biochars from a wide range of bioresources and

organic wastes is mainly linked to the various application scenarios including a

carbon sequestration, soil amendment and fertility improvement, and air and water

depollution [109–111], along with the valorization of solid by-products and waste.

Overall, the main factors affecting the production yields and physiochemical

properties of biochars are the nature of feedstock (i.e., its biochemical and elemen-

tal composition), pyrolysis temperature, heating rate, residence time, and initial

moisture content. Such key parameters have a direct impact on the development of

the porous structure, the distribution of pore size, as well as surface area and

ion-exchange capacity [112]. One important factor to be taken into consideration

for biomass pyrolysis is the behavior of the carbohydrates to the thermal treatment.
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Indeed, the main biomass components (cellulose, hemicellulose, and lignin) have

different thermal decomposition behavior. In this regard, it was reported for wood

chips that the decomposition of hemicellulose and cellulose occurs in the respective

temperature ranges of 200–380 �C and 250–380 �C. The thermal decomposition of

lignin, on the other hand, starts from 180 �C and continued until 900 �C [113].

6.4.1.1 Production Procedures of Biochars

Pyrolysis

Pyrolysis is a thermochemical process during which biomass is decomposed under

elevated temperature (300–800 �C) in oxygen-free environment such as kilns,

furnaces, and reactors. Three main products are generated from the dry pyrolysis

of organic matter: solid product (biochar), liquid product (bio-oil) from the partial

condensation of the pyrolysis vapor, and a non-condensable volatile matter (syngas)

made of various gases such as CO, CO2, CH4, H2, and two-carbon hydrocarbons in

varying proportions [114–116].

The following Fig. 6.1 illustrates a pyrolysis system with its main components.

Several pyrolysis processes were developed mainly based on the final temper-

atures and heating rates. This includes three main processes: slow, intermediate,

and fast pyrolysis [118]. Very fast pyrolysis is generally referred to as flash

pyrolysis [119, 120]. The key characteristics of the main pyrolysis processes are

summarized in the following Table 6.2.

It is clear from this table that slow pyrolysis is the most suitable process for

biochar production because of its higher solid yield (~35%), when compared with

the other pyrolysis methods. In general, most of the slow pyrolysis processes are

operated by exposing the biomass to a temperature ranging between 300 and 800 �C
using low heating rates (10–30 �C min�1) and for residence times varying from a

couple of minutes to several hours [121, 122]. Temperature wise, slow and fast

Fig. 6.1 Schematic diagram of a pyrolysis system with separate production of biochar, bio-oil,

and syngas [117]. (1) Feeding system, (2) feed inlet, (3) electric motors, (4) the Pyroformer,

(5) inner screw, (6) outer screw, (7) external heating jackets, (8) vapor outlet, (9) biochar pot,

(10) stands, (11) hot gas filter, (12) shell and tube condenser, (13) oil vessel, (14) electrostatic

precipitator, (15) gas vessel, and (16) gas flare
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pyrolysis processes are operated roughly within the same temperature range. Thus,

the main operating parameter favoring high biochar yield is the low heating rate

during slow pyrolysis.

In addition to the biochemical composition of the biomass, the pyrolysis oper-

ating conditions have a strong influence on the biochar’s surface area, porous

network, concentrations of fixed carbon, as well as heating value [123, 124]. As

far as biochar production is concerned, the main technical issue with slow pyrolysis

is that under typical operating conditions, the three solid, liquid, and gaseous

products are roughly produced in the same ratio (cf. Table 6.2). In this context,

simultaneous recovery of the liquid fraction (bio-oil) and the recirculation of the

emitted gases (syngas) to provide heat to the process were reported to be viable

options to enhance the overall efficiency and cost-effectiveness of slow

pyrolysis [125].

Torrefaction, also known as mild pyrolysis, is a thermal process conducted

between 150 �C and 300 �C under inert condition and slow heating rates in order

to remove the moisture, CO2, and oxygen contents in the treated biomass

[126]. Compared to the biomass precursor, the solid product from torrefaction has

a lower moisture content, lower O/C ratio, and higher energy content, which makes

it a better feedstock for further processing including pyrolysis, gasification, and

combustion or co-combustion with coal [127, 128]. Torrefaction was also reported

to improve the grindability and reactivity of wood biomass [129].

Hydrothermal Carbonization (HTC)

During this process, the organic matter in biomass is thermochemically

decomposed in oxygen-free environment with the presence of water and under

autogenous pressure, hence the name hydrothermal carbonization or hydrous

pyrolysis [130].

During the hydrothermal process, water is added to the feedstock and the

mixture is heated in a sealed reactor, and like dry pyrolysis, the main products of

hydrothermal decomposition of biomass are biochar [131], bio-oil [132], and

syngas [133]. Based on the end products, the hydrothermal treatment could be

Table 6.2 Average yields of solid, liquid, and gaseous products from slow, intermediate, and fast

pyrolysis

Process

Temperature

(�C) Residence time

Average yields (wt%) of pyrolysis

products

Solid

(biochar)

Liquid

(bio-oil)

Gas

(syngas)

Slow pyrolysis 300–800 Long (min to s) 35 30 35

Intermediate

pyrolysis

450–500 Moderate

(10–20 s)

25 50 25

Fast pyrolysis 300–1000 Short (<2 s) 12 75 13
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categorized into three main processes: hydrothermal carbonization (temperatures

below 250 �C), hydrothermal liquefaction (temperatures between 250 and 400 �C),
and hydrothermal gasification (temperature above 400 �C).

In general, HTC process yields more solid compounds and more water-soluble

organic compounds and emits less gas (mostly CO2) than dry pyrolysis [134]. Over-

all, several reactions could occur simultaneously during HTC including dehydra-

tion, decarboxylation, condensation polymerization, and aromatization

[135]. Nonetheless, the precise reaction network is still not yet fully

understood [136].

The influence of the various operating parameters (temperatures, residence

times, and biomass/water ratios) on the solid yields of hydrothermal carbonization

of tomato peel wastes is given in Table 6.3.

Furthermore, many studies proved that the structure and chemical composition

of biochars from HTC were substantially different from the ones produced via

dry pyrolysis [138]. Indeed, it was reported that, from a chemical perspective (i.e.,

kind of chemical bonds and their quantity), HTC biochars were much closer to

natural coal than charcoal, hence the term “artificial coalification” [139].

Besides, due to the evolution of H2O and CO2 in the dehydration and decarboxy-

lation reactions, both biochars from dry pyrolysis and HTC exhibit lower hydrogen

to carbon (H/C) and oxygen to carbon (O/C) ratios than the raw precursor. None-

theless, biochars from HTC tend to have higher H/C and O/C ratios [140], mainly

due to a higher ratio of decarboxylation to dehydration reaction rates in HTC than in

dry pyrolysis [141].

In practice, and for large-scale production schemes, HTC is still confronted with

serious challenges, responsible for increasing the capital cost and operating and

maintenance charges [142]. Heat recovery is one of the most important issues to be

dealt with in order to enable competitive production schemes of biochars. In HTC,

heat could be recovered from the hot process water, which poses some technical

Table 6.3 Average solid yields under various HTC operating parameters [137]

Temperature (�C) Residence time (h) Biomass/water ratio Solid yield (wt%)

150 10 6.7 65.0

170 5 3.3 64.6

170 5 10 68.0

170 15 3.3 60.8

170 15 10 61.3

200 10 1.1 49.8

200 10 6.7 62.0

200 10 12.3 61.5

230 5 3.3 49.6

230 5 10 62.2

230 15 3.3 27.6

230 15 10 35.4

250 10 6.7 29.4

6.4 Biochars and Activated Carbons 205



problems. As for dry pyrolysis, the produced gas could be burnt to supply heat

either within the reactor or by heat exchangers, which makes the energetic require-

ments for pyrolysis less than for hydrothermal process. In addition, post-production

separation step could be necessary to recover the solid biochar from water, which

also needs to be processed [134].

6.4.1.2 Characteristics of Biochars

Biomass composition, reaction temperature, pressure, residence time, heating rate,

and moisture content are the main parameters determining the characteristics of the

produced biochars via dry or wet pyrolysis [143, 144].

The variation of one single parameter will generate biochars with distinct

physicochemical characteristics related to their physical structure such as surface

area and porous network, as well as their chemical properties including pH and

elemental composition (carbon, oxygen, nitrogen, phosphorus, potassium, and

calcium). For instance, scientists reported that biochars produced from seaweeds,

manures, and crop residues have richer nutrient content, higher pH, and less stable

carbon, when compared with biochars from lignocellulosic biomass [145–147].

The following Table 6.4 gives the main characteristics of biochars produced by

dry and wet pyrolysis for a wide range of precursor including natural terrestrial and

marine resources and agro-industrial by-products and wastes.

6.4.2 Activated Carbons: Activation and Characteristics

6.4.2.1 Activation Procedures

Biochars generated from the thermal treatment of biomass (pyrolysis or HTC)

could be activated mainly to increase the surface area pore volume and add more

functional groups or graft new ones. Two main activation methods are used:

physical and chemical activation [159].

Physical Activation

In order to produce physically activated carbons, the biomass feedstock is carbon-

ized and activated with an oxidizing gas including air [160], carbon dioxide [161],

steam [162, 163], and ozone [164], separately or combined.

The physical activation process occurs in two stages. First, the unstructured

carbonized material is decomposed during the thermal treatment, and a porous

network starts to form as fine pores enclosed in the carbon structure start to open.

Thus, at this stage, the biomass is basically converted to a fixed carbon mass with an

undeveloped porous network. Then, during the second stage, the crystalloid carbon
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fraction and the carbon structure with fine pores are further destructed by the

activation reactions, which generate larger pores [165].

During the activation, the carbon will be partially combusted according to the

following reactions [166]:

Cþ H2O ! COþ H2 ΔH298K¼ þ117 kJ mol�1
� � ðEq:6:1Þ

Cþ CO2 ! 2CO ΔH298K¼ þ159 kJ mol�1
� � ðEq:6:2Þ

Around 800 �C the following equilibrium involving steam may occur:

COþ H2O $ CO2þH2 ΔH298K¼ þ41 kJ mol�1
� � ðEq:6:3Þ

The reactions of carbon with water steam and carbon dioxide are endothermic

and occur at moderate rates. However, the reactions of carbon with oxygen are

exothermic and proceed at a rapid rate. Besides, it was reported that the physical

activation with steam and carbon dioxide generated highly porous carbonaceous

materials [167].

Chemical Activation

For the chemical activation, there are three main approaches:

– The most common is the impregnation of biomass in chemical solutions

(pretreatment), followed by a carbonization stage [168, 169].

– The second method is the opposite as it starts by carbonizing the biomass

(pyrolysis or HTC) then soaking the produced biochar in chemical

solutions [170].

– The third approach is to thermally carbonize the biomass, chemically treat the

generated biochar, and then subject the activated material to another thermal

treatment under carbonizing conditions [171].

In general, the porosity of chemically activated carbons is generated by dehydra-

tion reactions occurring at low temperatures using chemicals such as phosphoric

acid (H3PO4), nitric acid (HNO3), potassium hydroxide (KOH), sodium hydroxide

(NaOH), zinc chloride (ZnCl2), calcium chloride (CaCl2), etc. [172–174]. The util-

ization of those chemicals usually results in activation efficiencies higher than those

of physical activation. Nonetheless, several drawbacks are registered for chemical

activation including the corrosive effect of the chemical agents and the need to

recover those chemicals via costly separation and purification methods [175].

During the chemical pretreatment of biomass (aka impregnation), several pheno-

mena could occur and thus modify various characteristics of the natural precursor

such as depolymerization (mainly lignin) and hydrolysis reactions which weaken

the structure, eliminate the volatile matter, and increase the elasticity and swelling

of the treated biomass [176]. The kind and concentration of the chemical agents and
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the pretreatment or impregnation time are the main factors affecting the porous

structure of the produced activated carbon.

In an interesting study, the influence of different activation methods (CO2 for

physical activation, and H3PO4, NaOH, and KOH for chemical activation) was

investigated using sewage sludge as precursor [177]. The main results showed in

this work are the inefficiency of CO2 and H3PO4 to generate a higher surface area

and pore volume. However, the utilization of NaOH or KOH as chemical activating

agents produced activated carbons from sewage sludge with high specific surface

area and pore volume. As well, it was proven that the generated surface and volume

values tend to increase as hydroxide/precursor ratios were increased. For instance,

regarding the case of NaOH, increasing the ratio from 1/1 to 1/3 led to the increase

of both BET surface and pore volume from 689 to 1224 m2 g�1 and from 0.29 to

0.44 cm3 g�1, respectively. The chemical agent responsible for the production of

the activated carbon from sewage sludge with the highest specific surface area

(1686 m2 g�1) and pore volume (0.64 cm3 g�1) was KOH at a 3/1 hydroxide/

precursor ratio.

6.4.2.2 Characteristics of Activated Carbons

The combined effect of chemical and thermal treatments (or vice versa) during the

conversion of bioresources and wastes to activated carbons produces carbonaceous

materials with various structural characteristics, which are usually expressed using

key parameters such as specific surface area, pore volume, and pore size distri-

bution. The potential application fields of those porous carbonaceous materials are

highly dependent on those characteristics.

According to the classification promoted by the International Union of Pure and

Applied Chemistry (IUPAC), porous materials such as activated carbons could

contain three main kinds of pores: micropores (diameters less than 2 nm), meso-

pores (2–50 nm), and macropores (more than 50 nm) [178].

Regarding the specific surface area, it reflects the total surface covered by the

pores. In particle, it is estimated from the equilibrium adsorption of a gas (generally

nitrogen) measured in a range of relative pressures between 0.01 and 0.3. There are

two main procedures to determine the surface area of a porous material via

gas adsorption isotherm data, the commonly used Brunauer-Emmett-Teller (BET)

method [179] and the I-point method [180]. A new method to evaluate specific

surface area from the Freundlich model was also proposed [181].

The following Table 6.5 gives the structural characteristics (specific surface area

and total pore volume) of selected activated carbons produced via various chemical

activation methods, and Fig. 6.2 shows the porous structure of one of the

select ACs.
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Table 6.5 Structural characteristics of chemically activated carbons produced from various

bioresources and wastes

Biomass

Chemical activation

conditions

BET surface area

(m2 g�1)

Pore volume

(cm3 g�1)

Pear peel [182] H3PO4 at 400
�C for

3 h

1025 2.16

Broccoli stems [182] 1177 1.52

Soybean oil cake [183] KOH at 600 �C for 1 h 600 0.30

KOH at 800 �C for 1 h 618 0.29

K2CO3 at 600
�C for

1 h

643 0.34

K2CO3 at 800
�C for

1 h

1353 0.68

Rice husk [184] NaOH at 800 �C for

1.5 h

1015 0.75

Rice husk [185] ZnCl2 at 700
�C for

1 h

750 0.38

Sugarcane bagasse [185] 674 0.34

Sewage sludge [186] H3PO4 at 650
�C for

1 h

289 0.43

H2SO4 at 650
�C for

1 h

408 0.52

ZnCl2 at 650
�C for

1 h

555 0.75

Coconut shell [187] ZnCl2 at 800
�C for

2 h

1510 0.75

KOH at 800 �C for 4 h 2309 0.90

Palm stone [187] ZnCl2 at 800
�C for

2 h

1291 0.78

Artichoke [188] H3PO4 at 300
�C for

1 h

2038 2.47

Parkinsonia aculeata wood

sawdust [189]

H3PO4 at 450
�C for

0.5 h

968 0.70

KOH at 300 �C for 2 h 768 0.37

Safflower seed press cakea

[190]

ZnCl2 at 600
�C for

1 h

249 0.15

ZnCl2 at 700
�C for

1 h

492 0.25

ZnCl2 at 800
�C for

1 h

772 0.36

ZnCl2 at 900
�C for

1 h

801 0.39

Posidonia oceanica seagrass

fibers [191]

H3PO4 at 600
�C for

1 h

946 0.23

KOH at 600 �C for 1 h 763 0.13

ZnCl2 at 600
�C for

1 h

503 0.06

H2O2 at 600
�C for 1 h 60 0.02

Lotus stalk [192] H3PO4 at 450
�C for

1 h

1220 1.19

(continued)
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6.4.3 Applications of Biochars and Activated Carbons

The physical structure and chemical composition of biochars and activated carbons

have a direct impact on their application potentialities. For instance, as far as bio-

chars are concerned, pyrolysis reactions conducted under high temperatures are

generally aimed at producing biochars effective in adsorbing organic contaminants

by increasing surface area, pore volume, carbon content, and hydrophobicity

[154, 194]. On the other hand, biochars generated at low temperatures are believed

to be more effective in adsorbing, and thus removing, inorganic and polar organic

pollutants by oxygen-containing functional groups and electrostatic

attraction [195].

Carbonaceous materials (raw biochars or activated carbons) from diverse natural

resources and wastes have already found numerous applications in strategic fields

Table 6.5 (continued)

Biomass

Chemical activation

conditions

BET surface area

(m2 g�1)

Pore volume

(cm3 g�1)

Vetiver roots [193] H3PO4 at 600
�C for

1 h

1272 1.19

aThis biowaste was pyrolyzed at 500 �C prior to the chemical activation and the second pyrolysis

Fig. 6.2 SEM images of chemically activated carbons (CAC) from P. oceanica fibers: activation

free sample (a), CAC-ZnCl2 (b), CAC-H3PO4 (c), CA-H2O2 (d), and CAC-KOH (e) [191]
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such as energy storage, drinking water purification, wastewater treatment, as well as

carbon dioxide sequestration.

6.4.3.1 Electrical Energy Storage: Case of Supercapacitors

The production of porous carbonaceous materials from low-cost bioresources or

wastes with specific structural and chemical properties is key for optimized gas and

energy storage including electrical energy [196, 197] and hydrogen [198, 199]. The

increasing recourse to this kind of materials in the energy sector is mainly related to

the rapid depletion of fossil fuel reserves and many environmental considerations,

in the one hand, and the still expensive technologies to produce renewable energy.

Indeed, the prerequisite for the success and durability of any technology producing

renewable energy (solar, wind, etc.) is an efficient storage system.

Matching the electricity supply to demand is one of the main challenges facing

grid operators in any nation. With the increasing tendency to include electricity

supplies from renewable but intermittent sources, scientists are predicting that this

balancing issue along with managing peak demand will become more challenging

[200]. Currently, many research studies are working on developing and improving

the performance of SCs and other energy storage devices such as lithium-ion

batteries [201].

Supercapacitors (SCs) are devices capable of managing higher power rates than

batteries. In the same volume, it was reported that SCs can deliver higher power

(hundred- to thousandfold), but they are not able to store the same amount of charge

as batteries (usually 3–30 times lower) [202]. Based on those characteristics, SCs

are suitable devices for any applications requiring power bursts without high energy

storage capacity, which is the case for portable electrical devices and hybrid vehi-

cles. On the other hand, compared to secondary or rechargeable batteries, SCs have

been reported to have higher power, higher energy density, better electrochemical

stability, and longer life cycle [203].

The following Table 6.6 illustrates the characteristics of the main electro-

chemical energy storage technologies, including carbon-based SCs.

Several carbonaceous materials were investigated as the electrodes of super-

capacitors based on the properties of those materials to exert high electric conduc-

tivity and to exhibit a large pseudo-capacitance [205]. But most carbon-based

electrodes tend to show low capacitance values [206]. One of the methods devel-

oped to overcome this issue was to graft nitrogen-containing functional groups onto

the carbon materials [207, 208].

Numerous studies reported the use of biochars and activated carbons derived

from biomass as electrodes in supercapacitors. Overall, it was revealed that the

capacitive performance of the carbon-based electrodes is highly influenced by the

types of functional groups on the surface, the electric conductivity, specific surface

area, as well as the porous structure and pore distribution [209].
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The following Table 6.7 details the activation conditions, structural properties,

and specific capacitance of various activated carbons derived from natural

resources and biowastes.

Table 6.6 Specifications of the main electrochemical energy storage devises [204]

Characteristics Electrolytic capacitor Carbon supercapacitor Battery

Specific energy (Wh kg�1) <0.1 1–10 10–100

Specific power (W kg�1) �10,000 500–10,000 <1000

Discharge time 10�6–10�3 s to min 0.3–3 h

Charging time 10�6–10�3 s s to min 1–5 h

Charge/discharge efficiency (%) ~100 85–98 70–85

Cycle life (cycles) Quasi-infinite >500,000 ~1000

Table 6.7 Specific capacitance of activated carbons derived from various agro-industrial

biowastes

Biowaste

Activation

method

BET surface area

(m2 g�1)

Specific

capacitance (F g�1) Electrolyte

Camellia oleifera
shell [210]

ZnCl2 1935 374 1 M H2SO4

Waste coffee beans

[211]

ZnCl2 1019 368 1 M H2SO4

Argan seed shells

[212]

KOH 2062 355 1 M H2SO4

Waste tea leaves

[213]

KOH 2841 330 2 M KOH

Sugarcane bagasse

[214]

ZnCl2 1788 300 1 M H2SO4

Distillers dried

grainsa [215]

KOH 2959 260 6 M KOH

Cornstalk core [216] KOH 2495 260 6 M KOH

Sunflower seed shell

[217]

KOH 1162 244 30 wt%

KOH

Banana peel [218] ZnNO3 1650 206 6 M KOH

Peanut shell [219] ZnCl2 1552 199 1 M

TEABF4/

PCb

Rubber wood saw-

dust [220]

CO2 912 138 1 M H2SO4

Oil palm kernel

shell [221]

Steam 727 123 1 M KOH

Cotton stalk [222] H3PO4 1481 114 1 M

TEABF4

Rice straw [223] H3PO4 396 112 1 M H2SO4

aBy-product of the corn-to-ethanol industry
bTetraethylammonium tetrafluoroborate (TEABF4) in propylene carbonate (PC)
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6.4.3.2 Soil Amendment

Extensive research studies focused (and still do) on assessing the short- and long-

term impact of returning carbon to the soil via biochar amendment. The main

objectives for this important R&D effort are to increase soil fertility, valorize

degraded or marginal lands, and sequester carbon.

Alongside its contribution to mitigate global warming and climate change by

sequestrating carbon and reducing greenhouse gas emissions [224–226], the incor-

poration of biochar to soil was proven to increase its pH (useful to neutralize acidic

soils) [227] and cation exchange capacity (CEC) [228]. Indeed, the presence of

phenolic, carboxyl, and hydroxyl functional groups enables biochars to interact

with protons in the soil, reduce their concentration, and therefore increase the soil

pH. As well, silicates, carbonates, and bicarbonates in biochars were also shown to

react with H+ in acidic soils [229].

In a related study, biochars from nine crop residues (straws from canola, wheat,

corn, rice, soybean, peanut, faba bean and mung bean, and rice hull) were amended

to a soil at a loading rate of 10 g kg�1, and after 60 days, the soil pH increased by

0.59–1.05, with respect to the used biochar [230]. Incorporation of biochars to soil

also results in the discharge of its basic cations, leading to the replacement of Al and

H+ and therefore the enhancement of the CEC of soil [228].

On the other hand, improvement in the retention of soil nutrients and water was

also reported after the amendment of soils with biochars. For instance, the util-

ization of biochar produced from pecan shells with dried and ground switchgrass

reduced nitrate leaching from soil within 25 days [231]. The same study also

noticed that the application of biochar can cause a short-term immobilization of

nitrogen which results in a temporary reduction of NO3–N concentration potentially

available for crops. Regarding another important macronutrient, phosphorus (P),

scientists showed that the availability of P is generally enhanced with biochar

amendment [232]. For instance, it was revealed that the maximum P retention

capacity of the soil increased proportionally with the quantity of added biochars,

derived from hardwoods and poultry litter [233].

As a consequence of those chemical properties, many scientists reported the

beneficial impact of biochar addition on improving crop yields [234, 235], espe-

cially in degraded or low-fertility soils [236]. For example, the incorporation of cow

manure biochar at loading rates of 15 and 20 t ha�1, respectively, improved the

production yield of maize grain by 150 and 98%, when compared with the

non-amended soil. Such enhancement in plant growth was partly related to the

improved soil properties after the biochar amendment including pH and organic

carbon content [237].

Nonetheless, considering the various and complex physicochemical properties

of both soils and biochars, the direct correlation between crop yield improvement

and biochar amendment is not always valid. As well, the crop species plays an

influential role in the trilateral relationship (i.e., soil, plant, and biochar). Indeed, in

one study, and for the same biochar addition and in the same soil, an increase in
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soybean biomass production was registered but also a reduction in that of wheat and

radish [238].

6.4.3.3 Water and Soil Decontamination

In general, biochars and activated carbon are characterized by high specific surface

area and pore fraction and a surface chemistry-rich oxygenated functional groups

and aromatic compounds [239, 240]. These characteristics enabled many raw bio-

chars and especially activated carbons derived from biomass to effectively adsorb

various kinds of organic and inorganic pollutant including heavy metals, phenolic

compounds, dyes, surfactants, pharmaceutical drugs, pesticides, and many other

toxics compounds.

An illustrative summary of the main mechanisms governing the interactions

between biochars and organic/inorganic contaminants is depicted on Fig. 6.3.

The following Table 6.8 shows the utilization of biochars produced from various

bioresources and organic wastes for the decontamination of pesticide-polluted soils.

Even though adsorption is the major phenomenon affecting the bioavailability,

and thus the efficacy, of pesticides in biochar-amended soils, potential release due

to desorption has to be assessed and taken into consideration in order to have a more

accurate prediction about the impact of biochar amendment [246, 247]. In this

regard, several studies confirmed the release of pesticides after being adsorbed onto

biochars in amended soil. The mechanisms that are believed to be responsible for

such reversible phenomenon include the deformation the macroporous network as a

result to the swelling of the adsorbent, as well as the weak binding between certain

pesticides and the available functional groups of biochars [248].

Fig. 6.3 Main mechanisms occurring during the interactions of biochar with organic (left side)
and inorganic (right side) contaminants. Adapted from [152] (circles on biochar particle showing

partition or adsorption)
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The following Table 6.9 illustrates many study cases for water depollution using

biochars and activated carbons derived from different natural resources and

biowastes.

After describing the various production procedures to convert bioresources and

derived wastes into several added-value biomaterials in the present chapter, and

biofuels and biochemicals in the previous two chapters, the next chapter will deal

with the industrial core of bioeconomy, integrated biorefineries, from historical,

technological, and R&D perspectives.

Table 6.8 Biochars for various bioresources and their adsorption capacities in pesticide-

contaminated soils

Biochar

precursor

Pyrolysis

temperature

(�C)
Soil

type

Amendment

rate (%) Targeted pesticide

Adsorption

(%)a

Paper mill

sludge [241]

550 Ferrosol 1 Atrazine 515

Diuron 448

Composted

alperujob

[242]

500 Sandy

loam

2 Tricyclazole 400–500

Hardwood

sawdust

[243]

500 Sandy

loam

2 Fluometuron 340–365

Hardwood

[243]

540 Sandy

loam

2 Fluometuron 300–310

Poultry

manure [241]

550 Ferrosol 1 Atrazine 270

Diuron 220

Wood chip

pellets [244]

500 Silt

loam

10 Aminocyclopyrachlor 95–240

Hardwood

[244]

540 Silt

loam

10 Aminocyclopyrachlor 50

Bentazone 40

Macadamia

nut shells

[244]

850 Silt

loam

10 Aminocyclopyrachlor 18–25

Bentazone 13

Beechwood

[245]

550 Sandy

loam

1.5 Imazamox 5

aBiochar amendment increased the adsorption of pesticides in soils by:
bSolid olive-mill by-product
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Chapter 7

Biorefineries: Industrial-Scale Production

Paving the Way for Bioeconomy

Abstract The development and application of industrial-scale conversion proce-

dures in high-yielding and cost-efficient production facilities is a vital endeavor to

successfully implement bioeconomy and produce valuable products such as

biofuels and platform chemicals from biomass and derived wastes in a sustainable

manner. Such effort is expected to benefit various strategic sectors mainly related to

energy security by gradually reducing the dependency on fossil fuels (which will

appease many geopolitical tensions around the world) and the mitigation of various

environmental issues such as global warming and toxic wastes and emissions.

The facilities where such sustainable bio-based production processes are oper-

ated are referred to as biorefineries. In this chapter, various categories of

biorefineries are reported (green, whole grain, lignocellulosic biomass, oleo-

chemical, and marine biorefineries), along with the related strategies and technol-

ogies. Considering the strategic importance of such production facilities in the

bioeconomy concept, several issues and challenges are also presented and discussed

with respect to both the design and operation of biorefineries. The urgent need for a

wider expansion plan of biorefineries well implemented in their local environments

(sustainable management of biomass, water, and energy resources) is also

highlighted. Besides, two commercially available biorefining technologies are

reported in order to represent the biorefining technological know-how in Europe

(Borregaard, Norway) and Northern America (Envergent Technologies, Canada/

United States).

7.1 Introduction

A biorefinery is an industrial facility assembled and operated to produce one or

many commodities from renewable biomass and wastes, including biofuels, heat

and power, biochemicals, and biomaterials [1, 2]. Over the years, biorefining was

defined in several ways, but the most authoritative definition remains the one

elaborated by the International Energy Agency (IEA Bioenergy Task 42—

Biorefineries), stating that “Biorefining is the sustainable processing of biomass
into a spectrum of bio-based products (food, feed, chemicals, and/or materials) and
bioenergy (biofuels, power, and/or heat)” [3].
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At a conceptual level, biorefineries are similar to the petrochemical refineries,

which produce a wide range of fuels (gasoline, diesel, kerosene, etc.), products

(asphalt, plastics, synthetic fibers, wires, etc.), and chemicals (paints, food and fuel

additives, fertilizers, detergents, etc.), but from fossil resources. From a practical

perspective, a biorefinery is the engine propelling bioeconomy and its sustainable

dimension. At first, the gradual worldwide implementation of biorefineries will help

to mitigate many serious issues including the recurrent conflicts over fossil

resources, food crisis, global warming and other environmental threats. At maturity,

which will probably be reached by the time petroleum is depleted, biorefineries will

be able to compete with refineries relying on still-available fossil resources, coal

and natural gas, as feedstocks for the production of diverse products.

According to some scientists, the transition to a biorefinery-based economy is

difficult as it would require large investments in new infrastructure to produce,

store, and deliver the end products to customers [4]. That would be true if we are

starting from scratch, which is not the case. Despite the heavy legacy of the

“petroleum era,” a century-long expertise was gained by industrialists, and tremen-

dous breakthroughs were achieved by researchers in many related fields, which

could and will benefit the effort to facilitate and speed up the implementation of

bioeconomy.

As well, many of the already operating infrastructure and logistics including

plants, storage facilities, and transportation means could be readapted or upgraded,

with respect to the renewable feedstocks to be used and the commodities to be

produced. Furthermore, biorefinery concept is flexible enough to allow various

implementation scenarios, from small-scale plants in rural areas using locally

available bioresources such as agricultural residues to large biorefineries using

wastes from other industries or municipalities [5].

7.2 Biorefineries: Green Production Facilities

7.2.1 Historical Background

Contrary to the widespread current conception, history tells us that the production

of energy, fuels, and products from biomass is the norm and that the one from

petroleum or coal is the exception. Nobody will deny the fact that fossil fuels, coal

and petroleum, literally “fueled” the industrial revolution. So, yes it was a highly

influential episode in the history of mankind, but still it remains a very short one and

it has to be perceived that way.

Biorefining, or biomass conversion into consumable and/or marketable products,

has its roots deep into mankind’s history. At first, biorefining was mostly orientated

towards the transformation of biomass into foodstuff. The contemporary innova-

tions related to this ongoing biorefining activity include the industrial production of
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refined sugar (early nineteenth century), potato starch (mid-nineteenth century),

wheat and corn starch, and soy and palm oils (early twentieth century).

With the increase and diversification of industrial activities, especially among

the developed countries, biorefining took a new dimension as the demand for fuel

started to increase substantially, especially for the thriving car industry. In this

context, the first spark-ignition piston engine using alcohol was invented by Samuel

Morey in 1826 [6]. Then, during the 1860s, the German engineer Nikolaus Otto [7]

invented the four-stroke internal combustion engine, i.e., Otto engine, running on

ethanol. In the early twentieth century, the German engineer Rudolf Diesel invented

the diesel engine and firstly used peanut oil as automotive fuel [8]. While Henry

Ford originally designed his famous Model T car to run on bioethanol, the engine

was later accommodated to run also on petroleum-derived fuels such as gasoline

and kerosene [9].

In 1925, the famous American entrepreneur and car manufacturer, Henry Ford,

said that “The fuel of the future is going to come from fruit like that sumach out by
the road, or from apples, weeds, sawdust—almost anything. There is fuel in every
bit of vegetable matter that can be fermented. There’s enough alcohol in one year’s
yield of an acre of potatoes to drive the machinery necessary to cultivate the fields
for a hundred years” [10]. Almost a century later, research centers and universities

are still working on biofuel or Ford’s “fuel of the future.”
In the meantime, and starting from the1930s, the large-scale discoveries and

exploitation of petroleum reserves marked the beginning of a new industrial era,

heavily relying on cheap fuels derived from fossil crude oil. This has directly

impacted the biofuel sector as the use of ethanol substantially declined. Nowadays,

despite all the problems related to fossil fuels, they remain the unchallenged

resources for heating, automotive fuel, and energy. During this petroleum era,

biofuels managed to resurface couple of times, not in response to the environmental

issues induced by petroleum, but to temporarily compensate the shortages in

petroleum supply.

The first episode was during the Second World War, where the shortage of fuels

led to the increased production of alcohol from grains and potatoes, which was

blended with gasoline to meet military demand to fuel. In Japan, for instance,

between 1937 and 1944, an alcohol monopoly system (i.e., governmental monopoly

on manufacturing and/or retailing alcoholic beverages) was established to produce

ethanol from potatoes and provide fuel (bioethanol and gasoline blend) for the

airplanes. The production yields were around 170 million liters of bioethanol per

year [11]. By the end of the war in 1945, the share of bioethanol in the total liquid

fuels was estimated at 26.7% [12].

The second period was the oil embargo crisis between 1973 and 1974 which

started as a geopolitical tension in the Middle East to become a worldwide crisis

shortly afterwards. Oil prices increased and severe shortages in fuel supplies started

to directly and indirectly affect the economies of many countries in Europe, North

America, and South Africa. By the end of the embargo in March 1974, the oil price

quadrupled from US$3 to around $12 per barrel [13]. Besides its global geopolitical

impact, which still can be easily observed nowadays, the oil embargo crisis incited
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governments, and forced others, to quickly take measures to downsize the fuel

consumption in order to mitigate the impact of this crisis [14], and then to look for

alternative resources to avoid the dependency on foreign oil, as a medium term

objective. This strategic orientation gained a new momentum with the increasing

awareness about the phenomena of global warming and climate change (generally

after some pressure from NGOs, environmental lobbies, and the general public).

Thus, researchers and scientists from around the world started to refocus their

effort on biofuels to increase their countries’ national energy autonomy. Promising

results justified and facilitated the introduction of regional, national, and interna-

tionals legislations and the establishment of panels and funding bodies aiming at

pushing forward the industrialization of biorefinery concept.

The first steps of the biorefining industry were made by small and medium-sized

enterprises mainly involved in the paper pulping sectors. Recently, an increasing

number of large multinational companies and multi-billion dollar firms started to

invest, some cautiously, in sustainable fuels and chemicals such as BP (ethanol

from sugarcane), BASF (chemicals), DuPont (cellulosic ethanol), Honeywell’s
UOP (diesel and jet fuel), and UPM (paper and biodiesel). For example, since

2006, BP has announced the investment of more than US$2 billion in biofuels

research, development, and operations in Brazil and Europe [15]. The Chinese

company Sunshine Kaidi New Energy Group is planning to build a billion-euro

biorefinery in Kemi (Finland) for the production of 200,000 t of biofuels per year

[16]. Also in Finland, UPM, one of the world leading forest industry company, has

invested 175 million euros to build its biorefinery in Lappeenranta to produce

biodiesel from wood. The Spanish company Abengoa officially opened its cellu-

losic biorefinery in Hugoton, Kansas, and it’s the first facility to apply, at a

commercial level, enzymatic hydrolysis process to convert cellulosic biomass

into fermentable sugars that are then converted into bioethanol or other transporta-

tion fuels. The total investment in the project was estimated at around US$350

million [17].

After this brief historical account, let’s analyze the various biorefining processes
and first start by comparing conventional petrochemical and biomass-based

refineries.

7.2.2 Biorefineries Versus Petroleum Refineries

In the recent past, humanity witnessed several shifts in raw materials aiming at

creating wealth and prosperity, mainly through the industrial sector. The first shift

was during the industrial revolution from biomass to coal. Later, another shift

occurred and coal was gradually replaced by petroleum and natural gas.

Nowadays, the world is preparing itself for another shift, this time back to

biomass. So, we started with renewable resources, shifted to a fossil resource,

traded one fossil resource for two others, and now going back to the only resource

that will never run out, biomass. Therefore, substituting fossil resources by
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renewable ones should be seen from this angle. Indeed, contextualizing this

expected shift will lay a solid ground for its proper implementation, benefit for

the previous advantageous aspects, and avoid the disadvantageous ones.

In practice, there are many analogies between petroleum refineries and

biorefineries. Indeed, for both processes, refining includes three main operations

to convert petroleum or biomass into various end products:

1. Separation/fractionation: aiming at separating the various components either in

crude oil (distillation) or biomass (fractionation) into streams for convertible

intermediates.

2. Conversion: for the case of crude oil, this step helped reducing the length of

some hydrocarbon chains to desired compounds (catalytic reforming). As for the

biomass, the conversion aims at transforming the biomass components into the

end products via the fermentation of simple sugars (ethanol, butanol, organic

acids, etc.) or the transesterification of vegetable and algal oils (biodiesel).

3. Purification: this final stage helps recovering the end chemicals or products from

the conversion reaction mixture. Several processes could be applied including

distillation, membrane separation, adsorption, solvent extraction, etc.

Despite these similarities, biomass, on one hand, and crude oil and natural gas,

on the other hand, differ considerably in composition, hence the need to operate

some modification to “convert” conventional refineries into biorefineries. Table 7.1

illustrates the main analogies and differences between the two refineries.

Thus, the main difference between petroleum refineries and biorefineries is the

composition of the respective of the feedstocks. Indeed, petroleum is rich in

hydrocarbons with almost no oxygen content. Biomass, on the other hand, has a

smaller fraction of hydrocarbons and a much higher content [19]. The complex and

heterogeneous composition of biomass used to be a major obstacle for the devel-

opment of biorefining. Several R&D breakthroughs in biomass pretreatment [20–

22] and fractionation [23–25] helped, to a large extent, overcoming this issue,

especially for the recalcitrant lignocellulosic resources. Nonetheless, further opti-

mization for large-scale applications is still needed (i.e., higher production yield,

lower residues, and at lower cost).

From the beginning, the possible application of biomass in “upgraded” conven-

tional refineries attracted the attention of both researchers and industrialists. Among

the various scenarios, scientists are recommending the use of biomass or biomass-

derived compounds in the oil and syngas production platforms and benefit from the

already operational facilities including oil cracking, hydrotreating, and gasification.

The expected products from this straightforward integration of biomass in conven-

tional refineries could include biodiesel, bioalcohols, acids, and other added-value

chemicals derivable from biosyngas [26].
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7.2.3 Major Categories of Biorefineries

Biorefineries are designed and operated to produce various end products via various

conversion routes that form a wide variety of renewable resources. In order to fully

benefit from the various potential feedstocks (terrestrial and marine biological

resources and biowastes), different biorefining configurations were developed.

With respect to the selected feedstock(s), different handling equipments, thermo-

chemical and biochemical conversion procedures, and separation and purification

technologies could be integrated and applied.

In this context, several classification of biorefineries were reported according to

the nature of the feedstocks, the production technologies (first to fourth generation),

and the adopted conversion process. Tables 7.2 and 7.3 summarize the various

classifications.

In the following section, a brief description of each class of biorefinery will be

presented. The classification based on the kind of feedstocks will be followed,

because it is the availability and composition of the feedstock that are the main

factors to target specific end product(s) and therefore apply proper conversion

technologies.

7.2.3.1 Green Biorefineries

Green biorefineries are based on the processing of green biomass, including green

grass or crops (alfalfa, stover, immature cereals, etc.) for the production of a wide

range of bioproducts such as bioethanol, amino acids, fibers, fertilizers, and biogas

[30]. This processing relies mainly on the efficiency of the mechanical fractionation

of the fresh green biomass, which results in the production of a fiber-rich cake and a

Table 7.1 Comparative analysis between petroleum refineries and biorefineries [18]

Factors Petroleum refineries Biorefineries

Feedstock Relatively homogeneous • Heterogeneous composition (carbohy-

drates, lignin, proteins, oils, etc.)

• Most components are in polymeric con-

figuration (cellulose, starch, proteins, and

lignin)

• Low oxygen content

• The weight of the product (mole/

mole) tends to increase after the

process

• High oxygen content

• The weight of the product tends to

decrease after the process

Main build-

ing blocks

Ethylene, propylene, methane, ben-

zene, toluene, and xylene isomers

Glucose (C6 sugar), xylose (C5 sugar),

fatty acids (oleic and stearic acids)

Conversion

processes

• Mostly chemical processes

• Relatively homogeneous pro-

cesses to produce building blocks

• Various chemical conversion

routes

• Combination of chemical and biotech-

nological processes

• Relatively heterogeneous processes to

produce building blocks

• Limited (bio)chemical routes
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biomass juice rich in water-soluble compounds (nutrients, lactic acid, amino acids)

[31, 32].

The green juice is then treated, mainly via fermentative routes, for the produc-

tion of bioethanol, lactic acid, amino acids, and proteins [33]. As for the press cake,

it can be valorized as green feed pellets or further processed (thermochemical

and/or biological procedures) for the production of various organic acids such as

levulinic acid (a high added-value platform chemical [34]) or bio-syngas [35]. The

Table 7.2 Classification of biorefineries based on the used feedstock and the generation technol-

ogy [4, 27, 28]

Classification Feedstocks End products

Classification

by feedstock

Green

biorefineries

Grasses and green plants Bioethanol

Cereal (whole

grain)

biorefineries

Starch crops, sugar crops, and

grains

Bioethanol

Oleo-chemical

(oilseed)

biorefineries

Oilseed crops and oil plants Vegetable oils,

biodiesels

Forest

biorefineries

Forest harvesting residues, barks,

wood sawdust, pulping liquors,

and fibers

Biofuels, biochemicals,

and biomaterials

Lignocellulosic

biomass

biorefineries

Agricultural wastes, crop resi-

dues, urban wood wastes, indus-

trial organic wastes

Lignocellulosic

bioethanol, bio-oil,

bio-syngas, biochar

Algal

biorefineries

Algae, seagrass Bioethanol, bio-oil,

biodiesel

Classification

by generation

First-generation

biorefineries

Sugar, starch, vegetable oils, or

animal fats

Bioalcohols, vegetable

oil, biodiesel,

bio-syngas, biomethane

Second -gener-

ation

biorefineries

Nonfood crops, energy crop, and

agro-industrial residues (wheat

straw, corn stover, and stalk, etc.)

Bioalcohols, bio-oil,

biohydrogen, bio-

Fischer-Tropsch diesel,

biochar

Third-genera-

tion

biorefineries

Algae Bioethanol, bio-oil,

biodiesel

Fourth-genera-

tion

biorefineries

Vegetable oil, biodiesel Biogasoline

Table 7.3 Classification of biorefineries based on the conversion technology [4, 18, 29]

Conversion technology End products

Fermentation-based biorefineries Bioethanol, biobutanol, organic acids

Pyrolysis-based biorefineries Bio-oil, biochemicals, biohydrogen, biochar

Hydrothermal process-based biorefineries Bio-oil, biochar, biochemicals, biohydrogen

Gasification-based biorefineries Bio-syngas, biohydrogen, methanol, dimethyl ether
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waste stream (by-product) of this processing is a nutrient-rich juice commonly

known as brown juice.

The implementation of the green biorefinery technology is at an advanced stage

of development in many European countries including Germany [36], Austria [37],

Switzerland [38], and Denmark [39]. Table 7.4 illustrates the composition of the

green juices extracted from various green grass and crops.

7.2.3.2 Whole Grain Biorefineries

Whole grain biorefineries (aka. cereals biorefineries) are using raw biomass of

cereals including rye, wheat, triticale, sweet sorghum, and corn, as feedstock to

produce a wide range of end products. The first step is the separation, mainly by

mechanical means, of the grains (cereals or corn) rich in starch, cellulose, and

proteins, and the lignocellulosic straw.

The grains processing is generally conducted via dry or wet milling. During the

dry milling, the whole grains are mechanically grinded. Water is added to the

produced flour, and the resulting mixture or mash is subjected to chemical or

enzymatic hydrolysis treatment and cooked in order to breakdown the starch

content [41, 42]. As for the wet milling, the grains are first soaked in water with

sulfur dioxide in order to soften the kernels, loosen the hulls, and break the bonds

between germ and endosperm [43]; then the mixture is milled. Several separation

technologies could be applied to recover pure streams of starch, cellulose, proteins,

as well as oil [44]. Considering the high content of polysaccharidic components in

Table 7.4 Chemical composition (g/kg) of dry matter in the juices of different green biomasses

[40]

Components

Green juice from Italian

rye-grass

Green juice from

clover grass

Green juice from

alfalfa

Water soluble

carbohydrates

449.4 330.8 137.0

Free carbohydrates 283.1 219.5 135.8

Fructans 166.3 111.3 0

Succinic acid 15.2 5.7 3.2

Malonic acid 17.7 5.7 53.5

Citric acid 8.9 14.6 8.3

Malic acid 42.8 36.9 33.7

Acetic acid 0 0 0

Lactic acid 3.3 0 0

Formic acid 4.5 0 0

Total organic acids 92.4 62.9 98.7

Proteins (N � 6.25)a 174.0 264.2 349.0

Dry matter (%) 5.4 5.9 6.0
aProtein content calculated from the nitrogen (N) content
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the raw feedstock, the main conversion procedure in whole grain biorefineries is

fermentation [45–47].

It has to be noted that the hydrolysis phase could be integrated with the

fermentation phase by applying a simultaneous saccharification and fermentation

process, i.e., simultaneously incorporating saccharifying enzymes and fermenting

yeasts in the same reactor [48, 49]. The fractionation of the various grains compo-

nents prior to conversion process is also a promising configuration for whole grain

biorefinery to diversity their end products portfolio. With such configuration,

bioethanol, biobutanol, organic acids, and other added-value fine chemicals could

be produced from the starch and cellulose fraction via fermentative routes. The oil

content, especially from corn, is used for the production of biodiesel via the well-

established transesterification procedure [50, 51].

The straw residues generated during the first separation stage could be further

processed in another biorefining system using lignocellulosic biomass as feedstock.

7.2.3.3 Lignocellulosic Biomass Biorefineries

Lignocellulosic bioresources and wastes from forestry, wood-processing industries

(mainly pulp and paper), agro-industrial activities, and municipal solid wastes are

considered to be one of the major feedstock sources for thriving industries in the

circular and bio-based economies including the energy chemicals, pharmaceuticals,

and materials production sectors. Indeed, lignocellulosic biomasses are widely

available around the world and could be acquired at moderate cost. As well, their

application as feedstock for the production of various commodities helped mitigat-

ing the serious conflict over the use of food crops for fuel production [52, 53].

The composition of lignocellulosic biomass consists of cellulose and hemicel-

lulose (polysaccharides) and the complex and recalcitrant lignin. The relative

content of each component varies from one species to another and within the

same species with respect to the age and the growing conditions. In general, the

holocellulosic content (cellulose and hemicellulose) is estimated at 50–75% of total

dry weight, and the lignin fraction at 10–25% [54]. The presence of the aromatic

polymer lignin necessitates a pretreatment step in order to remove it and make

holocellulosic fraction more accessible for the conversion stage hydrolysis.

Several pretreatments could be applied, individually or combined, including

mechanical, chemical, or biological (enzymatic) procedures [55–57]. Then, a

chemical or enzymatic hydrolysis (saccharification) is applied to convert the poly-

saccharides into simple fermentable C5 and C6 sugars. After this stage, a wide

range of bio-based products including biofuels and fine chemicals could be pro-

duced via diverse fermentative routes [58].

The forest and pulp and paper industries are facing serious challenges due the

recurrent worldwide economic crisis, even in developed countries, and the declin-

ing demand for paper and paperboard production. The coproduction of pulp and

paper and other added-value bioproducts, especially from side streams (wastes and

by-products), was first applied as a “survival strategy.” Then, the winning strategy
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opened the door for more elaborate conversion schemes and production facilities

that could be qualified as the first implementations of the forest or lignocellulose

biorefineries’ concept.
The Forest-based sector Technology Platform (FTP) formed the “Biorefinery

Taskforce” in order to investigate the full potentialities of wood-based biorefineries

to produce a wide range of added-value products from both forest raw materials and

by-products of the forest-based industries [59]. The related study revealed that the

pulp mills could produce various biofuels and bioproducts from forest biomass and

wood-processing residues via the application of advanced fractionation and con-

version technologies. Besides, lignin, the most important residue from the wood

industry, was also confirmed to be a promising feedstock for the production of

various platform chemicals [60], which could be used to produce fine chemicals

[61], biodegradable polymers [62], carbon nanofibers [63], and other polymers and

biomaterials [64–66].

7.2.3.4 Oleo-Chemical Biorefineries

Industries in the oleo-chemistry sector have been using renewable oil and

fat-containing raw materials including many oilseed plants or the by-products of

meat-processing industries (animal fats) for a long time. Therefore, oleo-chemical

industries are among the most predisposed facilities to work with renewable

resources for the production of biofuels, biochemicals, and biomaterials.

In practice, after mechanical and solvent-based chemical processing of the

oilseeds in order to extract the oil content, it is estimated that fatty acids and esters

make up around 85–90% of the recovered oily material. From chemical and

structural perspectives, the components in oilseeds resemble the hydrocarbons in

fossil resources. That is why the incorporation of oil-containing biomass in already

operating refineries with, or instead of, nonrenewable feedstocks is one of the

smoothest transitions towards bio-based economy [67].

In the R&D field, the direct utilization of raw vegetable oils from oilseeds (aka.
straight vegetable oil, SVO) to run diesel engines seemed an interesting endeavor in

the scientific research community [68, 69], either exclusively or in combination

with conventional diesel fuels. However, the high boiling point and viscosity of

SVO, compared to diesel fuel [70], was the main obstacle for such straightforward

application, hence the need for further processing of the vegetable oils to produce

biodiesel [71, 72], modifying the engines [73], and mixing with conventional fossil

diesel [74] or renewable biodiesel [75]. In this context, several methods were

investigated and applied to reduce the viscosity of vegetable oils to the required

levels including transesterification, micro-emulsion, catalytic cracking, pyrolysis,

and enzymatic hydro-esterification [76, 77].

The production of biodiesel for vegetable oils via transesterification is currently

the main process for large-scale production of biodiesel, and it is based on the

incorporation of methanol with alkaline compounds such as sodium and potassium

hydroxides [78]. Nonetheless, the content of free fatty acids (FFAs) in those oils has
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a major impact on both the properties and yield of the derived biodiesel. Indeed, the

alkaline transesterification process applied to oils, with FFAs content superior to

2.5%, results in the formation of soap formation, which substantially reduces the

biodiesel yield and complicates the purification and separation stage [79, 80]. To

remediate this issue, several acid catalysts were applied to vegetable oils with high

FFAs including sulfuric acid, hydrochloric acid, and sulfonic acid [81]. Nonethe-

less, the high cost related to the acquisition of the catalyst and then its separation

from the produced biodiesel constituted a new set of challenges.

To address these issues, researchers worked on the development of enzymatic

catalysts, mainly lipase [82], for the production of biodiesel from a wide range of

vegetable oils. The related findings revealed that the application of specific

enzymes in the conversion process of oils (with low or high FFAs content) to

biodiesel reduced the impact of the issues related to the incorporation of alkali or

acid chemicals for the production of fatty acid methyl ester (FAME) or fatty acid

ethyl ester (FAEE) [83], avoided the saponification phenomenon, generated pure

glycerol stream (by-product), and enabled a lower energy consumption [84]. On the

other hand, however, the high cost of enzymes and the easy inhibition of their

activity by organic solvents constitute the main disadvantages of using enzymatic

catalysts in the biodiesel production process [85].

Other recent research studies are promoting the application of new processes in

oleo-chemical biorefineries for the conversion of renewable oils from oilseeds,

waste cooking oils, and animal fats to biodiesel [86]. Pyrolysis is one of the

alternative processes for the commonly used transesterification. Indeed, several

research teams carried out comparative analyses between the two processes, and the

general consensus is that pyrolysis has more advantageous features than

transesterification. Indeed, it was reported that pyrolyzed vegetable oils tend to

generate liquid biofuels with chemical compositions comparable to the ones of

conventional diesel fuel, and thus compatible with engines and fuel standards [87].

For the previously mentioned biorefineries, all the feedstocks are from terrestrial

resources (green biomass, grains, lignocellulosic biomass, and oilseeds). Figure 7.1

gives a schematic illustration of the possibility to combine various conversion

platforms. Such combination scenarios are mainly aimed at diversifying the end

products and also to enable operating petrochemical refineries to coproduce various

bio-based products including renewable fuels and added-value specialty chemicals.

Along with the terrestrial feedstocks, marine bioresources including algae and

seagrasses are quickly gaining the interest of researchers and industrialists in the

bio-based industry sector as renewable and highly available nonfood feedstock for

biorefineries, aka. Algal or fourth-generation biorefineries.

7.2.3.5 Marine Biorefineries

Marine biorefineries, also specifically referred to as algal biorefineries, are refining

facilities operated to produce different biofuels, biochemicals, and biomaterials for

various marines bioresources including microalgae, macroalgae (seaweeds),
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seagrasses, and other aquatic plants growing or being cultivated in seas and oceans.

From an industrial perspective, marine biomass has a considerable potential to meet

a substantial part of the rising worldwide requirement for biomass. Indeed, besides

being available from their native ecosystems, marine bioresources could be culti-

vated for industrial utilization without any competition with food crops over water

and soil [89], with possible cultivation in marginal waters such as municipal

wastewaters [90]. In addition to their high availability, marine algae and seagrasses

are also characterized by high biomass production yields, wide range of synthesized

biochemicals, and an important contribution in carbon capture and global warming

mitigation [91].

Marine bioresources can accumulate substantial amounts of oils, carbohydrates,

and vitamins, depending on species and growing (or cultivation) conditions. As a

consequence, several studies worked on valorizing such promising biomass for the

production of many commodities, mainly biofuels and platform chemicals. In this

thriving research field, the applicability of oleaginous algae as raw biomass for

biodiesel production was already demonstrated [92–94] and its viability verified

Fig. 7.1 The concept of an integrated biorefinery combining various terrestrial feedstocks and

multiple conversion platforms [88]
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through life cycle assessment [95]. Other marine bioresources, mainly seaweeds

and seagrasses, have a rich carbohydrates content, which can be fractionated and/or

converted into various added-value bioproducts such as bioethanol frommicroalgae

[96], seaweeds [97], and seagrasses [98], as well as acetone and butanol [99] and

organic acids [100]. Biomethane and bio-syngas are also among the various end

products of marine biorefineries [101, 102].

Currently, the industrial valorization of marine biomasses into biofuels is

gaining most on the interest among scientists, industrialists, and decision makers,

which is understandable considering the urgency to make available renewable

alternative to fossil fuels. However, this should not get the focus of researchers

around the world away from other added-value potential products, including

omega-3 fatty acids, biopolymers, biofertilizers, bioplastics, proteins, and also

natural pigments [103]. In this context, many scientists assert that the sole produc-

tion of biofuel from algae raises serious question about the sustainability of such

production scheme and even its economic feasibility [104]. The integrated

biorefining concept, by definition, implies the production of biofuels with com-

modities, which will help to improve the economics of such sustainable production

model [105, 106].

Figure 7.2 presents an integrated biorefining process to convert algal feedstock

into biomass via hydrothermal liquefaction (HTL) into bio-oil, biochar, syngas,

biochemicals, and biofertilizers. Other conversion procedures could be applied to

marine bioresources according to their respective composition. This includes fer-

mentation [107], transesterification [108], pyrolysis [109], along with HTL [110].

Fig. 7.2 An integrated biorefining concept of algal biomass based on the hydrothermal liquefac-

tion process [111]
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7.3 Implementation of Integrated Biorefineries

7.3.1 Implementation Designs of Biorefineries

Industrial integrated biorefineries are processing facilities enabling an optimized

conversion of various bioresources into added-value fuels and chemicals, with

limited wastes, thus generating profit in a sustainable manner.

In general, biorefineries are designed based on a common engineering-based

design approach that includes the following four phases: (1) defining the problem,

(2) elaborating a conceptual design, (3) detailing the design specification, and

(4) finally its implementation [112].

With various R&D breakthroughs, multiple biomass conversion pathways are

available for industrialists to be applied [113], depending on the availability of

feedstock and the targeted end product(s). Therefore, making strategic choices

regarding those two aspects (i.e., feedstock supply chain and conversion process

engineering) are the key factors to be taken into consideration when designing an

integrated biorefinery.

7.3.1.1 Biomass Supply Chain Network Design

A supply chain network involves all the participants operating in the flow of raw

material from producers to conversion and processing units, and then the end

products to consumers. Basically, for biorefining facilities, biomass supply chain

includes five phases: (1) feedstock production, (2) logistics, (3) conversion process,

(4) products distribution, and (5) end-use [114]. In order to reach the last stage of

products’ end-use in the most efficient way (highest quality and minimum cost), the

five-stage supply chain has to be well coordinated through an optimized supply

chain management (SCM) [115].

Within SCM, three main planning decisions can be taken depending on the

planning frame time including strategic, tactical, and operational decisions

[116, 117]. In general, planning decisions related to biomass supply chain network

belong to the strategic ones. Experts in the field reported that such supply chain is of

a long-term character. Others affirmed that it requires high investments, and

potential planning revision might be needed in 3–8 years [118].

In this context, the biomass supply chain network related to biorefining activities

is primarily affected by two main strategic decisions. The first one about the

biomass (what will be used as feedstock) and the second one related to the

production facilities (where and how the targeted end products will be produced).
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Strategic Decisions in Biomass Supply

Regarding the choice of feedstock, there are two major scenarios: the single

feedstock and multiple feedstocks models. A related bibliometric analysis (from

January 1997 until July 2016) revealed that 54.8% of the research studies on this

matter was conducted based on the multi-feedstocks supply chain and the

remaining 45.2% on single feedstock models [119]. The main advantages of

multiple feedstocks biorefining scenarios are the possibility to cope with fluctua-

tions in the supply of any of the feedstocks in terms of both price and availability.

This model also promotes the competition between the suppliers to provide biomass

at lower cost. However, the diverse composition of biomass necessitates the

incorporation of different pretreatment and conversion technologies, which means

a higher investment, and operations and maintenance costs. Single feedstock

model, on the other hand, has lesser technological requirements, but the availability

of biomass for industrial processing is directly affected by any issue disturbing the

supply chain. This short-term unavailability could be related to variation on sea-

sonal productivity, climatic incidents, logistics issues, etc.

But, the most important matter is the possible establishment of a monopoly over

this single feedstock, which will directly affect the prices of the end products. In

general, few end products are produced by a single feedstock model (primarily

biofuels with, in some cases, biochemicals, biofertilizers, etc.). Currently, with the

R&D breakthroughs in biomass fractionation, new set of bioproducts could be

produced in single feedstock biorefineries [120].

In the general context of biorefineries and biomass supply chain, the notions of

supply chain and value chain are sometimes wrongly used to describe the same

concept although they refer to two different notions [121]. Supply chain is related to

the flow of materials from the supplier of feedstock to the customer (end product).

Value chain, on the other hand, is the set of activities aiming at creating value from

this chain, including marketing and innovations [122, 123].

Strategic Decisions in Facilities-Related Matters

This includes a set of decisions on matters related to the location, the choice of the

biomass conversion and separation technologies, daily load of feedstock, and the

incorporation of different other components in the facility including handling,

blending, pretreatment, and storage. For instance, the decision to build and operate

the biorefinery in a specific location is of strategic importance and has direct impact

on both the investment and operating costs and therefore on the profitability of

those green and sustainable businesses [124, 125]. Several aspects need to be taken

into consideration including the vicinity to feedstock sources and the distribution

network. In this specific context, since the biomass feedstock is much more bulky

(compared to the end products), transportation costs are higher for the feedstock,

especially in long distances. Thus, the vicinity to the feedstock source is generally

prioritized over the distribution chain [126].
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Overall, it is the set of choices about the processing unit in the biorefinery that

generates most the decision variables, along with the site location. That is why most

of the mathematical models are based on binary variables, expressing the founda-

tion of a processing facility in a specific location, for a specific time frame [127].

7.3.1.2 Biomass Conversion Process Design

In integrated biorefineries, numerous biomass conversion routes could be applied

for the production of various bioproducts. This wide range of conversion pathways

and end products complicated the design of integrated biorefineries, which neces-

sitated the development of different systematic screening tools to address the

process design of those facilities [128].

Research studies on process design are mainly focusing on the development of

the process and then the possible integration and optimization scenarios. For the

development phase, superstructure and sub-processes are synthesized, generally via

a hierarchical decomposition of the process or algorithms such as the ones for heat

exchange and reactor networks [129]. As for integration and optimization, the

design is mainly related to feedstock and energy integration and process intensifi-

cation, as well as repeated simulations or mathematical modeling [27, 130].

In this regard, several detailed process models were developed using reliable

simulation engines such as Aspen Plus, ChemCAD, Aspen HYSYS, Pro/II,

SuperPro Designer, etc. [131]. The use of such process simulation tools helped

elaborating reliable process designs by providing complete flowsheets, optimized

operating factors, and useful information about the input amount and the optimal

size of the processing units. At first, and in order to generate a simulated process

design of a biorefinery, the targeted bioproducts and any recognized process

constraints are sent to the process design module. Consequently, different processes

enabling the production of the desired bioproducts are modeled using one of the

well-established simulation softwares. More advanced process design tools, such as

computer-aided molecular design (CAMD) and thermodynamics-based pinch ana-

lyses [132], are applied to carry out mass and energy integration regarding the

possible integration of the various processes to generate a fully optimized and

highly efficient process. For the more complicated combination scenarios, large-

block analysis (LBA), hierarchical analysis, supply chain management (SCM), etc.

were reported to be of greater assistance [114].

For instance, the LBA of processes was developed as a comparative tool to

assess the applicability of different retrofit cases, using the same basis, such as the

scenario of a biofuel production retrofit at a Kraft mill [133]. This methodology

enables the establishment of common assumptions through the combination of

various simulated data related to the production yield, mass, and energy balances,

as well as capital investments [134].

On another important matter, one of the main decisions in process designing, is,

first, to identify the “best” bioproduct or platform molecule and (i.e., high yield and

value) then design the optimal conversion routes to produce the targeted products.
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Fig. 7.3 Flow diagrams of two integrated biorefining scenarios: (a) for maximum production

yield and (b) for maximum economic value. Adapted from [135]
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Figure 7.3 depicts the flow diagrams of two integrated biorefinery scenarios: the

first one to maximize the production yield and the second to increase the economic

value of the biorefining process. Further details about the respective production

yields and values of each biorefining scenario could be found in [135].

Several studies reported the values of several bioproducts, which could be

produced after biomass refining, as a tool to select the most suitable feedstock

(s) and end product(s) that would generate a higher profitability for such sustainable

production system. In the related literature, the available cost data is reported either

from real or simulated-case scenarios. A wide collection of average prices from

several feedstocks and end products is given in Tables 7.5 and 7.6, respectively.

7.3.2 Obstacles Facing the Implementation of Biorefineries

The implementation of biorefineries is related to many technological and economic

factors including supply chain, conversion pathways, and overall economic effi-

ciency. Each one of those factors is posing a set of challenges to the development of

fully operational biorefining facilities. As well, the implementation of any

biorefinery is highly influenced by the space in which its units are operating and

its end products stored and distributed.

Table 7.5 Estimated prices

of several feedstock materials

for the biorefinery industry

[18, 66, 136–141]

Raw biomass Price (€/t dry matter)

Jatropha oil 465a

Safflower 419a

Corn 326a

Sorghum 236a

Jatropha fruit 128a

Beech wood 100

Grass 70–80

Wood chips 79a

Wheat 73

Poplar wood 71

Leaves (alfalfa, beet, etc.) 50–70

Birch wood 66

African palm 60a

Eucalyptus 55a

Wheat straw 45a

Olive pruning 41a

Rice 37

Sweet sorghum 36a

Sugarcane 25

Sugarcane straw 18
aPrices originally given in US dollars
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The social dimension of implementing sustainable production facilities in spe-

cific regions is becoming a key factor. Many research studies in social sciences are

Table 7.6 Estimated prices

of several end products

(platform chemicals, biofuels,

polymers, sugars, adhesives,

plastics, etc.) from the

biorefinery industry [136,

137, 142]

End product Price (€/t)

1,2,4-Butanetrio-trinitrate 90,000

Xylonic acid 61,370

Difurfuryl disocyanate 15,000

Vanillin 12,000

XOS 8500

Polyester 7523

HMF 5000

Lignin castor oil 4200

Polyamide2 4000

Xylitol 3500

APP 2500

Activated carbon 2093

Polyacrylate 1971

Hydrogel 1887

XB polyester 1750

Isopropanol 1667

Aromatic polyols 1620

n-Butanol (chemical) 1505a

Bio polyester 1483

PEF 1079

Pf resin 1076

Polyamide1 1000

Polypropylene 970

n-Butanol (biofuel) 940a

Propylene 930

Ethylene 906

Carbon black 835

Ethylene glycol 800

Bio PVC 681

Furfural 597

Sorbitol 583

Ethanol 560

Pulp 550

Isosorbite 502

Dichloroethane 433

Glucose 373

Wood adhesive 360

Bio-oil 340a

Biochar 109
aPrices originally given in US dollars
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providing new valuable perspectives, in addition to the technological and economic

ones [143].

Overall, the wider implementation and expansion of biorefineries is mainly

restricted by the complexity of such facilities, especially the integrated ones

designed, built, and operated in order to process various feedstocks and produce a

wide range of bioproducts using different pretreatment, conversion, and purification

technologies. Thus, each biorefining process scenario (single–multiple/input–out-

put) has its own degree of complexity, which is a valuable insight for its subsequent

implementation. In this context, the IEA Bioenergy Task 42 has published a

working document on the notion of biorefinery complexity index (BCI) and the

assessment of this index for different biorefining scenarios [144].

Considering the various factors challenging the implementation of a biorefinery,

we will discuss two study cases: forest biorefinery (terrestrial bioresources) and

algal biorefinery (marine bioresources).

7.3.2.1 Challenges Facing Forest Biorefineries

According to the World Bank data, forests are contributing to the livelihoods of

about 1.6 billion people around the world. Both raw and industrially processed

forest products are sources for economic growth and employment, with an esti-

mated global value around US$270 billion, of which developed countries account

for 80%. Worldwide, the various forest industries provide direct and indirect

employment for roughly 50 million people [145].

Lately, the forest industry, aka. the cradle of the biorefining concept, is facing

several challenges, some of them are specific and other commonly found in mature

industrial activities. In general, forest industries, mostly concentrated in developed

countries (Northern Europe and America), are benefiting from substantial capital

assets and large domestic markets. However, latest investigations are reporting

higher production costs for slowly shrinking markets [146]. In response to this

escalating difficult situation and its inevitable impact on conventional forest-based

industrial activities such as the pulp and paper industry, several structural and

technological changes were both necessary and urgent to ensure the continuity

and profitability of this strategic sector in many Scandinavian and North American

countries [147].

The most promising long-term strategy to transform the struggling industries

into sustainable business models with improved financial performance was the

implementation of the biorefinery concept. Such transformation helped diversifying

the products’ portfolio and including new and cheaper feedstock materials, but it

also generated new set of technological challenges, as well as many market and

policy obstacles. In an interesting study, Canadian experts from the Natural Sci-

ences and Engineering Research Council (NSERC) have put forward different

potential obstacles to a wider implementation of forest biorefineries. The analysis

was conducted using the multiple-criteria decision-making (MCDM) analytical tool

via the analytic hierarchy process [148]. According to this study, the main barriers
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to the implementation of a forest biorefinery are summarized in the following four

points:

– The governmental policies could be responsible for delaying the implementation

of biorefineries due to the lack of promoting legislations, and in some countries,

the impact of the influential fossil fuels lobby.

– The previously implemented biorefineries encountered many technological

problems, especially that most biorefining scenarios were based on inefficient

early generation technologies.

– The limited cooperation with industrial partners from outside the forest sector

via collaborative networking was a critical factor that affected the early stages of

the implementation of biorefineries.

– The forest industry was described as a risk-averse industry with marginal

financial performance. This “risk-averse culture,” according to the scientists

conducting this analysis, limited the orientation of decision makers towards

emerging and cost-effective biorefining strategies, in favor of short-term

decisions [148].

Overall, industrial companies in the forest sector willing to invest in the thriving

biorefining business need to be ready to operate serious structural changes and

adopt new business models [149]. According to some experts in the field, the

general understanding of these fundamental structural changes is still limited

[150], hence the need for a joint effort to facilitate these changes at both conceptual

and implementation levels.

7.3.2.2 Challenges Facing Algal Biorefineries

Many research studies and expertise reports are highlighting the benefits of a wider

implementation of algal biorefineries considering the renewability and high avail-

ability of those marine feedstocks [151, 152] and the fact that the biochemical

composition of many micro and macroalgae enables the production of various

added-value bioproducts for the energy, chemicals, medical, food and feed sectors

[153] and even new compounds for new business ideas [154].

Nonetheless, the implementation of such promising biorefining facilities is still

facing some serious challenges, mainly technical and economical ones. On the

technical side, the large-scale cultivation and harvesting of algal biomass is the

main obstacle to a wide expansion of the algal biorefining strategy. For instance,

many scientists are stating that, for the case of producing biofuels from algae, the

cost of the algal biomass was the decisive factor in the determination of the selling

prices of the produced biofuel [155]. In other studies, the economic assessment, the

energy and carbon balance, as well as the environmental impact of many cultivation

systems were conducted for various algal bioresources, including open raceway

ponds (ORP) and photobioreactors (PBR) [156].

A comparative analysis between those two cultivation systems revealed that the

cost of producing algae in ORP is lower than the cost of the same algal production
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in PBR. A detailed cost breakdown showed that the production cost in ORP is

related to the raw materials and operation and maintenance costs. On the other

hand, the cost of producing algal biomass in PBR is mainly associated with the

capital cost of the PBR system [157].

Nonetheless, the productivity and energy efficiency of both cultivation systems

still need to be improved in order to further reduce the production cost of algae and

meet the increasing requirement for biomass from the biorefinery sector. The same

study revealed that the production cost could be reduced by more than 50% if the

main cultivation inputs, water, nutrients, and carbon dioxide could be acquired at a

lower cost. In this regard, the cultivation of algae in marginal wastewater seems a

promising solution to avoid the use of freshwater resources and provide the

necessary nutrients to the algae for a higher biomass productivity. Several research

studies explored this option and promising results were reported using municipal

[158], dairy [159], and slaughterhouse [160] wastewaters.

Recently, other cultivation systems are being investigated for large-scale pro-

duction of algae, including algal turf scrubbers [161] and various configurations of

biofilm-based algal cultivation systems [162] such as the rotating algal biofilm

reactor where the algae are grown as biofilm attached on a surface. With this

technology, the algal biomass was more easily harvested in comparison with the

suspended cultures in ORPs and PBRs. Such practical advantage was particularly

suitable to harvest algal biomass cultivated in wastewater media. Besides, the

biofilm-based algae were reported to require less expensive downstream processing

during their conversion into biofuels and other algae-derived products [163].

On a related matter, but from a biotechnological perspective, many research

investigations worked on improving the biomass productivity and biochemical

content (mainly polysaccharides and lipid) of algae via genetic modifications.

Several scenarios of strain selection and genetic modifications of algae could be

applied. The main goal of such research endeavor is to select native stains with

improved biomass productivity or to engineer their genetic material in order to

develop new algal stains with a simultaneous improvement of both the lipid or

carbohydrate content and biomass yield [164]. Other genetic modification aimed at

improving the resistance to potential contamination by wild organisms and reduc-

ing the pigment content to minimize the negative impact of self-shading and

optimize the photosynthetic reaction [165, 166].

However, despite the fact that the advances in sequencing technologies helped

identifying the genes involved in metabolic reactions, applying genetically modi-

fied algae in large-scale cultivation systems remain a risky decision, especially in

open pond systems. Even PRBs, which are closed bioreactors, are also vulnerable as

the leakages are inevitable [167], which could lead to serious environmental

complications.

Besides the main challenge related to the large-scale cultivation and harvesting

of algal biomass, the lack of full evaluation of the economic feasibility of algal

biorefinery is posing another challenge delaying the wider implementation of such

biorefining concept [168]. Indeed, the examination of the literature related to algal

biorefineries shows a wide range of conversion pathways and design scenarios for
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the production of biofuels and biochemicals from algal biomass, but limited

numbers of studies addressed the subject of assessing the cost-effectiveness of

those various biorefining configurations [169, 170]. Some researchers even related

the slow implementation of algal biorefineries to the inconsistent and uncertain

technological and economic data [171], upon which interested entrepreneurs and

decision makers will base their investment decisions.

Overall, the implementation of a biorefining facility, forest, algal, or any cate-

gory of biorefinery implies several influential technological challenges and mar-

keting risks. Therefore, it is both critical and urgent for legislative and executive

authorities, industrialists, and researchers to join their efforts in order to endorse

and ratify legislations facilitating the implementation of biorefineries and make the

necessary funds available for the promising R&D activities and pro-sustainability

support group.

Such joint effort will help to mitigate most challenges currently faced by

biorefineries and reduce the risks related to the implementation of new technologies

and even new biorefining concepts in the future to tolerable levels. In the mean-

while, measures such as the carbon emission trading system and other policies

favoring sustainability will enable a better competitive potential to the various

bioproducts of biorefineries.

7.4 Biorefining Technologies: Green Production Processes

The technological configuration of a biorefinery is mainly related to the nature,

availability, and quantity of the feedstock material(s) to be processed, on the one

hand, and the type and amount of the end product(s) to be produced and sold, on the

other hand. These two main factors will dictate all the operation conditions to be

combined and applied to pretreat and convert the feedstock and separate and purify

the end product. Then, the developed technology needs to be subjected to extensive

techno-economic and environmental analyses in order to identify the most robust,

sustainable, and profitable configuration. In this regard, experts in the biorefineries

sector are affirmed that the development of an efficient, cost-effective, and mar-

ketable biorefining technology relies on one major factor: full process optimization

[172, 173].

Currently, several commercially available biorefining technologies are being

applied worldwide for the production of added-value biofuels, electricity, fine

chemicals, and other valuable commodities. The global market for this thriving

technological sector is expected to grow from US$466.6 billion in 2016 to US

$714.6 billion by 2021, corresponding to an annual growth rate of 8.9% within the

same period [174].

In the following section, two commercially available biorefining technologies

are selected to represent the biorefining technological know-how in the two leading

regions in the world in the biorefinery sector: Northern Europe (Borregaard,

Norway) and Northern America (Envergent Technologies, Canada/United States).
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7.4.1 BALI™ Process (Borregaard, Norway)

7.4.1.1 The Borregaard Company

Borregaard is a Norwegian company, established in 1889, in Sarpsborg in the

Østfold County. Originally, the Borregaard industrial activities started with pulp

and paper processing, and the main products were cellulose and paper. In the late

1930s, the company started the production of bioethanol by the fermentation of the

sugar content extracted from spruce wood [175].

Currently, the company is positioning itself as one of the world’s leading

industries in the lignocellulosic biorefining sector. It is organized into five produc-

tion divisions, each one targeting specific products and markets [176].

– ChemCell for the production of specialty cellulose and bioethanol,

– LignoTech for the production of lignin-based binding and dispersing agent, as

well as trading activities,

– Borregaard Synthesis for the production of fine chemicals for the pharmaceutical

sector,

– Borregaard Ingredients division for vanillin production for the food sector,

– Exilva for the production of microfibrillated cellulose (MFC). The company has

constructed the world’s first commercial-scale MFC production facility.

In their effort to assess the sustainably of their various biorefining processes, the

company commissioned several life cycle assessment (LCA) analyses to be

conducted for many of its products including cellulose, ethanol, lignin, and vanillin

from the Borregaard biorefinery in Sarpsborg [177]. In a recent study, the estima-

tion of several production-related factors impacting the environment was realized

including global warming potential, resource consumption in the form of cumula-

tive energy demand, generated wastes, as well as acidification, eutrophication,

ozone depletion, and photochemical ozone creation potentials [178].

As for the energy supply, the Norwegian company started in 2000 a strategy to

reduce its consumption of fossil energy by lowering its overall energy requirement

and gradually replacing the used fossil fuels by renewable energy sources, includ-

ing bio-based ones. With the combination of its own hydropower plant providing

electricity, the production of steam through the combustion of municipal waste,

bark, and organic side streams, in addition to the biogas from the spray driers for

lignins, the Borregaard biorefinery is securing 80% of its total energy consumption

from renewable sources [179].

7.4.1.2 The BALI™ Process

The BALI™ (Borregaard Advanced Lignin) process is a technology patented by

Booregaard industries in 2009 with the objective to covet low value lignocellulosic

biomass into added-value bioproducts including biofuels (ethanol, butanol. . .) and
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biomaterials (plastics, single cell proteins. . .), along with sulfonated lignin. The

inventors stated that the BALI™ process enables the valorization of at least 80% of

the biomass to marketable products [180].

Figure 7.4 depicts a schematic diagram including the various steps, intermediate

compounds, and end products of the BALI™ process.

Overall, this process is based on two key steps:

1. The chemical pretreatment and fractionation of the lignocellulosic biomass

aiming at reducing the crystallinity of the cellulose and solubilizing the lignin

content. During this pretreatment step, hemicellulosic fraction is either pre-

served or hydrolyzed, according to the applied operating conditions.

2. After the pretreatment, the water-soluble lignin is processed into various prod-

ucts such as lignosulfonates or oxylignins for dispersing, binders and

complexing agents, as well as emulsifiers, corrosion reducers, and soil condi-

tioners. The polysaccharidic content in the solid phase is enzymatically hydro-

lyzed and the generated simple C5 and C6 sugars are fermented into bioethanol

or other added-value biofuels and platform chemicals.

Fig. 7.4 Schematic diagram of the BALI™ process
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The BALI™ process is exhibiting interesting features for the large-scale

biorefining of lignocellulosic bioresources, which could be summarized in the

following points [179]:

– High flexibility regarding the feedstock to be processed.

– The remaining lignin fraction in the cellulose, generated after pretreatment, is

not inhibiting the hydrolyzing enzymatic activities, which reduces the hydrolysis

time and the related investment costs (enzymes and purification procedures).

– High conversion rate of polysaccharides (cellulose and hemicellulose) into

monosaccharides (C5 and C6 free sugars).

– The fermentation of monosaccharides is not generating inhibitors, which elim-

inated the need for the detoxification step.

In 2012, Borregaard launched a demonstration biorefinery plant in Sarpsborg,

named Biorefinery Demo, and based on the BALI™ process [181].

7.4.2 RTP™ Technology (Envergent Technologies, Canada/
United States)

7.4.2.1 The Envergent Technologies Company

Envergent Technologies is a joint venture between Honeywell’s UOP and Ensyn

Corporation, established in 2008 and based in Des Plaines, Illinois. UOP is an

international supplier and licensor of process technologies and equipments to the

petroleum refining and gas processing industries. Ensyn is the proprietary of the

Rapid Thermal Processing (RTP™) technology [182], which enables the rapid

conversion of residual biomass from forestry and agro-industrial activities into

liquid bio-crude, termed RTP green fuel, via a fast thermal conversion process

(i.e., fast pyrolysis).

The combination of the decades-long expertise of both companies qualified

Envergent to become the pioneer corporation in designing, building, and commer-

cializing biorefineries based on the RTP technology. So far, seven commercial RTP

plants were built in the United States and Canada. These biorefining facilities are

converting residual biomass (mainly wood and agricultural wastes) into more than

30 commodities including green fuels, chemicals, food flavorings, adhesive resins

for construction, etc. [183].

In Finland, Green Fuel Nordic Oy, a biorefining company established in 2011,

has the ambitious goal to build up to 20 biorefineries in the Nordic European

country, well known for its thriving forest and wood-processing sectors. The first

biorefinery to be construed by the company will be in Iisalmi, Finland, and it will be

based on the RTP technology to convert wood residues into second-generation

bio-oil [184].

On August 4th, 2016, Envergent Technologies announced the start of the

construction of a new RTP-based biorefinery in Port Cartier, Canada. The facility
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will convert locally available forest residues into liquid green fuel to be used for

institutional and industrial heating, as well as the feedstock for further refining steps

to produce green fuels for the transportation sector. The biorefinery, to be com-

pleted in late 2017, will be able to process 65,000 dry tons of forest residues per

year, thus generating an annual yield of RTP green fuel around 40 million

liters [185].

7.4.2.2 The RTP Technology

The RTP technology is a fast thermal process where the biomass is fed to a reactor

in which the feedstock is mixed with an upward stream of hot sand acting as a heat

carrier. Under temperature of 350–600 �C, the biomass is rapidly converted (about

2 s) into a hot vapor stream. The hot stream is quickly quenched (less than 1 s) to a

temperature of less than 100 �C, in one or several condensing chambers. This fast

cooling condenses the vapor stream into a dark-brown and viscous liquid product,

bio-crude or the RTP green fuel [186].

The RTP process also generated several by-products such as the solid biochar

and noncondensable gas, which are used to provide heat to the process [187].

Several lignocellulosic biomass were subjected to the RTP process. The pro-

duction yields of RTP green fuel from selected feedstocks are presented in

Table 7.7.

Typically, RTP fuel is an oxygenated water-soluble fuel made of depolymerized

components of lignocellulosic biomass. The main properties of this green fuel is a

gross calorific value of 16–19 MJ/Kg, a pH fluctuating between 2 and 3, a water

content of 15–30%, a solid content of 0.5–2.5%, and flash point of 45–99.

Converting biomass via the RTP technology to produce fuel with such properties

is considered to be a sustainable production scheme, based on two main factors:

(1) the utilization of biomass with short growth cycles so that, when burnt, the

carbon neutrality is ensured and (2) the reduction in the emission of greenhouse

gases in the atmosphere. In this context, the use of RTP fuel in burners, instead of

fossil fuel oil, was reported to reduce the carbon and sulfur emissions by 90% and

more than 95%, respectively [188].

Table 7.7 Estimated production yields of RTP green fuel from selected feedstocks [183]

Biomass Yield (wt%) Higher heating value (BTU/LB)

Hardwood 70–75 7400–8200

Softwood 70–80 7300–8000

Hardwood bark 60–65 7180–8680

Softwood bark 55–65 7180–8500

Corn fiber 65–75 7570–8680

Bagasse 70–75 8100–8200
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The RTP green fuel can be used for various applications [183, 189], including:

– Heat: the RTP fuel could be used as heating oil in industrial burner applications

and also in institutional and residential areas. Burning this green fuel generates

heat (or steam) with limited greenhouse gas emissions and thus could replace

fossil fuel oil or natural gas. RTP green fuel could also be co-fired with coal or

other fossil fuels, which helps reducing the emissions of the facility and stabi-

lizing the related energy costs.

– Power generation: Modified turbines and stationary diesel engines could run on

RTP green fuel to generate electricity in an eco-friendly and cost-effective

manner. It revealed that the power production using only RTP green fuel in a

stationary diesel engine was possible at around 40% energy conversion

efficiency.

– Transportation fuels: RTP green fuel can be further refined into several trans-

portation fuels (gasoline, diesel, and jet fuel) using UOP’s hydroprocessing

technology. Blending those biofuels with the fossil-based ones currently in use

in the transportation sector do not require changes to be operated on the vehicle

or aircraft engines.

7.5 Outlook

Organic feedstocks, especially biomass residues and algal biomass, are very well

positioned to become the raw materials of the future, fulfilling humanity’s contin-
uous and increasing need for energy, chemicals, and materials. The development of

sustainable conversion processes (i.e., efficient, cost-effective, and eco-friendly) to

produce biofuels and platform chemicals from biomass has inherent benefits on

various strategic sectors mainly related to energy security (mitigate the dependency

on fossil oil generally produced in politically unstable regions) and the preservation

of the environment (global warming, toxic wastes and emissions. . .).
The place to operate such sustainable production schemes from renewable

biomass is the biorefinery. In this chapter, various biorefining categories, strategies,

and technologies were reported, considering the strategic importance of such

production facility in the bioeconomy concept, on the one hand, and the number

of issues and challenges that need to be fixed and dealt with, on the other hand.

Thus, the biorefinery concept, in both its design and implementation phases, still

requires more optimization in order to ensure a wider, more effective, and well-

adjusted expansion plan for such facilities around the world.

In this regard, one of the main challenges facing future biorefineries, considering

the complexity of such production schemes, is the uncertainties around the avail-

able set of data and knowledge. Hence, the necessity for a more efficient designing

and operational managing approaches via improved or new simulation tools

[114]. The aim is to generate a more flexible biorefining process (various input/

output options), reduce the overall production cost, and control the impact on the

environment.
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The process of biomass fractionation should have a greater role in future

biorefineries. Indeed, since the main aim of a biorefinery is to refine and upgrade

biomass in order to increase its value, separating the various components in

biomass is consistent with the biorefining concept and would lead to a pure stream

of each component (cellulose, hemicellulose, lignin, proteins, alginate, etc.). The

processing of those steams through a chain of several processes would generate

higher yields of pure products (e.g., ethanol or butanol) or chemicals (e.g., organic

acids), with more controlled operating conditions and limited inhibitory factors.

To ensure a full energetic autonomy of the biorefinery, which will significantly

improve its sustainability, the biorefining facility has to valorize all the potential

energy sources from its own production process including production of heat and

power via the combustion of the residues. In most cases when lignocellulosic

biomass is used as feedstock to produce bioethanol, the residual lignin fraction is

burnt to secure part or all of the heat and electricity required by the facility

(according to the amount of lignin and the size of the plant) [190].

However, with the R&D innovations in the valorization of lignin for the pro-

duction of many added-value products (vanillin, polymers resins, nanofibers, etc.),

the used-to-be residue became a valuable feedstock. In this case, some researchers

stated that the use of external fossil energy (as a replacement for the energy

supplied by the combustion of lignin) is possible if it has “economic benefits and
do not unduly burden the life-cycle environmental concerns” [191]. Such recom-

mendation, even with the existence of many renewable energy sources (solar, wind,

geothermal, hydropower, etc.), is not in line with the notion of sustainability and the

philosophy behind bioeconomy. This single example shows how profound is the

impact of this era of fossil fuels on our way of thinking, even among scientists and

researchers. Bottom line, if the economic success of a biorefinery relies on the use

of fossil fuels, even to supplement an energetic need, this clearly indicates that we

still have work to do.
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Chapter 8

Implementing the Bioeconomy

on the Ground: An International Overview

Abstract Bioeconomy is a holistic economic model developed and applied to

manage the available raw materials from biomass and valorize the biowastes

generated for the various agro-industrial activities. The implementation of this

sustainable concept on the ground is based on a variety of green technologies

related to the acquisition and conversion of biomass to produce a wide range of

biofuels, biochemicals, and biomaterials, with little to no competition with food

resources.

The decision to implement bioeconomy in any country is well justified and of

strategic importance, especially if enough renewable raw materials could be made

available to “fuel” the country’s economy and the major industrial activities. In this

chapter various visions, strategies, resources, and opportunities, as well many

industrial cases related to the implementation of bioeconomy, are presented and

discussed in various leading countries in the world including the United States,

several European countries, and China. A closer look on the Finnish bioeconomy

and its related industrial achievements and prospects is also given.

8.1 Introduction

Bioeconomy is a holistic economic model managing most of its raw materials from

biomass, which is processed via an arsenal of green technologies to produce wide

arrays of energy, chemical, and material products, with little to no competition with

food supplies.

Considering the heavy legacy of the petroleum era on the environment, and its

unsustainable production system, the concept of bioeconomy is of special interest to

producers and consumers around the world. Nevertheless, the implementation of

this concept on the ground is affected by many factors, not only the availability of

biomass and the development or acquisition of biorefining technologies but most

importantly the strategic vision behind such implementation. The matter is complex

involving geopolitical, industrial, societal, and environmental perspectives. This

multidimensional aspect of bioeconomy will be thoroughly discussed in the

next chapter.

In general, the decision to implement bioeconomy in any country is well justi-

fied, especially if alternative raw materials (i.e., renewable biomass) are available to
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M. Sillanpää, C. Ncibi, A Sustainable Bioeconomy,
DOI 10.1007/978-3-319-55637-6_8

271



“fuel” the country’s economy and major industrial activities. The main difference

between countries is how they perceive the bioeconomy concept in the first place: is

it “another” economic model to generate more profit and/or is it a sustainable

economic model for the well-being of future generations?

The current wave of expansion of bioeconomy coincided with recurrent eco-

nomic crisis around the world. Although the unsustainability of the current eco-

nomic model, heavily relying on fossil resources, is one of the main causes, the

bioeconomy is still regarded as “another” economic model implemented to gener-

ate profit. Sustainability in this case became a by-product of bioeconomy, some-

times a mere marketing tool, not a genuine component of bioeconomy.

In a related matter, a closer look on the international scene clearly shows the

existence of two different bioeconomies being implemented around the world:

• The first one, where large amounts of biomass are needed to meet the increasing

demand for energy, chemicals, and materials, the goal is to set up efficient and

highly profitable production systems while reducing the carbon footprint and the

dependency on fossil fuels. Large companies and multinational corporations are

the main player in this “strong” bioeconomy.

• The second one is generally implemented in countries, although possessing rich

ecosystems, which do not have the infrastructure and technological know-how to

fully benefit from the available resources. Thus, the main aim of this “weak”

bioeconomy is to generate profit from biomass (as much as possible). Sustain-

ability and environmental issues are not a priority.

The most serious aspect of this matter is that it lays the ground for yet another

round of inequity. Indeed, the quest for more biomass to feed the growing

bioeconomy will inevitably lead countries to seek raw materials from abroad via

importation but also by other highly controversial means such as the acquisition of

large surfaces of arable land (and freshwater) in less developed countries to produce

energy crops or any other crop of industrial interest, while the indigenous popula-

tion is needing those lands to grow foodstuff [1].

Considering the importance of this issue, we will discuss it further in the next

chapter. Let us now explore the visions, strategies, opportunities, and some indus-

trial cases related to the implementation of bioeconomy in various leading countries

in the world including the United States, several European countries, and China.

8.2 Bioeconomy in the United States

In order to have the first impression about the bioeconomy concept in the United

States, the official definition has to be analyzed. It states that bioeconomy is the
global industrial transition of sustainably utilizing renewable aquatic and terres-
trial biomass resources in energy, intermediate, and final products for economic,
environmental, social, and national security benefits [2]. In short, Americans vision

bioeconomy as a sustainable industrial transition, which echoes the importance of
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the industrial sector in the economy of the country and the consciousness about the

legacy of the petroleum era, as well as the need for a transition to a sustainable

economic model.

The major industrial activities linked to the bioeconomy concept are agriculture,

forestry, biorefining (mainly biofuels), biotechnology (mainly based on enzymes),

and textile.

8.2.1 Strategic Vision of the Largest Economy in the World

8.2.1.1 Federal Bioeconomy Strategy

By promoting the sustainability and efficiency of the production system in those

various agro-industrial activities, the United States is emphasizing on key bio-based

products including biofuels and renewable platform chemicals to foster its bio-

economy and reach the strategic objectives of energy security, promoting

rural economic development and reducing greenhouse gas emissions from the

highly polluting sectors (industries and transportation sector).

Currently, the incorporation of the bioeconomy in the American economic

system is still at its early stages. As stressed upon in the definition, the United

States is gradually implementing bio-based economic concepts to its industrial

activities since the dependency of most of those industries on fossil fuels is still

advanced and the transition to sustainable production schemes based on renewable

biomass needs to be operated gradually in order to maintain the profitability of the

involved industries.

Nonetheless, the United States has several important assets that could speed up

this crucial transition phase and ensure a wider and successful implementation of

the sustainable bio-based economic model. This includes the involvement of the

industrial sector, the development of innovative technologies, and the increasing

public awareness about climate change, environmental issues, depletion of fossil

fuels, etc. Nevertheless, the main asset, so far, remains the active involvement of

the federal government in the bioeconomy sector through its numerous agencies,

supportive and protective measures (subsidies and tariffs), and various regulatory

policies [3, 4].

In this context, the federal government addressed a memorandum (published in

2010) to the heads of executive departments and agencies to emphasize the federal

priorities in science and technology and allocate the necessary budgets accordingly.

Hence, within the effort to promote sustainable economic growth and job creation,

the federal agencies were directed to “support research to establish the foundations

for a twenty-first century bioeconomy.” As well it was stated that “advances in

biotechnology and improvements in [the] ability to develop biological systems have

the potential to address critical national needs in agriculture, energy, health and

environment” [5].
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In 2012, the National Bioeconomy Blueprint was released by the American

administration illustrating its strategic plan for bioeconomy in the country

[6, 7]. Five major objectives were highlighted including:

1. Strengthening the scientific research and development field and investing more

in innovation.

2. Advancing and facilitating the transition of the developed products, technolo-

gies, and innovations from research institutions to markets.

3. Reducing and reforming regulatory barriers affecting the expansion of markets

and scientific and technological innovations, as well as the measures discourag-

ing investment.

4. Developing a bioeconomy workforce by updating training programs and pro-

moting the partnership between academic institutions and industries.

5. Fostering multiparty partnerships between public sector, private industry, gov-

ernment agencies, and academic institutions. Such cooperation will bring

together several expertise, resources, and feedbacks that would build a momen-

tum around the concept of sustainable bioeconomy and its industrial

implementation.

Several specific objectives could also be found in this federal document related

to four major sectors in the United States: energy, agriculture, health, and

environment.

8.2.1.2 The Billion-Ton Bioeconomy Vision

Biomass is definitely the pillar of bioeconomy and its biorefining industry. Thus,

securing a continuous flow of these raw materials at low costs to the various

industrial activities is a prerequisite for a successful transition to bioeconomy.

Well aware of the strategic position of biomass in the future sustainable produc-

tion systems, many governmental agencies in the United States cooperated in order

to develop a new vision to secure the proper flow of feedstocks which will promote

the implementation, and later expansion, of bioeconomy in the country. In 2005,

and after assessing the potentialities of the agricultural and forest sectors to supply

low-cost biomass for the new bio-based industries, it was estimated that, each year,

one billion tons of biomass needs to be sustainably produced and made available for

the industries by 2030 [8]. From this estimation came the “Billion-Ton Bioeconomy

Vision.”

The work to implement this vision on the ground effectively started in 2005 with

the billion-ton study commissioned by the US Department of Energy (DoE)

[9]. This study was conducted in order to assess if the American agricultural and

forest sectors have the potential to generate, in a sustainable and cost-effective

manner, one billion dry tons of biomass each year. This amount of biomass was

predicted appropriate for the replacement around 30% of the country’s petroleum
consumption by 2030 (mainly transportation sector). The major drawback of this

first attempt was that the assessment of the biomass potentialities, from both
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agriculture and forestry, did not include the acquisition costs. Thus, although all of

the identified bioresources were potentially available, the incorporation of some of

them in biomass supply chain was deemed to be economically challenging due to

the costs related to logistic matters (harvesting and/or transportation) or the high

content of recalcitrant components in the biomass requiring costly pretreatment

steps before the main processing.

Therefore, the billion-ton study was recommissioned by the DoE and an updated

report was published in 2011 [10]. In this study the availability of biomass supply

was reevaluated based of the acquisition cost. Thus, the potentialities of biomass

supply chains to respond to market demands were simulated using economic

models, as well as the economic availability of biomass feedstocks under various

ranges of prices and production yields (simulated scenarios between 2012 and

2030). The updated study based its assumptions on the objective of an annual

production of at least one billion dry tons of biomass by 2030. Other assumptions

included an average market price of US$60 per dry ton at the farm gate (i.e., after

harvest) or roadside (i.e., ready to be delivered to the processing plant).

In the latest update of this billion-ton study (related report published in July

2016), the involved scientists and experts worked on updating the “farm gate/

roadside” analysis using the latest available data, along with adding more biomass

feedstocks such as algae and specific herbaceous and woody energy crops to the

economic estimation [11]. The new study also simulated a new scenario taking into

account the cost to transport biomass to the biorefining facility under various

logistical conditions.

A wide range of biomass feedstocks were investigated in the course of the three

DoE-commissioned billion-ton studies including:

• Agricultural and farming products and by-products such as grains for bioethanol,

oilseeds for biodiesel, and manure for biogas. Specific cases of herbaceous and

woody crops were also assessed.

• Forest-based products and by-products including woods, logging residues, and

forest thinnings for the production of biofuel, heat, and power.

• Organic urban and industrial wastes such as municipal solid wastes (MSWs),

digested sludge, black liquor, mill wastes, etc.

Overall, the American bioeconomy vision is firstly based on the assessment of

the country’s potentialities in terms of biological resources suitable as feedstocks

for the biorefining industries and other bio-based processing facilities. The benefits

and impacts of various bioeconomy implementation scenarios are evaluated for the

entire supply chain, i.e., from the production or harvesting of the biomass feedstock

to its conversion to marketable end product(s). After the implementation phase, the

strategic vision of the United States in regard to sustainable bioeconomy is to

expand its industrial production capacities in order to increase the share of biofuels,

biochemicals, and other bio-based products in their respective markets.

The following Table 8.1 illustrates the strategic objective of the US government

in terms of market share and consumption of biofuels and biopower and production

of bio-based products between 2010 and 2030.

8.2 Bioeconomy in the United States 275



To concretize this vision on the ground within the targeted frame time

(2030–2040), the United States will have to count mainly on its biological

resources, along with the previously mentioned factors (governmental support,

industrial involvement, education system, etc.).

The large surface of the country (9,831,510 km2) and its vast and diverse

ecosystems (natural and cultivated) constitute the major asset for the United States

to be successful in implementing its bioeconomy vision. The following section

illustrates the main bioresources available in the United States for bioeconomy.

8.2.2 Resources and Opportunities

In the United States, biological feedstocks suitable for biorefining and other indus-

trial activities include a wide range of biomass resources [13]. Many US-based

research institutions worked on the conversion of biomass into added-value prod-

ucts using various kinds of terrestrial and aquatic feedstocks, which could be

grouped into:

• Non-food herbaceous and woody energy crops: This group comprises perennial

crops that could be cultivated on marginal lands [14, 15] and harvested for

biomass within 2 to 3 years form the plantation. Different species belong to this

group such as switchgrass, miscanthus, bamboo, sweet sorghum, wheatgrass,

etc. As for the woody crops, this group includes short-rotation trees, such as

hybrid poplar, and willow, which could be grown to provide, within 5 to 8 years,

valuable lignocellulosic biomass.

• Agricultural crops include a variety of plants cultivated for the industrial

potentialities of the plant or its component(s) such as corn (starch and oil),

soybean (oil and meal), sugarcane and sugar beet (sugar), and oilseeds (vegeta-

ble oils). The firsthand products are starch, sugar, oil, juice, etc. Further indus-

trial processing generally produces end products of higher value such as biofuels

and biochemicals [16, 17].

Table 8.1 Strategic vision for bioenergy and bio-based products in the United States between

2010 and 2030 [12]

2010 2015 2020 2030

Biofuels Market share (%) 4 6 10 20

Consumption (billion gasoline-equivalent

gallons)

8 12.9 22.7 51

Biopower Market share (%) 4 5.5 7 7

Consumption (quadrillion Btu) 3.1 3.2 3.4 3.8

Bio-based

products

Production (billion lbs.) 23.7 26.4 35.6 55.3
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• Agricultural residues consist of wastes generated either during the harvest or

industrial processing of agricultural crops [18]. Biomass materials from this

group include straws, stalks, husks, and leaves.

• Forest residues comprise any biomass that was not harvested or removed from

logging sites in commercial hardwood and softwood plantations, as well as

biomass recovered from forest management operations (thinning and removal

of dead trees) [13, 19].

• Aquatic biomass include a wide range of microalgae, macroalgae (seaweeds),

and other aquatic plants (seagrasses), either harvested from natural aquatic

ecosystems or artificially cultivated in ponds or bioreactors, to produce

bio-based fuels and chemicals [20, 21].

• Biomass-processing wastes are by-products and side streams generated during

the industrial processing of various biomass to produce firsthand products. This

includes sawdust, bark and branches from wood processing [22], and bagasse

from sorghum and gave processing [23, 24]. The first valorization scheme of

such residues was their combustion to produce heat and power. Lately, their

utilization as feedstocks for the production of fuels and fine chemicals and other

added-value products enhanced the economic performance of biorefineries.

• Municipal wastes are also reported to be interesting feedstock materials for the

American biorefining sector. This biomass group includes any organic matter

present in municipal waste collection systems, mainly landfills (residential,

commercial, and institutional post-consumption wastes) and wastewater treat-

ment plants (sludge) [25].

For the case of low-cost residual biomass, which is of special interest to

industrials in the biorefining sector, the National Renewable Energy Laboratory

(NREL) of the US Department of Energy published a series of well-illustrated maps

showcasing the various bioresources (residues and wastes) available on American

soil by county [26]. The collected data about biomass resources were analyzed via a

geographic information system (GIS), and several categories of agro-industrial and

commercial wastes were evaluated including crop residues, forest residues, primary

and secondary mill residues, urban wood wastes, and methane emissions from

animal manure, landfills, and wastewater treatment plants.

Table 8.2 summarizes the amounts of currently and potentially available bio-

mass feedstocks in the United States (the latter is based on two assumption

scenarios). The related data are collected from the 2016 billion-ton report

[11]. The results of a more developed estimation analysis used various biomass

prices (US$30–100), agricultural scenarios (2–4% yield), and forest scenarios

(combination of low, medium, and high housing and energy demand) [27].
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8.2.3 Industrial Study Cases

In the early stages, the development and implementation of various biorefining

facilities in the United States were mainly oriented toward providing alternative

renewable fuels from biomass. Besides, based on the high performances of many

agricultural sectors, the main feedstocks used to supply biorefineries were mostly

dedicated agricultural and energy crops and derived wastes.

Throughout this implementation phase, new biorefineries were built to process

new kinds of feedstocks and to produce a wide range of bioproducts, including

biofuels, biochemical, and other bio-based products. In this context, several

national and multinational industrial companies invested in biorefining on the

American soil, either by designing, building, and operating new facilities or utiliz-

ing and upgrading existing production platforms in retrofitting scenarios [28]. This

includes retrofit isobutanol conversion (BP/DuPont’s Butamax, Gevo), bolt-on

cellulosic ethanol (POET-DSM, Abengoa), biodiesel from animal residues (Dia-

mond Green Diesel), thermo-catalytic conversion of wood chips into hydrocarbon

fuels (Ensyn/UOP’s Envergent), and Fischer-Tropsch synthetic gas-to-liquids tech-
nology, the production of diesel and jet fuel from wood wastes and bagasse

(ClearFuels/Rentech) [29, 30].

In the next section, selected American industries involved in the production of

added-value bioproducts are studied in more details to showcase some key features

about the industrial implementation of the bioeconomy concept in the United

States.

Table 8.2 Estimated yields

of natural resources (from

forestry and agriculture) and

wastes, currently supplied or

potentially available at prices

� US$60 [11]

Biomass feedstock

Million dry tons

2017 2022 2030 2040

Currently supplied bioresources

• Forestry resources 154 154 154 154

• Agricultural resources 144 144 144 144

• Waste resources 68 68 68 68

• Total 355 3555 355 355

Potentially available bioresources: Base-case scenario

• Forestry resources 103 109 97 97

• Agricultural residues 104 123 149 176

• Energy crops – 78 239 411

• Waste resources 137 139 140 142

• Total 344 449 625 826

Potentially available bioresources: High-yield scenarioa

• Forestry resources 95 99 87 76

• Agricultural residues 105 135 174 200

• Energy crops – 110 380 736

• Waste resources 337 483 782 1154

• Total 537 827 1423 2166
aHigh yield (3% annual growth scenario)
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8.2.3.1 DuPont

E. I. du Pont de Nemours and Co. (DuPont) is an American science and technology-

based industrial company founded in July 1802 and incorporated in October 1915.

The DuPont conglomerate includes over ten businesses in diverse sector such as

agriculture, electronics and communications, industrial biosciences, and nutrition

and health, as well as safety and protection. The company is also conducting

cutting-edge R&D programs in various scientific fields related to its production

schemes, mainly agronomic, biological, and chemical sciences [31].

Conscious about the new and lucrative opportunities to produce added-value

products from renewable biomass, the company promoted its biotechnological

R&D and invested in more sustainable production processes and facilities. Such

orientation toward industrial biotechnology is believed to offer new potential for

meeting the world’s demand for food, feed, fuel, and materials in a more sustainable

manner, thus protecting the environment and decreasing the world’s dependence on
fossil resources such as petroleum. Nonetheless, for DuPont and any other multi-

billion-dollar company, the sustainable dimension of bio-based economy is adopted

mainly for its profitability and flexibility (i.e., integrating several input/output

scenarios) [32].

In this context, and through R&D and innovation efforts, various biofuels and

building blocks were derived from renewable resources and used to produce

DuPont’s Renewably Sourced Materials, which are reported to have smaller envi-

ronmental footprint than their petroleum-based counterpart. According to the com-

pany, any DuPont’s product labeled Renewably Sourced Materials should have

least of 20% (by weight) of its components derived from renewable sources [33].

Among the various bio-based products produced by DuPont’s industrial bio-

technology activities, two key products seem to be given special interest: biofuels

and building blocks.

• DuPont’s biofuels: The company firstly developed an enzyme-based techno-

logy to enable the production of first-generation bioethanol from starch. Then,

with the creation of new markets for second-generation bioethanol, the company

produced this fuel from renewable biomass such as corn stover, switchgrass, and

other lignocellulosic wastes residues to produce cellulosic ethanol.

In 2007, DuPont extended its ethanol market share through its commercially

available enzyme-based process, Accellerase®, for the production of cellulosic

fuel ethanol. In the field of enzymatic conversion of starch into fermentable

sugars for bioethanol production, the company has continued its effort to

optimize the conversion process and improve the production yields. One of the

related breakthroughs is the development of fermentation additives

(FermaSure®) able to speed up the fermentation reaction and reducing the

consumption of nutrient and energy while increasing the production yield

[34]. It is estimated that more than 50 ethanol-producing plants in the United

States are using DuPont’s FermaSure [35].
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Butamax™ Advanced Biofuels is a joint venture of DuPont and BP. The

Butamax technology is designed to convert fermentable sugars from various

feedstocks such as corn and sugarcane to added-value biobutanol using existing

biofuel production facilities [36]. For instance, in October 2013, Butamax and

Highwater Ethanol began retrofitting Highwater’s ethanol plant in Lamberton,

Minnesota, along with installing a corn oil separation process [37]. The

biobutanol-producing facility is now fully operational.

• Dupont’s building blocks: The company is working on developing innovative

processes to convert renewable biomass into building block chemicals by inte-

grating its diverse expertise in biology, chemistry, and engineering and applying

specifically engineered microbes. In this effort, DuPont has developed a propri-

etary fermentation process that produces a wide range of building blocks that

could be used as feedstocks to produce bio-based products [38]. For instance,

DuPont Tate & Lyle BioProducts, a joint venture between DuPont and Tate &

Lyle, is producing 1,3-propanediol (Bio-PDO™) from corn glucose [39], which

is a valuable chemical compound used in the production of various polymers

such as polyesters, polyethers, and polyurethanes, as well as in the synthesis of

heterocyclic compounds [40].

8.2.3.2 Renewable Energy Group (REG)

Renewable Energy Group, Inc. (REG) is an American company founded in 1996 to

operate in the renewable energy business. Currently, REG is one of the leading

North American companies in the field of biofuels and biochemicals production and

manufacturing. It is the largest producer of biodiesel in the United States.

With 12 fully operational biorefineries across the United States, REG is basing

its industrial activities on a nationwide production, distribution, and logistics

system to convert natural fats, oils, and greases into advanced bio-based fuels and

chemicals [41]. In this regard, the products’ portfolio of the company includes [42]:

• Biodiesel: REG is producing B100 (pure biodiesel) or B99.9 (blended with 0.1%

of petrodiesel) biodiesel in its biorefineries. For more than a decade, the com-

pany is producing and supplying the US biofuel market with its REG-9000™
bio-based diesel, with an annual production capacity around 225 million gallons

[43]. REG is also marketing ultralow sulfur diesel and heating oil in Northeast-

ern and Midwestern United States.

• Renewable hydrocarbon diesel: REG-9000/RHD is a 100% renewable hydro-

carbon fuel produced from fats and oils by hydro-treatment. It can be used (pure

or blended with diesel) in conventional diesel engines without operating any

modification.

• Renewable naphtha: It is a renewable hydrocarbon gasoline blendstock gener-

ated as coproduct during the production process of biodiesel from fats and oils. A

blendstock is a gasoline blend with a lower volatility and octane rating than the

conventionally produced gasoline.
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• Renewable chemicals: REG’s renewable chemicals division was launched in

2014 and is currently working on developing a sustainable biotechnology-based

production platform for the conversion of renewable biomass and residual

wastes into chemical products, thus enabling the company to operate and

compete in the profitable industrial biotechnology business. So far, the

company’s chemical division is focusing on biological catalysts which are

engineered for the production of selected biochemicals from first-generation

feedstocks such as corn (starch) and sugarcane (sugars) and second-generation

feedstocks including many lignocellulosic bioresources (fermentable sugars).

The valorization of crude glycerin from the biodiesel production process to

produce specialty chemicals is also developed.

In order to expand its business activities in the United States and substantially

improve its biodiesel market share, REG is working on acquiring biorefining

companies specializing in biodiesel production. As a result, in August 2015,

Renewable Energy Group and Imperium Renewables signed an asset purchase

agreement, where REG acquired almost all the assets of Imperium, including a

100 million gallon nameplate capacity biomass-based diesel refinery [44].

The Imperium’s Hoquiam facility was renamed REG Grays Harbor, located in

Hoquiam, Washington. This takeover marked the end of the Seattle-based Impe-

rium Renewables, which was founded in 2004 and couldn’t survive the impact of

severe financial crisis [45]. In March 2016, Renewable Energy Group completed a

transaction with Sanimax Energy to acquire its 20 million gallon nameplate capac-

ity biodiesel refinery located in DeForest, Wisconsin [46].

8.3 Bioeconomy in Europe

After the first volume published in 2011 in its document entitled “Bio-based

economy For Europe: State of play and future potential—Part 2,” the European

Commission summarized 35 positions reports on matters related to bioeconomy

and developed strategic visions about fostering the implementation of bioeconomy

in Europe and the potential benefits and risks [47].

Overall, by fostering bioeconomy, Europe is endeavoring to:

• Rationalize the exploitation of resources and optimize the land-use efficiency,

thus creating a more sustainable primary production.

• Contribute to the European and global food security by developing more effi-

cient agricultural practices. The sustainable food chain would avoid the compe-

tition between food and non-food use of biomass and improve animal health and

welfare.

• Develop the European science and technology sector by integrating new struc-

tures between European research organizations and funding bodies (governmen-

tal and private). The aim is to promote research and innovation excellence in the
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continent and assert Europe’s leadership through knowledge and technology

transfer.

• Reduce the carbon dioxide emissions, and implement a low-carbon economy.

• Generate new high-skilled jobs.

• Induce an economic and employment stimulus to rural and regional

development.

• Build a competitive bio-based industrial sector by creating and supporting new

business opportunities with higher potential for value creation through cascading

use of biomass and reuse of the generated wastes.

The last strategic objective related to the industry is definitely the most important

goal regarding the implementation of biorefinery as it encompasses, directly or

indirectly, all the other objectives. Overall, the European global market leadership

will be commensurate with the degree of implementation of bioeconomy in the

continent’s industrial sector and the novelty, efficiency, and cost-effectiveness of its
biorefining technologies and processes in the one hand and competitiveness of the

generated bio-based products, in terms of both quantity and quality, on the

other hand.

In this regard, many European experts are emphasizing the importance of

incorporation industrial biotechnologies such as green and white biotechnologies

in bioeconomy implementation scenarios and the need to substantially invest in

such sustainable technologies [48, 49].

A special attention to white biotechnology is clearly distinguished in European

scientific and technological circles and research-based industries mainly in the

energy, chemicals, and pharmaceuticals sectors [50–52]. This technology, based

on the use of enzymes and microorganisms, has promising potentialities to produce

various bio-based products from natural resources and agro-industrial and munici-

pal wastes at competitive costs, including biofuels, biochemicals, food and feed,

paper and pulp, and textiles [53].

8.3.1 Strategic Visions in Europe

8.3.1.1 European Biorefinery 2030 Vision

The European Biorefinery 2030 Vision is a strategic vision presented and detailed

in a report elaborated by the members of the Star-COLIBRI project, entitled

“Strategic Research Targets for 2020—Collaboration Initiative on Biorefineries.”

This project was a 2-year coordination and support action (from November 1, 2009,

until October 31, 2011), funded by the European Commission through its Seventh

Framework Programme, and involving five European technology platforms and five

European research organizations [54].

Such roadmap document was prepared in order to provide European policy and

decision makers with a set guidelines, information, and tools considered to be
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necessary for the development of a sustainable European bioeconomy, with a

special emphasis on the need to implement a wide network of biorefineries

throughout the continent.

The achievement of this vision within the specified time frame was deemed to be

a vital objective enabling the establishment of European bioeconomy on solid

ground and then its gradual evolution toward maturity. During the coming decades,

the experts who developed this vision are underlining the necessity to promote the

development and commercialization of sustainable biomass-processing technolo-

gies. In this context, the assessment of key driving forces, opportunities, and

challenges shaping the establishment biorefineries was carried out, along with the

contribution of the related industrial activities in the development of bioeconomy

until 2030.

Overall, the consortium of the Star-COLIBRI project has elaborated a European

biorefinery vision for 2030 by focusing on two main issues:

1. Developing and integrating different industrial activities within the concept of

sustainable bioeconomy

2. Promoting and reinforcing the role of biorefineries within bioeconomy by

addressing the various challenges related to the implementation (designing and

building) and the technological aspects (process operations)

8.3.1.2 National Perspectives

After presenting the European vision about the implementation of bioeconomy on

the ground via promoting biorefineries and other sustainable industrial activities,

and considering the importance of the local and decentralized dimension of

bioeconomy, it is worthwhile to study the visions and perspectives about such

implementation from different European countries actively involved in

bioeconomy and sustainability.

Finland

The Nordic country has all the prerequisites to become one of the leading countries

in bioeconomy thanks its knowledge-based economic system, thriving industrial

activities and especially the high availability of renewable natural resources.

Indeed, the economy of Finland has long been based on the profitability of

added-value commodities produced from biomass, mainly from the abundant forest

resources. Currently, while the production of traditional crops is about 6 million

tons per year, the annual growth of the biomass derived from forest in Finland is

around 56 million tons of dry biomass, which shows that the country could easily

and reliably base its bioeconomy strategy on forest resources [55], as well as other

bioresources, mainly organic wastes.

Nonetheless, according to Sitra, an independent Finnish fund commissioned for

the promotion of stable and balanced development, economic growth, and
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international competitiveness, the current management and business strategies

related to the production and consumption of bio-based products are still constitut-

ing an obstacle that needs to be overcome to ensure the full-scale development and

expansion of bioeconomy in the country [56].

In 2014, the Finnish government officially adopted the bioeconomy concept and

published its “Finnish bioeconomy strategy” [57]. The strategic objectives of this

strategy are (1) the establishment of a competitive operating environment and

creating new businesses from bioeconomy, (2) the achievement of a strong com-

petence base, and (3) the improvement of the accessibility to renewable resources

and wastes and the sustainability of the related biomass supply chains.

Thus, the main objective could be summarized in the development of new

bioeconomy business opportunities in Finland based on the sustainable production

and utilization of biomass in the one hand and the improvement of related technol-

ogies, high added-value products, and services on the other hand.

Germany

With the “National Research Strategy BioEconomy 2030”, published in 2011, the

German Federal Government is laying the ground for its bioeconomy by formulat-

ing its strategic visions to implement this sustainable economic model by 2030

[58]. It includes providing global food supplies and producing added-value

bioproducts from renewable resources through a knowledge-based and sustainable

bioeconomy and based of the highly competitive German industries and skilled

workforce. By achieving its bioeconomy vision, Germany is aiming at becoming a

leading research and innovation center in bioeconomy.

In this regard, the Bioeconomy Council of Acatech (the German national

academy of science and engineering) highlighted three priorities that need to be

addressed by the German government in order to achieve its national strategic

vision about bioeconomy [59], including breeding new crop plants and farm

animals, developing more efficient cultivation technologies while reducing

harvesting losses, and rationalizing the utilization of arable lands for a more

sustainable exploitation. From those three priorities, it is clear that Germany is

currently focusing on increasing its overall biomass resources, thus establishing a

solid and reliable renewable feedstock supply chain for the biorefineries.

Considering the importance of biorefineries in the implementation of

bioeconomy, the federal government published in 2012 a document entitled

“Biorefineries Roadmap” detailing its action plans for the processing of renewable

natural resources and wastes into fuels, materials, and chemicals [60]. The report

started by illustrating the current status of biorefineries in Germany and the various

categories of biorefining facilitates in the country such as the sugar/starch

biorefinery in the federal state of Saxony-Anhalt, the lignocellulosic biomass-

based biorefineries in Bavaria and Saxony-Anhalt, and the grass-based green

biorefineries in Brandenburg and Hesse. Besides, the scientists and experts
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involved in this study highlighted the main challenges facing the biorefinery sector

in Germany including:

1. The shortage of raw materials for first-generation biorefineries due to the

increasing demand for sugar and starch from the food industry.

2. Difficult position for the German industries using sugar and starch as raw

material to compete with the global players in the sector, mainly Brazil, the

United States, and Southeast Asia.

3. Limited cooperation between sugar- and starch-based industries and the chem-

ical industry.

4. The products’ portfolio of German biorefineries is not sufficiently diverse, and

further processing and refinement of intermediate products into new added-value

bioproducts is highly required.

5. The integrated production of bioproducts and bioenergy needs to be expanded.

Netherlands

In 2007, the Dutch government established a new strategic agenda based on the

optimal valorization of biomass. It emphasized the need to prioritize the production

of added-value products including biofuels and biomaterials from biomass, espe-

cially residual wastes, and the generation of heat and power from all the available

low-cost biomass [61]. Despite the stagnation period caused by the economic crisis,

the bioeconomy concept is gaining ground in the Netherlands, largely in the

bioenergy sector and to a lesser degree in the field of added-value and specialized

bioproducts. Such tendency is explained by necessity to meet the increasing energy

demand in the country. Indeed, while the share of the fossil fuels is expected to

decrease over the next decade (oil and natural gas, respectively, fulfilled 38% and

47% of the country’s total primary energy requirement in 2010), the demand for

both fuels will increase simultaneously with the increase of the total energy demand

[62]. Under the circumstances, the Netherlands is planning to increase the share of

renewable energy from 4% (2010) to 7–10% by 2020 [63].

Although the strategy to channel more raw materials toward the bioenergy sector

is well justified, especially that the related European target is 14% by 2020, some

Dutch experts are concerned about this unbalanced implementation of bioeconomy,

which favors bioenergy (biofuels, heat, and electricity) over other high added-value

bioproducts [64].

In order to stimulate a new sustainable, innovation-based green economic

growth, the Dutch government is currently focusing of speeding up and facilitating

the transition to bioeconomy by developing the country’s asset and analyzing and

addressing the challenges related to the implementation of the new economic

model. During this transition phase, and in anticipation of the substantial surge in

the demand for renewable natural resources, the Dutch Ministry of Infrastructure

and the Environment commissioned the PBL, the Netherlands environmental

assessment agency, and CE Delft, an independent research and consultancy
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organization, to conduct a scan analysis to assess the current situation and future

scenarios related to this development in biomass requirement [65]. Overall, this

study focused on analyzing two main issues: (1) the balance between feedstock

demand and potentially available supply of biomass and (2) the large-scale pro-

duction chains of bio-based products and their impact on greenhouse gas emissions

and potential land-use changes to meet the required supply of raw materials by the

involved industries.

The prosperous agricultural and biotechnological sectors in the Netherlands

[66], and the adhesion of many science-based companies such as Royal Dsm and

AkzoNobel, as well as large corporations such as the Royal Dutch Shell to the

concept of sustainability, are a major asset for the Dutch bioeconomy [67]. Further-

more, many Dutch experts believe that the key for the development of bioeconomy

in the country is a close collaboration between the industry and agriculture. In this

context, AkzoNobel, Dutch leading chemical company, and Royal Cosun group, an

agro-industrial corporation, developed a partnership to produce new cellulose-

based products from the side streams of sugar beet processing [68].

United Kingdom

Although the United Kingdom did not yet develop its national definition for the

bioeconomy, the concept itself is well recognized and promoted by the British

government [69]. In general, the term is in line with the definition set by the

European Commission. Nonetheless, specific definitions were reported in some

governmental documents such as the policy paper UK Bioenergy Strategy (2012)

where bioeconomy was termed as “the set of economic activities relating to the

invention, development, production and use of biological products and

processes” [70].

In 2014, the Science and Technology Select Committee, appointed by the House

of Lords, published a report entitled “Waste or resource? Stimulating a

bioeconomy” where the concept of bioeconomy was referred to as the “use of

biological feedstocks or processes involving biotechnology, to generate economic

outputs in the form of energy, materials or chemicals” [71].

In 2015, a new report was published by the British government entitled “Build-

ing a high value bioeconomy: Opportunities from waste,” in which the UK

bioeconomy was assessed to be worth £100 billion a year [72]. The report defined

bioeconomy as “the economic activity derived from utilising biological resources

or bioprocesses to produce products such as food, energy, and chemicals.” The

strategic objectives of the United Kingdom, developed in this report, for a success-

ful implementation of bioeconomy, included:

– Decreasing the dependence of British industries in the chemical and energetic

sectors on fossil raw materials, thus gradually decoupling United Kingdom’s
economic growth from the use of depleting resources

– Reducing greenhouse gas emissions
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– Building advanced biorefining facilities combining decades-long industrial

expertise and innovative R&D breakthroughs

– Supporting the expansion of bioeconomy in the country

– Increasing the number of commercial-scale biorefineries using wastes as

feedstock

– Positioning the country as a location of choice for global investment in

bioeconomy

– Making the United Kingdom a leading exporter of bio-based process technolo-

gies and business models

The strategic report also highlighted the economic potentialities of bio-based

industries and pointed out the measures that the British government (or any other

government for that matter) would take to assist in the implementation of

bioeconomy and its subsequent expansion, including:

1. Working with businesses, industry, and local authorities to speed up and facili-

tate the transition phase toward bioeconomy

2. Supporting every sustainable and efficient procedures to exploit, use, and reuse

renewable resources

3. Promoting innovative R&D efforts related to biomass valorization and encour-

aging more investments in biorefineries

4. Educating and training a highly skilled workforce at all professional levels

The experts who prepared this policy paper specifically emphasized on the

opportunities of converting residual waste into added-high-value products. In this

regard, it was estimated that substantial amounts of waste feedstock are potentially

available for processing in the country. This includes at least 100 million tons per

year of organic waste, as well as 14 million tons of residues from the agricultural

and forest sectors every year. The conversion of 25 million tons of those wastes

generated annually in the United Kingdom was reported to theoretically yield

around 5 million tons of bioethanol, valued at about £2.4 billion.

8.3.2 Governance and Coordination

By adopting and promoting the concept of sustainable bioeconomy, the European

Commission is setting ambitious economic, environmental, and societal goals for

the continent. In the beginning of this transition process, many European experts

criticized the practical measures taken for the implementation of bioeconomy, often

judged to be unsatisfactory and based on uncoherent and inconsistent policies [73].

Indeed, despite the presence of many political, environmental, and scientific

action plans and initiatives in Europe including the eco-innovation and biomass

action plans [74, 75], many technology platforms (ETPs) [76], and several EU

strategies for biofuels, life sciences and biotechnology, climate change, waste

management and sustainable development [77], the coordination between these
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policies and action plans, all aiming at promoting sustainability and bioeconomy,

remained unsatisfactory, especially that the European bioeconomy is roughly

valued at €2 trillion and provides around 22 million jobs to EU citizens. Hence,

the European Union has an arsenal of bioeconomy-related policies that needs to be

integrated and coordinated by the European institutions and the authorities of

member states, thus providing stakeholders with a more coherent policy framework

and encouraging private investments [78].

In this context, the European Bioeconomy Alliance (EBA or EUBA), which is an

alliance of various European industrial corporations and associations actively

involved in the bioeconomy including BIC (Bio-Based Industries Consortium),

CEFS (European Association of Sugar Producers), CEPI (Confederation of

European Paper Industries), COPA/COGECA (European Farmers/European Agri-

Cooperatives), ePURE (European Renewable Ethanol Producers Association),

EuropaBio (the European Association for Bioindustries), EUBP (European

Bioplastics), FEDIOL (the EU Vegetable Oil and Proteinmeal Industry), and FTP

(Forest-Based Sector Technology Platform), was formed [79].

EBA called, during its launching at the European Parliament on February

4, 2015, for more predictable policies and long-term strategies paving the way for

a more sustainable and competitive bioeconomy in Europe. In order to become a

leader in bioeconomy, the alliance deemed necessary for European authorities to

provide an integrated, coherent, and harmonized framework in various policies

related to key sectors in bioeconomy such as energy, agriculture, forestry, industry,

environment, R&D, and regional development [80].

In this regard, four major fronts were emphasized by the European bioeconomy

alliance including:

– The execution of the priority recommendations prepared by the Ad Hoc Advi-

sory Group for bio-based products in the framework of the Lead Market Initi-

ative [81]. Such recommendations are expected to enable economic recovery

and growth, as well as creating new markets and job opportunities.

– The implementation, by member states, of measures aiming at increasing the

sustainable production of biomass in the agricultural and forest sectors and

facilitating its supply chains.

– The removal of obstacles facing private investors in commercial operations,

mainly the construction of biorefineries in Europe, and the endorsement of

partnership between the public and private sectors involved in bio-based

industries.

– The support and promotion of bioeconomy-related debates between policy

makers, industrialists, farmers, scientists, and civil society at European, national,

and regional levels. The active interacting of all those key players will help

developing a more competitive and sustainable bioeconomy in Europe [82].

On a related matter, a study conducted at the Lund University’s International
Institute for Industrial Environmental Economics (IIIEE) reported three major

governance challenges facing the still emerging European bioeconomy including

(1) the important role of public-private networks; (2) city regions as drivers for the
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KBBE, especially through climate governance; and (3) consumer citizens and

NGOs as key players in the development of bioeconomy [83].

8.3.3 Resources and Potentialities

The successful implementation of the bio-based economy primarily relies on

biomass availability. Thus, the development of biorefineries, processing non-food

biomass, is directly influenced by a range of factors such as the potentialities of

agricultural and forestry production systems and waste management and the

increasing use of biomass for energy (heat and power generation).

Clearly, food and feed production have to be given top priority when elaborating

strategies and action plans for biomass use. Nonetheless, improvements in agricul-

tural productivity, land management, logistics, and storage techniques can increase

the efficiency of the food and feed chain and thus make more lands or agricultural

by-products available to be used as feedstock for the various categories of

biorefineries.

Overall, the ethical conflict of food vs. non-food biomass is unlikely to occur in

Europe if the productivity of the agricultural sector can be increased and large areas

of marginal lands can be recovered and valorized, mainly via innovative scientific

and technological breakthroughs and supporting agricultural policies. Nonetheless,

the main issue regarding the biomass supply is expected to come from within

bioeconomy through the competition of the various bio-based industries for specific

bioresources with richer biochemical composition and easier accessibility.

In this regard, many European experts are focusing on this issue in order to

identify the priorities for the available bioresources among all the competing users,

including bio-based industries producing biofuels, biochemicals, and biomaterials,

as well as facilities generating heat and electricity for biomass [73]. Prioritizing the

use of biomass in bioeconomy is of special importance when the raw materials are

imported; such is the case for various vegetable oils, pellets, wood chips, etc.

[84, 85].

Regarding the biomass potential in Europe, several categories on natural

resources are potentially available for the various European bio-based industries.

This includes:

– Dedicated energy crops including many perennial grasses such as miscanthus,

switchgrass, and giant reed [86] and short-rotation crops essentially cultivated

for the production of sugar (sugarcane, sweet beet, and sweet sorghum [87]),

starch (corn, wheat, barley, rye, potato, etc. [88]), and oil (rapeseed, soybean,

sunflower, jatropha, etc. [89]), as well as lignocellulosic crops (mainly willow

and poplar trees [90]).

– Forest biomass including woods [91, 92] and forest residues generated during

logging activities [93] and forest thinnings [94].
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– Industrial by-products and residues mainly produced by forest and food indus-

tries, as well as other agro-industrial facilities. These kinds of residual materials

include dry lignocellulosic biomass such as sawdust, wood chips, barks, husks,

kernels, etc. [95, 96], or wet cellulosic materials such as sugarcane bagasse

[97]. Black liquor, a residual by-product of the sulfate pulping process loaded

with dissolved lignin and hemicellulose, currently burnt in recovery boilers to

generate heat, could be further fractionated to recover platform chemicals and

also processed to produce added-value bioproducts [98, 99].

– Agricultural residues consist of a wide range of postharvest or postindustrial

processing plant materials including cereal straws, vegetable peels, corn stovers,

stems and cobs, etc. These low-cost residual bioresources were extensively

investigated in European research institutions as potential feedstocks for the

production of added-value chemicals [100], biofuels [101], and biomaterials

such as cellulose nanofibrils [102] and biochars [103].

– Livestock wastes including wet animal manure principally valorized in biogas

production, either exclusively [104] or co-digested with other biomass

[105]. Dry manure such as poultry litter can be used valorized in European

thermal power plants [106], with high energy content and the generation of an

ash by-product with good fertilizing properties [107].

– Aquatic biomass including the cultivation or harvesting of algae for the produc-

tion of polysaccharides or oil-derived biofuels and other added-value nutritional,

chemical, and pharmaceutical products [108–110]. So far, although a very

interesting biomass, the related costs are still high especially as feedstock for

energy. Thus, for this kind of biomass, the orientation toward their sustainable

conversion into speciality chemicals with high added value is highly

recommended [65].

Furthermore, the European biomass potential can be supplemented by importing

biomass (natural resources or wastes), either within or from outside the EU, mainly

North America, South America, Africa, and Russia [111].

While analyzing the various reports on biomass potential in Europe, an orienta-

tion toward the bioenergy sector is very obvious. Indeed, most related studies and

assessments are estimating the current and potential biomass availability for

bioenergy production, and to be more specific for biofuel production and, to a

lesser extent, for heat and electricity generation. Such tendency clearly indicates the

strategic position of the energy issue in the European economy and its thriving

industrial complexes. Furthermore, it shows the urgency of securing a sustainable

energy supply and providing reliable alternatives to the depleting petroleum

reserves and increasing the share of bioenergy in the European primary energy

supply.

In this context of biomass for energy, the Atlas of EU biomass potentials,

published in 2012, estimated that the potentialities of biomass in Europe for

bioenergy in the year 2010 was 314 million tons of oil equivalent (Mtoe)

[112]. This unit is used to equal the amount of energy released when burning a

million tons of crude oil.
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Then two scenarios were developed to estimate the potentialities of bioenergy

resources. For the first reference scenario, the biomass potentials are expected to

increase to 429 Mtoe in 2020 and slightly decrease to 411 Mtoe by 2030. Under the

second sustainability scenario, these potentials are predicted to decrease to

375 Mtoe and 353 Mtoe by 2020 and 2930, respectively. The following Table 8.3

gives more details about the estimations in the Atlas of EU biomass potentials with

respect to various bioresources and under the two prediction scenarios.

Table 8.3 Potentialities of various bioenergy resources in Mtoe under reference and sustainable

scenarios [112]

Biomass

category

Availability

in 2010

Estimation

in 2020

(reference

scenario)

Estimation in

2020

(sustainability

scenario)

Estimation

in 2030

(reference

scenario)

Estimation in

2030

(sustainability

scenario)

Agricultural res-

idues (straw,

manure, etc.)

89 106 106 106 106

Forestry resi-

dues (logging,

wood-

processing resi-

dues, construc-

tion wastes, etc.)

66 101 79 97 74

Roundwood

production

57 56 56 56 56

Wastes (organic

municipal

wastes, sludge,

used fats and

oils, etc.)

42 36 36 33 33

Additional har-

vestable round-

wood (i.e., more

harvesting of

stem wood

within sustain-

able limits)

41 38 35 39 36

Rotational crops 9 17 0 20 0

Landscape care

wood (residues

from landscap-

ing activities)

9 15 11 12 11

Perennial crops 0 58 52 49 37

Total 314 429 375 411 353
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8.3.4 Industrial Study Cases: The Finnish Experience

For many decades, the economic success of Finland was mainly related to its forest

sector, which continued to prosper with the availability of raw woody materials at

low costs, in the one hand, and the increase in the global demand for forest products,

on the other hand. The incorporation of new and more efficient technologies for the

harvesting and processing of trees and woods, along with the special status of the

forest in the Finnish policy making, substantially promoted this sector [113, 114].

Nonetheless, with the increased competition coming mainly from Latin Amer-

ican and Asian countries, which are benefiting for the introduction of new techno-

logies along with significant wood and labor cost advantages, the Finnish forestry

was severely challenged. Indeed, with the increasing competition, the prices of

forest products started to decrease. Besides, during the same period (roughly the last

couple of decades), the forest businesses have been only marginally invested and

did not receive stimulus packages [115, 116].

In order to face such serious challenge, several industrial companies in the forest

and paper mills sectors started implementing survival strategies. Related actions

included many mergers in the Finnish industrial sector such as the merger between

UPM and Kajaani Corporation and the one between Kymmene Corporation and

Repola Ltd. and its subsidiary United Paper Mills Ltd., which formed in 1996 the

UPM-Kymmene Corporation [117]. Other measures included acquisitions and belt

tightening which were taken in order to consolidate the assets of the companies and

reduce the operating costs [118, 119].

After this challenging episode, the Finnish forest cluster started adopting van-

guard and bold strategies through increased investments, wider products’ portfolio,
and new business models, in which the sustainable production of lignocellulosic

biofuels and various wood-derived bioproducts was one of the key orientations of

those Finnish industries to diversify their business activities and explore new

markets: It was basically a strategic objective for the Nordic country to generate

economic growth and pioneer in bioeconomy [120]. One of the more illustrative

changes is the integration of the biorefining technologies by the Finnish pulp and

paper industry [121].

Several companies in the forest and energy sectors are currently operating in

Finland or from Finland to speed up the implementation of bioeconomy in the

country and to place it in a leading position globally. In the following sections,

selected companies and industries are showcased in order to give a perspective on

the Finnish approach to implement bioeconomy while benefiting from the country’s
abundant forest resources and the combination of decades-long industrial expertise

in biomass conversion with well-tailored education and training curricula, as well

as a dynamic R&D sector.
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8.3.4.1 UPM-Kymmene Oy (UPM)

UPM-Kymmene Oy is a Finnish corporation in the forest industry specialized in

wood processing and the production of pulp and paper. Currently, the company

contains six business areas: UPM Biorefining, UPM Energy, UPM Raflatac, UPM

Specialty Papers, UPM Paper ENA, and UPM Plywood [122].

Overall, the new businesses developed and implemented by UPM to fulfill its

Biofore strategy have one major objective: reconciling profitability with sustain-

ability, which is really at the core of the bioeconomy concept.

In this context, the Finnish company planned the success of its strategy, espe-

cially increasing the profitability of its biorefining activities, on several competitive

advantages including [123]:

– A steady raw material supply including the company’s own resources and crude

tall oil which is a by-product from the pulp production process. Indirect land-use

change impacts of biofuels.

– Avoiding both the food chain value and the indirect land-use change generally

linked with biofuels production by other competing companies and in other

countries. For instance, croplands cultivated for the production of biofuels were

reported to increase greenhouse gases through the emissions from the direct and

indirect land-use change in the Europe and the United States [124, 125].

– Efficient production processes based on innovative technologies, sustainable use

of feedstocks, integrated synergies, and appropriate industrial infrastructure.

– The production of high-quality biofuel products with reduced carbon footprints.

An 80% reduction in greenhouse gas emissions was estimated [126].

The creation of new business structures, especially UPM Biofuels, was decided

by the company in order to diversify its portfolio and be the main component in the

execution of its new vision about the transformation of the modern forest industry,

the so-called Biofore strategy [127]. To implement this strategy, UPM promoted its

industrial biorefining activities, focusing on pulp and timber, by starting the pro-

duction of biodiesel for lignocellulosic wood in the world’s first commercial-scale

biorefinery located in Lappeenranta, Finland [128].

The construction of this UPM biorefinery started in the summer of 2012 at the

company’s Kaukas mill site in Lappeenranta, located in the southeastern Finland,

about 220 km from the capital Helsinki where UPM has its headquarter. The related

investment amounted to €175 million for an annual production of 120 million liters

of biodiesel [129]. The biorefinery became operational in the early 2015, and the

production of renewable biodiesel was based on UPM’s innovation process

BioVerno, developed in the company’s Biorefinery R&D Centre in Lappeenranta.

The feedstock used to produce BioVerno diesel is crude tall oil, a residue of pulp

production, and a large fraction of this raw material comes from UPM’s own pulp

mills in Finland. The produced biodiesel can be used in conventional diesel engines

without modification, as such or blended with regular diesel. Currently, UPM’s
renewable biodiesel is available at St1 and ABC gas stations in Finland [130].
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8.3.4.2 Green Fuel Nordic Oy (GFN)

Green Fuel Nordic Oy is a Finnish biorefining company established in October

2011 and is headquartered in Kuopio. The company is basing its biorefining activ-

ities on Envergent’ RTP™ process (Rapid Thermal Processing), described in

details in Chap. 7. Thus, in October 2011, Envergent Technologies announced a

memorandum of understanding, which was signed with GFN, under which the

American and Finnish companies would collaborate on projects to convert biomass

to renewable fuel for use in district heating systems in Finland [131]. The strategy

of GFN to utilize an existing technology (industrial-scale fast pyrolysis) was mainly

adopted to benefit from the proven efficacy and applicability of the RTP technology

to convert biomass and to accelerate the start-up of biorefining operations and

commission the production and distribution of commercial grade bio-oil, a renew-

able second-generation liquid fuel [132].

The main goal of the company is definitely to make profit from the use of

low-cost and locally available feedstocks to produce refined bio-oil at commercial

scale. At a national level, it will contribute, alongside with the other industries in the

bioenergy sector, in the effort to reach EU’s renewable energy sources directive

target (RES) for Finland, estimated at 38% renewable energy of final consumption

in 2020 [133].

To achieve these objectives, GFN is proposing a six-point strategy, valid or any

industry involved in the biorefining sector, which includes [134]:

– Ensuring a controlled and profitable growth

– Developing more effective implementation scenarios for biorefinery project in

collaboration with technology suppliers and markets

– Advancing the operational know-how of biorefineries

– Establishing a competitive and sustainable feedstock supply chain

– Providing competitive alternative to industrial energy production and building

strategic and long-term partnerships

– Developing and commercializing new applications for liquid biofuels

8.3.4.3 St1 Oy

St1 is a private Finnish company operating in the energy sector though two business

groups: St1 Nordic focusing on fuel marketing activities in Finland, Sweden, and

Norway and on renewable energy solutions (bioethanol and wind power) and St1

Group targeting refinery operations. The company, headquartered in Helsinki, was

founded in 1995 under the name Greenergy Baltic Oy. It has a total turnover in

came to 6.6 billion euros (2014 annual report), employs 700 personnel, and owns

the chain of St1 service stations in Finland, Sweden, Norway, and Poland [135].

In 2006, St1 Biofuels Oy was established as a subsidiary of the group St1 Nordic

Oy. The objective was to create a sustainable bioethanol production concept that

could be utilized widely and replace fossil fuels in a profitable and sustainable way.
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Thus, the Finnish company built several plants that would give St1 Biofuels a

pioneering position in the production of bioethanol fuel from waste-based feed-

stock, along with its expertise in biochemical processes, technology development,

and engineering [136]. The orientation toward the production of bioethanol from

wastes and residues, for the transportation sector, offers an interesting opportunity

for the company to compete on a national and European level and benefit from its

own distribution chain (retail stations in several European countries), which could

be expanded with the introduction of new kinds of eco-friendly and renewable

biofuels in the company’s portfolio.
In 2013, and within the Finnish commitment to the European renewable energy

directive, St1 targeted the construction of a network of biorefining plants with a

total production yield of 300 million liters of residue-derived biofuels by the 2020s

[137]. Currently, the Finnish company, pioneering in waste-based bioethanol pro-

duction, has five plants in Finland, all plants produce bioethanol from residual

biomass, four of which are Etanolix® plants, processing food industry residues rich

in starch and sugar, and one Bionolix® facility using municipal and commercial

biowastes as feedstock [138].

For instance, these St1 facilities include the Hämeenlinna Bionolix plant using

local municipal biowaste and integrated with a biogas plant operated by biowaste

from household, retail, and industries as feedstock, thus combining the production

of bioethanol and bioelectricity, along with stillage as a by-product. Another

location is Lahti Etanolix, which uses brewery, bakery waste, and bread waste as

feedstock to produce bioethanol and also a liquid animal feed as a by-product. In the

Hamina dehydration plant, the hydrous ethanol produced in the other St1 Biofuels’
facilities (both Etanolix and Bionolix plants) is dehydrated, as well as ethanol from

third-party producers. The generated biofuel is 99.8% of bioethanol [139].

Lately, a strategic objective of St1 was set to build three to five more facilities for

the production of cellulosic biofuels, in addition to the already operational plants

using food industry residues (Etanolix®) and biowaste (Bionolix®). Thus, the

Finnish company is upgrading its biorefining activities with the Cellunolix® pro-

cess. Indeed, on behalf of North European Bio Tech Oy (NEB), St1 begun design-

ing, issuing permits, and coordinating with feedstock suppliers (Alholmens Kraft

and UPM) to build a sawdust-based ethanol plant with a production capacity of

50 million liters of bioethanol per year in the Alholma industrial area in Pietarsaari,

Western Finland. According to the agreement between St1 and NEB, St1 Biofuels

Oy will operate the Cellunolix plant, using sawdust and recycled wood as feed-

stocks, and carry out the production. The produced bioethanol will then be leased to

North European Oil Trade Oy (NEOT), which will engage it in its wholesale trade

[140]. NEOT itself is a company owned by the Finnish retailing corporation SOK

(51%) and the St1 Nordic group (49%) [141].

Currently, St1 is operating the 10-million-litre Cellunolix facility, delivered to

NEB in Kajaani, Finland. The biorefining plant produces bioethanol from sawdust

and is expected to reach full production speed during 2017, with the possibly to

build a new Cellunolix bioethanol plant for NEB also in Kajaani, with a production

capacity of 50 million liters of bioethanol per year [142].
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St1 has also new projects to build Etanolix and Cellunolix facilities outside

Finland. The first Etanolix plant delivered to the international market was built in

Gothenburg, Sweden, and inaugurated on June 5, 2015 [143]. Currently, St1 is

planning to construct a Cellunolix ethanol plant in Hønefoss, Norway, in cooper-

ation with the Norwegian forest corporation Viken Skog and its subsidiary

Treklyngen. The planned production capacity of this biorefining facility is 50 mil-

lion liters of bioethanol for transportation sector, using local residues from the

forest industry as feedstock [144].

8.4 Bioeconomy in China

The biomass refining concept in China is dating back to ancient Chinese civil-

izations including various processing methods to extract proteins and oil from

soybeans, to ferment carbohydrates into wine, and to make fertilizers from bio-

wastes in order to improve the production yields of cultivated crops [145]. More

recent historical examples of biorefining activities in China relate to the construc-

tion of industrial-scale hydrolysis and batch ABE (acetone-butanol-ethanol) fer-

mentation plants, mainly for the production of acetone and ethanol solvents,

between the 1960s and 2000s. The feedstocks used in these plants were corn,

cassava, potato, and sweet potato. However, the overwhelming competition from

the petrochemical industry providing solvents at cheaper cost accelerated the

demise of these facilities at the turn of the twentieth century [146].

To meet with the increasing demand for energy of its fast-growing economy,

China overtook the United States as the world’s largest importer of crude oil since

April 2015, with imports approximating 7.4 million barrels per day, which is

roughly 200,000 more barrels per day more than the United States [147]. Currently,

the most populated country on earth is facing serious challenges mainly related to

energy shortage and environmental pollution [148, 149]. In this difficult context,

the Chinese government started by adopting measures to rationalize the use of fossil

fuels (mainly local coal resources and imported petroleum) such as the G20

directive to end fossil fuels subsidies by 2020 [150]. The dilemma between eco-

nomic growth and pollution is certainly not restricted to China, but the amplitude of

such problem and its impact on the future of the country is of distinctive signifi-

cance. The same dilemma, under near equal proportions, is also affecting India and

its 1.3 billion pollution and ambitious objective of expanding GDP by 8% each

year [151].

Considering all those issues, China has an urgent and strategic need to imple-

ment the bioeconomy concept in order to start a long process of upgrading its

agricultural and industrial sectors by adopting more innovative and sustainable

cultivation and production systems while ensuring an improved social development

and more protected environment.
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8.4.1 Strategic Vision in China

In China, the gradual process toward sustainability is referred to as the Green

Revolution, which is basically a Chinese interpretation of bioeconomy mainly

focused on matters related to energy and environment, as illustrated in the 12th

five-year plan (FYP) [152].

Although China still did not publish a national bioeconomy strategy per say, but

the 11th and 12th five-year plans provided enough information to get a clear

perception on the strategic vision of China to implement the sustainable

bioeconomy concept. Noting that terminology wise, the Chinese government used

the term “bioeconomy” in its 11th plan for national strategic emerging industries

(2006–2010), and used the term “bio-industry” more frequently, and sometimes

instead of bioeconomy, in the 12th plan (2011–2015).

China made some success in the 11th FYP period (2006 to 2010), during which

the country made promising progress in meeting its energy-saving and emission-

reduction objectives. This constituted the first step in the implementation of policies

developed to achieve the Chinese 2020 objective of increasing the share of renew-

able energy in the primary energy supply from 7% in 2010 to 11.4% in 2015 and

15% by 2020 [153, 154]. Besides, according to the International Renewable Energy

Agency (IRENA) and based on projections from the Chinese Renewable Energy

Center (CNREC), the share of renewable energy source (excluding traditional uses

of biomass) could increase in China up to 16% by 2030 [155].

As the national congress approved the12th FYP on National Emerging Industries

of Strategic Importance, the Chinese government started focusing and investing in

seven industrial sectors deemed of strategic importance for the future of the

country. The list included [156, 157]:

– Energy-saving and environmental protection with the promotion of an energy-

efficient industry, an advanced environmental protection industry and a resource

recycling industry

– Information technology with the development of next-generation information

network industry, fundamental industry of core electronics, along with high-end

software, and new information service industry

– Biology and biotechnology involving the biopharmaceutical, biomedical,

bio-breeding, and bio-manufacturing industries

– High-end equipment manufacturing in the aviation, marine, and rail transporta-

tion equipment industries, as well as in the satellite and intelligent equipment-

manufacturing industries

– New energy industries by developing more mature nuclear power technology,

wind power, solar photovoltaics, thermal utilization, biomass electricity gener-

ation, and methane gas, thus promoting the industrialization of renewable energy

technologies

– New material industries for the production of new functional materials,

advanced structural materials, and high-performance composite materials

industry
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– New energy automobiles industries in which innovative and advanced technol-

ogies will be promoted including high-quality power batteries and electric

motors, as well as supporting the industrialization of the new energy automobile

industry

Lately, the Chinese economy started decelerating from the double-digit growth

that characterized its earlier development during the 10th and 11th FYPs (average

of 10.5% between 2000 and 2010 [158]).The main cause is the high spending and

investment levels, especially the stimuli during the global financial crisis, which led

to substantial local government debts, but still at a manageable level according to

experts [159], in addition to an overcapacity in the industrial sector, particularly

China’s heavy industrial sector which provides 60% of the country’s electricity

demand [158].

Overall, the 13th FYP has set a, still-belated, growth target of 6.5% per year. The

bulk of this growth is intended to come from services, which planners hope will

constitute 56% of the economy by 2020. This restructuration of the Chinese

economy is expected to enable the Asian country to reach its goal of cutting the

energy consumption and carbon emissions per unit of GDP (carbon intensity) by

15% and 18%, respectively, during the period of the 13th FYP [160]. Thus, China

has to substantially reduce its fossil resources, mainly coal, and promote clean and

renewable energy alternatives. In this regard, the FYP is confirming a 15% share of

nonfossil fuels in electricity generation by 2020, which corresponds to a total

installed capacity of 250 GW of wind power and 150 GW of solar power, along

with and an expansion of hydropower to a total of 350 GW by 2020 and that of

nuclear power to 38–49 GW. As for biomass, an increase by 30 GW is also targeted

during the periodic of the 13th FYP [161]. What are then the potentialities of

biomass in China and its position in the country’s strategic vision to ensure a steady
economic growth in a sustainable manner?

8.4.2 Biomass Resources in China

China has diverse and abundant biomass resources approximating 0.4 billion tons

per year, which, in bioenergy production, can meet 10% of the total energy

consumption of the country, if valorized in totality [162]. On an annual basis,

China is able to make available around 300 million tons of crop straw residues

(600 million tons in total) and roughly the same amount of wastes from the forest

sector (900 million tons in total), which are easily available for biofuels production

[163]. Besides, the municipal solid wastes generated in the most populated country

in the world are expected to reach 210 million tons per year by 2020. Thus, it is

estimated that China could produce 2 to 10 billion m3 of methane if 60% of these

municipal wastes is valorized in landfill methane utilization throughout the

country [164].
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Such potentialities of biomass are of strategic importance for China to secure a

sustainable supply of energy and future societal and economic development. But

before detailing the current biomass resources in China in the next section, a

noteworthy remark has to be made. Most of the published literature on the subject

of biomass resources, whether from the Chinese government or academia, interest-

ingly relates it almost exclusively to the energy sector. Indeed, the major part of

those reports and scientific articles are disusing or presenting data on “biomass

energy resources” or “biomass resource for energy.” This does not imply that the

biorefining activities in China are limited only to biofuels and other bioenergy

sources, but obviously directing biomass supply to other valorization scenarios such

as added-value fine chemicals and biomaterial is not a priority in China.

Concisely, the world’s most energy-consuming country (3101 Mtoe in 2015

[165]) is endeavoring to find a secure and diverse supply of energy to sustain its

economic growth while controlling its carbon emissions.

The main biomass resources in China could be categorized into four different

groups: (1) agricultural residues, (2) forest residues, (3) animal manure, and

(4) industrial and municipal organic wastes (solid and liquid) [166, 167].

8.4.2.1 Agricultural Residues

Agriculture is a vital economic sector in China, particularly in rural areas, despite

the fact that it has lost its nationwide leading position to the services and industrial

sectors. Indeed, within a decade, the share of workforce in agriculture dropped from

44.8% in 2005 to 28.3% in 2015, while during the same period, the Chinese

workforce in service increased from 31.3% to 42.4% [168]. Nonetheless, China

remains one of the largest agricultural countries in the world with substantial

potential for biomass production.

Overall, China produces a wide array of agricultural food crops including rice,

wheat, corn, legumes, tubers, cotton, fiber crops, beetroots, sugarcane, and various

oilseed crops such as peanuts, rapeseeds, and sesame. The harvesting and

processing of those crops generate various by-products and residual biomass

including stalks, straw, husks, and shells [169].

In general, the amount of agricultural residues is estimated based of the crop

production, on the one hand, and the respective residue-to-crop ratios, on the other

[170]. The following Table 8.4 presents those ratios for several crops cultivated in

China.

Various studies presented the potentialities of agricultural crop residues for

biofuels and bioenergy (heat and power) production, from various perspectives

including theoretical and available amounts, economic value, energy potential, and

geographic distribution in China [173–177]. Table 8.5 summarizes the production

yields of several crops cultivated in China in 2010, along with the generated

residues and estimated energy potential.

Although biomass resources from agricultural residues in China are plentiful, the

collection methods are seriously limiting a full valorization of those resources.
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Indeed, it is estimated that only 23% of the crop residues are used for forage, 4% for

industrial production of materials, and 0.5% for biogas production. The major

fraction of such residues is either directly combusted by farmers (37%), lost during

the harvesting (15%), or discarded or directly burnt in the field (20.5%) [173].

8.4.2.2 Forest Residues

Since the late 1970s, China launched many large-scale projects for afforestation and

reforestation in the country, not only for economic reasons and to deal with climate

change but also to mitigate the desertification phenomenon which is threatening

Table 8.4 Residue-to-crop

ratios for various crops

[171, 172]

Cultivated crops Residue-to-crop ratio

Cotton 3.00–5.51

Rapeseed 1.01–3.00

Corn 1.25–2.00

Fiber crops 1.70–2.00

Sesame 1.01–2.00

Legumes 1.50

Peanuts 1.01–1.50

Wheat 0.73–1.10

Tubers 1.00

Rice 0.68–1.00

Sugarcane 0.10

Beetroots 0.10

Table 8.5 Production yields, amounts of generated residues, and related fuel potential, at coal

equivalent, of many agricultural crops in China [178]

Crop

Production

yield (mmta)

Generated

residues

(mmt)

Available

residues

(mmt)

Ratio of coal

equivalent (%)

Fuel potential

from residuesb

(mmt)

Rice 195.7 215.3 178.7 43 76.7

Maize 177.2 354.5 294.3 53 155.6

Sugar

crops

120.1 12.0 10.6 53 5.6

Wheat 115.2 126.7 105.1 50 52.6

Oilseeds

crop

32.3 17.9 61.4 53 32.5

Yam 31.1 37.4 29.9 49 14.5

Beans 18.9 37.9 33.4 54 18.1

Cotton 5.9 17.9 16.1 54 8.7
aMillion metric tons
bFuel potential from residues is calculated by multiplying the available amount of crop residues by

the respective ratio of coal equivalent
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vast areas of arable lands. These projects, commonly referred to as the “Great Green

Wall of China,” are targeting the plantation of about 364,217 km2 of forests by 2050

[179]. Overall, China is characterized by the presence of various kinds of forests,

comprising main species in the Northern Hemisphere, along with tropical rain-

forests in the south and boreal forests in the north.

In a recent study, regarding the spatial distribution of forests in China, it was

revealed that the total forest area is 149 million hectares, which is less than the

official estimation from the Sixth National Forest Inventory (169 million hectares).

The same study also reported that there are five major types of forest in the country:

evergreen broadleaf forests, deciduous broadleaf forests, broadleaf and needleleaf

mixed forests, evergreen needleleaf forests, and deciduous needleleaf forests [180].

Forest residues are the biomass generated during forest harvesting and the

subsequent wood processing. Thus, it includes wood residues from logging such

as stumps, branches, leaves, etc., and wastes from the industrial manufacturing of

wood into primary wood products. The wood-processing residues include discarded

logs, bark, sawdust, and shavings and are produced, for example, by veneer,

plywood, or pulp mills [172]. Overall, among the total forest biomass energy

resources in China, three main group of residues are accounting for 81% of the

total resources, namely, wood-processing residues (38%), wood felling and bucking

residues (37%), and bamboo residues (6%) [181].

Regarding the energy potential of forest biomass (wood fuel and residues),

Chinese researchers are estimating that among the 2810 million tons of biomass

that could be obtained annually from forests, about 932 million tons could be made

available for energy production. Assuming that the totality of firewood and 50% of

other forest biomass resource, including residues, could be supplied, China would

allocate around 499 million tons of forest biomass to the energy sector, which is

equivalent to 285 million tce (ton of coal equivalent) [171] and around 2320 TWh

(terawatt hours).

8.4.2.3 Animal Manure

Animal manure in China, including the excrements from livestock and poultry, has

a promising potential, especially in rural regions, to be used as feedstock for

bioenergy via the anaerobic fermentative production of biogas [182, 183], as well

as the conventional valorization scheme of biofertilizers production [184]. In gen-

eral, the amount of poultry and livestock manures could be calculated by the

breeding cycle, daily excretion, and number of livestock, both on hand and

sold [185].

The total amount of animal manure in China was estimated to be around 3.99

billion tons, equivalent to 647 million tce. It is mainly composed of pigs manure

(0.49 billion tons) and cattle manure (0.14 billion tons). The available amount

manure for bioenergy production is estimated at 3.01 billion tons which corre-

sponds to 440 million tons of coal equivalent [171]. During the last years, and based

on official data from the ministry of agriculture, China is maintaining an average
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growth rate of 8% in its animal farming. Thus, with the subsequent numerical

increase in poultry and livestock, the amount of animal manure should increase on a

yearly basis, along with its share in biogas production in China [186].

In a recent study, a research team from China Agricultural University in Beijing

published results about the compositional characteristics and energy potential of

Chinese animal manure, by type and as a whole [187]. It was reported that the total

methane production potential of the various types of animal manure in China is

about 189 billion m3/year per year, including an annual biomethane yield of 75.5

billion m3 from pigs manure, 42.84 billion m3 from beef manure, and 41.36 billion

m3 from broiler manure.

8.4.2.4 Industrial and Municipal Wastes

This group includes municipal solid wastes (MSWs) and industrial and domestic

organic wastewaters. MSW are the wastes generated from urban areas (households,

markets, small businesses, etc.), periodically collected and dumped in landfills. In

China, the daily urban waste emission is around 1.2 kg per capita. On that basis, the

amount of MSW is estimated at around 3700 million tons (equivalent to 529 million

tce). However, considering the low utilization rate, the municipal solid waste

clearance was limited to 152 billion tons, including around 76 million tons of

sanitary landfill [171], which would enable the production of 5.87 million m3 of

landfill gas [185].

Table 8.6 presents the energy potential of MSW that could be generated either by

direct incineration or combustion of the produced landfill gas, in various regions in

China. As shown, a potential electricity supply of 18,862 GWh can be obtained.

The highest potential (7064 GWh) was in Eastern China, which corresponds to

almost 37.5% of the national total electric power from MSW.

Organic wastewater, on the other hand, can be divided into domestic and

industrial wastewater. Domestic sewage is generated from residential areas and

urban commercial and service businesses and continuously channeled by the

sewage system to municipal wastewater treatment plants to be treated before

being discharged into nearby aquatic environments (lakes, rivers, etc.). In China,

it was reported that the amount of domestic sewage approximates 31 billion tons.

Based on a disposal rate of 42.55%, the available amount of domestic sewage is

estimated at 13.2 billion tons, which is equivalent to 2.88 million tce.

Regarding the case of industrial organic wastewaters, they are mainly generated

during the industrial processing on various biological feedstocks for the production

of commodities such as sugar, paper, meat, etc. In China, the total amount of

industrial wastewater was estimated at 24.7 billion tons, with available amount of

22.2 billion tons (equivalent to 3.58 million tce), estimated based on a collection

coefficient of 90% [171].
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8.4.3 Industrial Biorefining Companies

Table 8.7 presents the main industrial companies in China involved in biorefining

various bioresources and biowastes, for the production of liquid biofuels

(bioethanol and biodiesel).

8.5 Outlook

The success of bioeconomy relies, first and foremost, on the genuine willingness of

decision makers and industrialists to implement this concept on the ground and their

actual commitment to sustainability. Other decisive factors include the availability

of bioresources, the necessity of efficient and eco-friendly processing technologies,

as well as the other production and marketing tools to transform low-value biomass

to added-value bioproducts.

Considering the fact that bioeconomy is a multifaceted concept, each country is

a special case for implementing bioeconomy. Indeed, if two countries share the

same kind of bioresources, they do not possess the same infrastructure and bio-

refining facilities. If they do, then the workforce will make the difference in terms

of manpower and quality of education and trainings. To this, the geography, the

history, geopolitics, and the general public awareness and involvement in the

decision-making process will also be of significant impact.

So, should every country develop its own bioeconomy? Definitely not. The

singularity of each country to adopt the concept of bioeconomy and to implement

Table 8.6 Amount and energy potential (electricity generation) of MSW in different regions of

China [188]

Region

Disposed

MSW

(million

tons)

Sanitary

landfill

(million

tons)

Landfill

gases

(million

m3)

Electricity

from

methane

(GWh)

Electricity

from

incineration

(GWh)

Total

electricity

(GWh)

Northern

China

21.67 11.99 2400.24 2400.3 255.0 2655.3

Northeastern

China

23.02 8.21 1643.61 1643.6 77.5 1721.1

Eastern China 43.34 25.41 5086.55 5086.6 1977.5 7064.1

Central south-

ern China

40.89 18.02 3606.83 3606.8 1108.5 4715.3

Southwestern

of China

12.11 8.11 1623.80 1623.8 164.5 1788.3

Northwestern

China

11.08 4.56 913.56 913.6 4.0 917.6

Nationwide

total

152.14 76.32 15,274.86 15,274.9 3587.8 18,862.6
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Table 8.7 Chinese biorefining companies producing liquid biofuels: bioethanol and biodiesel

Name

General

information

Start-

up

year Feedstock

Biofuel

production

capacity (tons/

year) By-products

(1) Bioethanol production [172, 189–193]

Jilin Fuel Etha-

nol Co., Ltd.

Located in Jilin

(northeastern

China) and owned

by the largest oil

and gas company

in the country,

China National

Petroleum

Corporation

2001 Corn 500,000–600,000 320,000

t/year of dis-

tillers dried

grains with

soluble

(DDGS) and

22,500 tons/

year of corn

oil

Henan

Tianguan Fuel

Ethanol

Co., Ltd.

Located in

Nanyang (south-

ern China) and

owed by the

Henan Tianguan

Group, a

Chinese company

involved in the

sector of renew-

able energy

2003 Corn/

wheat

450,000–600,000 120,000

t/year of

DDGS and

45,000 t/year

of wheat

gluten

Anhui

Fengyuan Bio-

chemical

Co., Ltd.

Located in the

Anhui Province

(Eastern China)

and is a joint ven-

ture formed by

Anhui BBCA

Biochemical Co.,

Ltd. and China

Petrochemical

Corporation

2005 Corn 320,000–400,000 170,000

t/year of

(DDGS) and

17,000 tons/

year of corn

oil

Heilongjiang

Huarun Alco-

hol

Co., Ltd.

Located in the

Heilongjiang

(northeastern

China) and is a

subsidiary of

China Resources

(Holdings) Co.,

Ltd.

1999 Corn 180,000–220,000 160,000

t/year of

(DDGS) and

15,000 tons/

year of corn

oil

Guangxi

COFCO

Bio-energy

Co., Ltd.

Located in the

autonomous

region of Guangxi

(south central

China) and owned

by China Oil and

Foodstuffs

Corporation

(COFCO)

2006 Cassava 200,000 -

(continued)
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it on the ground will generate different scenarios. Some countries will brilliantly

succeed, others moderately, and some others will struggle. Regardless of the

outcome, a collective knowledge will be gained worldwide from both success and

failure scenarios. Such knowledge will help developed countries to reconcile

profitability with sustainability in their economic models. It will also be a momen-

tous opportunity for developing countries to benefit from this collective knowledge

Table 8.7 (continued)

Name

General

information

Start-

up

year Feedstock

Biofuel

production

capacity (tons/

year) By-products

(2) Biodiesel production [192, 194–198]

Gushan Envi-

ronmental

Energy Ltd.

Located in the

Fujian Province

(southeastern

coast of China).

Since 2012, the

company was pur-

chased by the

Trillion Energy

Investments Hold-

ings Ltd.

2006 Vegetable

oil, animal

fat, and

recycled

cooking

oil

190,000 Asphalt, glyc-

erol, and

erucic acid

Wuxi Huahong

Biofuel Co.,

Ltd.

Located in Wuxi,

Jiangsu Province

2006 Waste oil

and swill-

cooked oil

100,000 Glycerol

Longyan

Zhuoyue New

Energy

Development

Co., Ltd.

Located in

Longyan (south-

western China)

and is a subsidiary

of China Biodiesel

International

Holding Co., Ltd.

2003 Waste oil 50,000 5,000 t/year

of industrial

glycerin and

bitumen

Xiamen

Zhuoyue Bio-

mass Energy

Co., Ltd.

Located in Xia-

men (southeastern

coast of China)

and is also a sub-

sidiary of China

Biodiesel Interna-

tional Holding

Co., Ltd.

2006 Waste oil 50,000 5,000 t/year

of industrial

glycerin and

bitumen

Henan

Xinyang

Hongchang

Group

Located in the

Henan Province

(east-central

China)

2006 Local

wood

plant oil

and grease

trap waste

30,000 Glycerol

Handan

Gushan Olea

Chemical Ltd.

Located in the

Hebei Province

(northern China)

2004 Rapeseed

oil

25,000–30,000 Glycerol
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around bioeconomy (biomass supply chain, process design, conversion technolo-

gies, etc.), thus enabling a wiser and more profitable exploitation of their natural

resources for generations ahead.

Overall, in order to lay a solid ground for bioeconomy, we need to promote its

multidisciplinary R&D effort, develop new markets for its new bioproducts,

upgrade its infrastructures and manufacturing facilities, effectively train its work-

force, wisely adjust its policies and regulations, and meticulously coordinate its

financial systems. All these efforts should be carried out in full cooperation between

the decision makers, private and public sectors, scientists, and professionals from

backgrounds as diverse as biology, economy, chemistry, biotechnology, engineer-

ing, genetics, IT, etc.
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Chapter 9

Bioeconomy: Multidimensional Impacts

and Challenges

Abstract For decades, the reliance on fossil resources for the production of fuels,

chemicals, and materials has generated unsustainable economic models which have

created complicated economic, environmental and geopolitical circumstances

around the world. Hence, in order to become sustainable economic model,

bioeconomy has to deal with those challenges, as well as the important social factor

related to issues such as accentuated disparities, population growth, and mass

migration. During the current transition phase towards sustainability, bioeconomy

is affected by various factors, notably the availability of biomass and the develop-

ment or acquisition of biorefining technologies. Once implemented on the ground,

bioeconomy starts to impact various aspects related to sustainable development, the

environment, and societies. Simultaneously, it starts to face new sets of challenges

mainly related to serious agricultural, industrial, environmental, and social issues.

Thus, in the present chapter, the impacts of bioeconomy and the prospects of its

worldwide implementation are thoroughly discussed from a multidimensional

outlook including industrial, environmental, social, and geopolitical perspectives.

This includes the need for a continuous monitoring of the sustainability of

bioproducts and biorefineries via various metrics, as well as the assessment of

key environmental and social factors such as greenhouse gas emissions, land-use

change, biodiversity, employment, food security, and the dangerous, yet somehow

underestimated, problem of corruption.

9.1 Sustainability

Food, energy, and materials are of vital importance to modern societies worldwide.

For decades, the reliance on fossil resources and derived fuels, chemicals, and

materials has generated unsustainable economic models which has created compli-

cated and dangerous situations around the world [1, 2], not only in the economic

sector (recurring economic crises), but it also affected the environment (global

warming, soil, air and water pollution, deforestation, etc.), created serious geopo-

litical tensions (Middle East, Latin America, and Africa), and had an impact,

sometimes qualified as irreversible, on societies including accentuated disparities,

population growth, mass migration from rural regions to cities, and immigration
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from poor to rich countries due to economic hardships, armed conflicts, environ-

mental disasters, etc. [3–5].

No matter how advanced the county is, decoupling economic growth from the

use of fossil resources is a very delicate task, considering the difficulty to balance

the ever-increasing demand for raw materials on the one hand, and the depleting

nature of most of the current resources upon which the production of numerous

energy, chemicals, and material products still heavily depend.

Based on the estimation made by the US Energy Information Administration

(EIA), published in its International Energy Outlook 2016 report, fossil fuels will

continue to fulfill most of the world’s requirement for energy until 2040. By then,

petroleum-derived liquid fuels, natural gas, and coal will account for 78% of total

world energy consumption [6]. Continuing relying on those fossil fuels, the way

humanity did during the last half century will have dramatic consequences, not on

future generations but on us and our kids. We can stop buying furniture, we can

trade our fuel-consuming car for a bike, but we cannot stop eating, and, surpris-

ingly, the principal raw material in the modern agriculture is none other than fossil

fuel [7]. Further dependency on fossil fuels in the agricultural sector will result in a

gradual, but significant, increase in the prices of raw ingredients for food and

feedstuffs [8, 9].

Thus, focusing on the energy sector when it comes to fossil resources is a

shortsighted perception that would make any future solution vulnerable. What is

the solution then? Well, we need to think and operate in a holistic sustainable

manner, first by managing the still abundant fossil resources efficiently and

ecofriendly, especially coal (reserves forecasted until the end of this century

[10]). Simultaneously, sustainable alternatives have to be prepared at commercial

scale, not only the raw materials and the end products but from raw materials to the
end products, including supply chain, infrastructure, processing technologies, waste

valorization, etc.

9.1.1 Sustainable Development and Bioeconomy

Sustainability is basically the outcome of balancing humanity’s needs with the

available resources to fulfill the requirement of the former without depleting the

latter. Several key factors significantly affect this balance, separately or jointly,

including economic necessities, environmental situations, social conditions, and

geopolitical circumstances [11, 12]. The major issue with those factors, either

helping or constraining his sustainable balance, is the fact that they are all changing

factors, both in space and time. Thus, sustainability is not a strategic objective to be

reached within a targeted time frame, but rather a continuous and dynamic effort

from mankind to leave the world a better place as generations come and go.

Overall, the sustainable development is a paradigm established to fulfill the

needs of mankind in an economically viable, environmentally friendly, and socially

beneficial manner. In this regard, bioeconomy, as an economic model based on the

318 9 Bioeconomy: Multidimensional Impacts and Challenges



utilization and conversion of biomass to produce commodities, is at the core of

sustainable economic strategies around the world. For instance, among the United

Nations’ 17 sustainable development goals (adopted in September 2015 and

targeted to be achieved within 15 years) [13], more than half are directly related

to the concept of bioeconomy including (1) no poverty, (2) zero hunger, (7) afford-

able and clean energy, (9) industry, innovation and infrastructure, (12) responsible

consumption and production, (13) climate action, (14) life below water, (15) life on

earth, and (17) partnerships for the goals [14].

Considering the vital objectives of sustainable development, the first measure to

be taken is to ensure its proper implementation by, quickly and efficiently,

addressing the various challenges and obstructing or slowing this implementation

phase, especially in the three major dimensions of sustainable development: eco-

nomic, social, and environmental. Indeed, according to the UN, more than one

billion people are still living in extreme poverty, and income disparities within and

between countries are still growing. As well, the still unsustainable consumption

and production schemes have generated great economic and social costs and, if

continued, may jeopardize life on earth [15].

9.1.2 Challenges to Sustainability

The first challenge to sustainability is to develop a global and authoritative defini-

tion of this multidimensional concept, upon which legislations can be drafted and

decisions can be made. The main issue in this regard is that among the three main

dimensions of sustainably, i.e., economic, environmental, and social, the first two

are quantitative notions, whereas the third one is generally estimated in qualitative

terms [16]. Besides, the sustainability concept is often reduced to only one of its

spheres of influence, mainly economic, then environmental, and to a lesser extent

social, depending on how the implementing, private or governmental, body inter-

prets the notion of sustainability [17–20].

For instance, the production of genetically modified organisms (GMOs) is still a

hot topic for debates around the world between scientists, decision makers, and

environmental activists; the introduction of the concept of bioeconomy gave new

perspectives to this debate with highly influential and expected outcome. Indeed,

the prospects of using genetically modified crops to produce high yields of biomass

or specific compounds, in marginal lands, for the production of added-value

nonfood bioproducts are viewed as a sustainable strategy from both economic

viewpoint (especially biotech industries) and social perspectives, as it will help

rechanneling substantial amounts of food crops back to the food supply chain.

Environmentalists, on the other hand, see the same strategy as a threat to biodiver-

sity, with potential health risks. Besides, such process would diminish farmers’ self-
sufficiency and make them dependent on the crops produced by big biotech

companies [21, 22].
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Hence, if one single notion (GMOs in this case) could be considered both

sustainable and unsustainable, the debate about biorefineries will be much more

complicated considering the potential involvement of diverse investors; chemical,

agricultural, and biotechnological industries; as well as several governmental

bodies and NGOs. Further debates within the framework of bioeconomy are then

necessary to overcome such conflicting viewpoints, based on actual scientific fact

detailing the economic, environmental, and social advantages and ricks of produc-

tion procedures or facilities using genetically modified species.

Along with the vital food sector, the sustainability debate is also focusing on

another important sector: bioenergy. Indeed, the production of biofuels is viewed

around the world as a viable strategy to fulfill future energy needs by gradually

replacing currently used fossil fuels, thus ensuring future energy security in a

sustainable manner [23]. Nonetheless, even if the production process itself (i.e.,

raw material to end product) could be qualified as sustainable, the same qualifica-

tion is not automatically applied to related activities and procedures from the

biomass acquisition (crop production or bioresource harvesting) until the storage

and marketing of the end products and the management of the generated solid,

liquid, and gaseous wastes.

In Europe, for instance, biofuel sustainability is stipulated in the Renewable

Energy Directive, which has set the target for EU member states to ensure a

renewable energy share of at least 10% for the energy consumption of the trans-

portation sector by 2020, and the use of biofuels must result in an overall cut of

greenhouse gas emissions by 35% [24, 25].

The directive also stated that first-generation biofuels (i.e., from energy crops

cultivated on agricultural lands) is limited to 7% of final energy consumption in

transport by 2020 [26]. Although such measure aims at limiting the impact of the

food vs. nonfood and land-use change issues as well as promoting the utilization of

nonfood biomass and wastes as feedstocks for biofuel production, the impact on the

agricultural landscape in Europe and its potentialities for food and feed production

and their prices will still be affected.

In this context, it estimated that in order to implement its renewable energy

directive, Europe has to allocate an additional 4.5 million ha of land by 2020 within

its borders [27] and support the biofuel sector with subsidies all along the value

chain [28]. The subsequent land-use change will have a direct impact on the

agricultural sector, but will also induce some indirect risks especially on the

greenhouse gas savings because grasslands and forests (to be replaced by energy

crop plantations) absorb high levels of carbon dioxide. Thus, transforming those

natural lands into agricultural lands would increase the atmospheric CO2 levels

[29, 30]. On a related matter, the introduction of new species (energy crops) to new

ecosystems could be of invasive character, which could affect the already

established ecological balance. Such environmental threat, although duly empha-

sized by scientists [31–33], has not yet been properly assumed by policy

makers [34].

As well, the sustainability of bioeconomy could be seriously compromised by

another important challenge that could generate severe environmental, social, and
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geopolitical issues, that is, the competition over biomass at national and interna-

tional levels, and the channeling of certain bioresources for the production of

economically profitable products, while more strategic and vital products, with

less economic value, will be of lesser interest.

Overall, we are slowly moving away from the food vs. nonfood issue to enter a

new and more complicated dilemma: using nonfood biomass but to produce what

kind of bioproducts. It’s this precise decision that will create the future dilemma

around biomass within bioeconomy. Indeed, the response to this simple question

will have worldwide economic, environmental, and social repercussions. There-

fore, sustainability is a basically a decision, either from the rational but slow

top-down process via legislations and regulations or from the spirited but less

coherent bottom-up approach. The better scenario is to combine the two approaches

in order to generate decisions around the conversion prospective of biomass which

are both profitable and nonconflictual and to ensure a good public momentum

behind it.

9.1.3 Evaluating the Sustainability of Bioproducts
and Biorefineries

As we have seen in Chap. 7, the International Energy Agency (IEA Bioenergy Task

42 Biorefineries) has defined biorefining as “the sustainable processing of biomass

into a spectrum of bio-based products (food, feed, chemicals, and/or materials) and

bioenergy (biofuels, power and/or heat)” [35]. Thus, by definition biorefineries

have to be operated in a sustainable matter from the acquisition of the biomass

feedstock until the production and commercialization of the end products. The big

question in this regard is how can the sustainability of biorefineries be assessed.

In general, there are many aspects related to sustainability that needs to be

considered before qualifying an industrial activity or an end product as sustainable.

This includes many environmental considerations such as global warming, pollu-

tion, acidification, impact on biodiversity, and land-use change. Other factors

include economic aspects such as production costs and profitability, as well as

social issues related to employment, health, and human rights. Thus, the sustain-

ability of a product or an industrial and commercial activity can be measured

quantitatively and/or qualitatively by jointly evaluating the impacts of the related

environmental, economic, and social factors [36, 37].

Commonly, biorefineries are perceived as sustainable production facilities

mainly based on the renewable character of the processed biomass. Nonetheless,

such perception is currently being readjusted because sustainability cannot be

founded solely on one of its three main dimensions [38]. Thus, in order to ensure

the sustainability of one of the fundamental components of the bioeconomy con-

cept, biorefining, all the dimensions of sustainability have to be taken into consid-

eration including, but not limited to, by-product valorization (economic
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dimension), biomass exploitation and waste management (environmental dimen-

sion), and food security and workers’ rights (social dimension) [39, 40].

Thus, assessing the sustainability of a biorefining facility is a main endeavor

during its designing, building, and operating phases. Such assessment is based on

the application of several indicators that are used to evaluate the impact of any

biorefinery project on all dimensions of sustainability. For instance, the production

of biodiesel for cooking waste oil [41] or microalgae [42] is assumed to be a

sustainable production mode from environmental and social viewpoints. However,

from an economic perspective, biodiesel is not yet a profitable alternative to the

relatively cheap conventional diesel [43].

Considering the three-dimensional aspect of sustainability (i.e., economic, envi-

ronmental, and social), the developed indicators could be used to evaluate either

one of those dimensions (mono-dimensional indicators) and two dimensions at the

same time (bidimensional indicators) assessing socioeconomic, socio-

environmental, or economic-environmental impacts. The last group comprises

three-dimensional indicators evaluating the joint impact of all three dimensions

[44, 45].

Moreover, metrics based on mass and energy were developed in order to

quantify the sustainable performance of production facilities in terms of volatility,

flexibility, and robustness [46]. These metrics are often used to measure the

economic and environmental sustainability impacts of various biomass conversion

procedures and process designs in relation with feedstock use and production-

related costs [47–49].

In the following paragraphs, selected metrics are presented for each dimension

of sustainability.

9.1.3.1 Economic Metrics

An economically viable biorefinery is a self-sustaining facility that, once it

becomes operational, generates enough profitability to self-sustain its activities

without requiring governmental assistance or potential reinvestment plans

[50]. Several metrics could be applied to assess such important factor. In this

context, an interesting study monitored the sustainability of several categories of

biorefineries from economic, environmental, and social perspectives [51].

Regarding the economic assessment, the return on investment (ROI) indicator

was applied as the economic metric within the applied analytical hierarchy process

(AHP), which was combined with a sensitivity analysis. The authors adopted this

analytical procedure since both capital and operating costs, as well as the sale price

of product, impact the ROI. This metric was estimated for each type of biorefinery

by updating a previous economic analysis conducted to evaluate the capital and

operating costs for various biofuel-producing facilities (ethanol from grains and

from cellulosic biomass and biodiesel via the Fischer-Tropsch process) [52].

Other studies evaluated other economic indicators such as maximizing profit and

net present value since minimized cost metrics were reported to be less useful in
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cases like the production of biodiesel where the high production cost is mostly

related to the cost of the oily feedstock [53]. Moreover, considering the market

volatility and the fluctuations in prices of products, experts deem necessary to

include other factors, such as broadening of the products’ portfolio and the selling

generated by-products, in such economic assessment related to sustainability [54].

Table 9.1 illustrates the capital and operating costs and the estimated ROI for the

three studied biorefining facilities.

9.1.3.2 Environmental Indicators

Among the multiple environmental indictors related to sustainability, life cycle

assessment (LCA) is frequently used by researchers assessing the environmental

impact of products or production processes [55–57]. The environmental factors that

could be monitored include the quality of air, soil, and water, management of solid

wastes and wastewaters, emissions of greenhouse gases, and conservation of

biodiversity and wildlife [58–60].

Other important environmental metrics include energy demand, greenhouse gas

emissions, SOx and NOx emissions, potential for eutrophication, and efficient

water and energy utilization [61–63]. A more detailed analysis of the mutual

relation between bioeconomy and the environment will be given in Sect. 9.9.2.

9.1.3.3 Social Metrics

Few studies tried to tackle the issue of sustainability for various bio-based produc-

tion processes from a social perspective [64]. Indeed, although such essential

observation was made by scientists since the early 1970s [65], sustainability-

related studies are still being analyzed from a bi-dimensional perspective (i.e.,

economic and environmental) [66].

The economic dimension is the most studied aspect for obvious reasons. Then,

during the last decade, a clear emphasis on the environmental dimension was made

by both the scientific and industrial communities [67]. Currently, the incorporation

Table 9.1 Estimated capital costs, operating costs, and ROI for three types of biorefineries [51]

Biorefinery

Size of the

facility (106 GJ

per year)

Capital cost

(millions of

US dollars)

Operating cost

(US dollars per liter

of gasoline equivalent

ROI

(%)

Ethanol production form

grains

12 143 0.61 24.1

Ethanol production from

cellulosic feedstock

12 585 0.53 11.1

Production of Fischer-

Tropsch biodiesel

12 786 0.54 7.9
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of the social dimension is gaining more interest, thus enabling an improved and

more reliable assessment of the sustainability of the various products and produc-

tion procedures [68].

A socially sustainable product is a commodity which has limited negative

impact on the society during its production, utilization, recycling, and final dis-

posal. Sustainability indicators related to the social dimension are generally asso-

ciated with issues such as food security, energy security, employment, disparities,

and social welfare [69, 70]. The social dimension also encompasses other factors

such as the respect for land property rights, social acceptability, and working

conditions [71, 72].

In general, as far as sustainability indicators are concerned, the quantitative

assessment is not always possible. Indeed several aspects related to biorefining

activities either cannot be quantified or assessed via semiquantitative tools [73] or

better described qualitatively. This is especially valid for factors related to the

social dimension. In this context, qualitative indicators can be applied to evaluate

the impacts for a production facility or procedure via semi-qualitative analyses such

as using the 1–10 scale [74].

To conclude this sustainability section, it has to be noted that bioeconomy and

sustainable development have to be implemented simultaneously in order to ensure

the establishment of a genuine sustainable bioeconomy and not a new economic

model using biomass to make profit, with a better, but not sufficient, attention to the

environmental impact and little to no consideration to the social aspect. We will get

back to this important issue in the coming sections dealing with the bioeconomy

impact on both the environment and society. Currently, more industrial companies,

including large multinational corporations, are adhering to the sustainability con-

cept which is gradually being implemented [75], either a survival or new marketing

strategy. For instance, BASF, the world’s leading chemical company, is promoting

its industrial activities using the slogan “we create chemistry.” Recently, they are

trying to “create chemistry for a sustainable future.” This is certainly a good

prospective for change, which could combine both the well-being of the company’s
stakeholders in the one hand and the welfare of society and the environment on the

other.

9.2 Environmental Considerations

As a sustainable economic model, bioeconomy has to generate growth in an

environmentally friendly manner. But the relation between bioeconomy and the

environment is much more complex. Indeed, the use of bioresources as feedstocks

to produce a wide range of commodities links the concept of bioeconomy to the

environment in a reciprocal way.

Thus, from an industrial perspective, the overexploitation of bioresources,

extensive land-use change, and unwise management of water resources would

affect the biodiversity and carbon balance and induce severe environmental
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changes in both natural ecosystems and the cultivated agricultural land [76–80],

which are the main sources for biomass. Such changes will have direct repercus-

sions on the amount and quality of biomass produced for the biorefining facilities

and will ultimately affect the basis of the bioeconomy concept by gradually

impairing its sustainable dimension.

This would be the worst case scenario that decision makers and industrialists

should be aware of and if necessary reminded by experts and scientists. Fortunately,

the current tendency is for the application of technically reliable and environmen-

tally friendly production and conversion procedure.

In order to continuously monitor the environmental impact of any activity

related to bioeconomy from the biomass acquisition until the marketing, utilization,

and disposal of the end products, an assessment module has to be set [81], which

includes:

– The development of reliable environmental indicators related to biomass pro-

duction, logistics, and potential utilizations

– Conducting comparative life cycle assessments of bioproducts and their supply

chains, from the biomass production to end-of-life processes

– Designing minimum sustainability criteria related to biomass (production,

channeling, and industrial processing) in terms of resource efficiency, green-

house gas emissions, land-use change, forest exploitation, etc.

– Tracing those environmental sustainability criteria across the entire supply chain

The impact of competing utilization schemes of both natural resources and

arable lands on the environment is also a major endeavor to be undertaken by

researchers from various scientific fields in order to anticipate any potential risk on

the environment in general and the renewability of those valuable bioresources in

specific [82, 83]. Considering the seriousness of this competition issue and its

potential worldwide impact, not only on the environment but also on geopolitical

and social aspects, we will discuss it further in the coming sections.

So, as far as the impact of bioeconomy-related activities on the environment are

concerned, key issues are debated in scientific and decision-making circles and

more so in the media and public sector. This includes greenhouse gas emission,

land-use change, biodiversity, as well as other environmental issues.

9.2.1 Greenhouse Gas (GHG) Emissions

One of the major driving forces behind a large-scale implementation of

biorefineries is their potentialities to reduce GHG emissions. In this regard, many

research studies have been conducted worldwide to assess the life cycle GHG

emissions of ethanol produced from various bioresources and then compared with

gasoline. For instance, a study reported that GHG emissions produced in an

integrated biochemical refinery producing ethanol from second-generation
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feedstocks are negative, which corresponds to equivalent reduction in GHG emis-

sions of �7 g CO2 eq./MJ for ethanol produced from wheat straw and �19 g CO2

eq./MJ for poplar as feedstock [84].

Such negative values are mainly related to the valorization of the generated

by-products in the production of heat and power, or further processing into added-

value chemicals including various organic acids. Thus, if the GHG, which would be

emitted if those co-products were to be produced form fossil resources, are higher

than the actual biorefinery emissions, then overall balance will be negative.

In another study conducted in the United States, the emissions of various

biofuels were compared in order to assess the environmental impact of products

within the bio-based circle. It was revealed that the production of biofuels form

mixtures of local perennial grass which can generate substantial reduction in GHG

emissions when compared with ethanol production from corn grain or biodiesel

greatened from soybean. The produced biofuels from the various combinations of

16 perennial herbaceous grassland species were found to be carbon negative since

the net CO2 sequestration in soil and roots (4.4 Mg ha�1 year�1) is almost 13 times

higher than the CO2 emitted during the production of biofuels (0.32Mg ha�1 year�1)

[85]. An interesting study, funded by the Dutch ministries of Economic Affairs

and Infrastructure and Environment, further developed the potential effect of

competing utilization of bioresources for bioenergy and biochemical production

on the long-term global CO2 mitigation [86].

Along with the industrial sector, agricultural practices, especially intensive

cultivation and breeding techniques, have significant impact on the environment

and its water, soil, and air components. The major issue for bioeconomy is to

produce a constant flow of biomass to the biorefining activities without compromis-

ing its main and vital task of securing food and feed to the ever-increasing world

population. For instance, the farmlands exploited in Canada for the production of

food and feed as well as livestock farming are responsible for 8% of the country’s
total greenhouse gas emissions [87].

According to Canadian scientists, such diverse activities within the agricultural

sector along with the developing biofuel industries are complicating the analysis of

GHG emissions [88, 89]. Thus, for a reliable assessment of the overall GHG

emission budget for the agriculture, a better understating of the potential interac-

tions between the various agricultural production systems has to be developed,

along with a consistent quantification method to estimate the GHG emission of the

cultivated crops upon which those production systems, either for food or feed, are

based [90].

9.2.2 Land-Use Change

The agricultural sector is one of the main sources to provide biomass to the various

bio-based industries. However, the current agricultural practices and exploited

arable lands are at their optimum potential. Thus, if more biomass has to be
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produced to secure a constant flow of specific biomass to the industrial sector, the

agriculture will face serious challenges that could threaten its sustainability. Such

pressure has already led to shifts in the utilization of lands either with the agricul-

ture sector or with other sector, mainly forestry.

These land-use changes could be operated in direct and indirect manner. Regard-

ing the direct land-use change, the land which was used for the cultivation of food

crops, for instance, started being cultivated for added-value energy crops. As for the

indirect land-use change, it occurs when cultivated crops are displaced to another

location in order to cultivate other crops and feedstocks for the bio-based industries

[84]. Most of the land-use changes (direct and indirect) are being carried out to start

the cultivation of energy crops in order to fulfill the increasing feedstock require-

ment of the biofuel sector. In this regard, many scientists from around the world

proved that the expansion of biofuel production schemes is having a global impli-

cation on the utilization of lands [91–93]. In an interesting comparative analysis

conducted in the United States by agricultural economists, it was reported that the

IEA projections of biofuels growth under current policies would require additional

arable lands of about 124 Mha within the 2006–2035 period [94].

The direct and indirect land-use changes have also significant impacts on GHG

savings, biodiversity, water resources, etc. Indeed, land-use changes are frequently

related to a significant modification in the land cover, which affects the carbon

balance [95] and in some cases would generate more GHG than the previous land

use (agriculture or forestry).

In a related study, converting forest lands into a cropland in the United Kingdom

to cultivate Miscanthus for bioethanol production was proved to release 20 t CO2

eq. ha�1 year�1. As a consequence, the GHG emissions of the related ethanol

production scheme increased from �11 to 310 g CO2 eq. MJ�1, which is 3.6

times more than the emissions from gasoline [84]. This study (and many others)

clearly shows the importance of assessing the repercussions of land-use change on

the environment prior to its implementation in order to have real sustainable

production models [96, 97]. In this context, several worldwide research investiga-

tions used the input-output approach to estimate the land footprints of various land-

use schemes such as cropland, forests, and pastures [98, 99].

On a related issue, preserving agricultural soils is a key endeavor in the

bioeconomy concept, since the availability and long-term conservation of fertile

soils is the prerequisite for the production of food, feed, and raw materials for the

bio-based industries [100]. In this context, land-use change could have serious

impacts on the quality of the soils by frequent changes in utilization, along with

degradation phenomena [101]. Thus, in addition to the issues of climate change,

intensive agricultural practices, and increasing world population [102],

bioeconomy has to deal with intrinsic issues in the agricultural sector such as

land-use change and competition over fertile soils. Hence, many experts in the

agricultural and environmental fields are proposing soil governance measures to

address those challenges in a sustainable manner [103–105].

9.2 Environmental Considerations 327



9.2.3 Biodiversity

During the land-use change, the biological diversity in associated ecosystems can

be affected, thankfully not always in a negative way since valorizing marginal lands

for the cultivation of food or energy crops helps in improving the biodiversity

[106, 107]. Nevertheless, most of the land-use changes are carried out on fertile

lands, which would alter the already fragile biodiversity, especially if conducted

frequently and on large scales. Thus, converting forests and grasslands into crop-

lands for the cultivation of energy crops is generally conduced in large mono-crop

areas, which would affect the biological balance in both local fauna and flora

[108, 109], because forests and various agricultural crops have lower negative

impacts on biodiversity than energy crops [110].

Hence, the introduction of new crops could affect the biodiversity in the eco-

system because of the invasive character of those corps. Indeed, in order to meet the

increasing demand for energy crops from the biofuel sector, it was reported that

non-native plants are being introduced primarily because of their bioenergy poten-

tial (sugar or oil contents) and good adaption to the soil and climate conditions.

However, the invasive potential of some energy crops seems to be a factor of a

lesser importance (economically but a major one for an environmental perspective)

[32, 111].

Several research studies conducted around the world tried to assess the invasive

potential of biofuel crops. This includes a work carried out in Florida to monitor

such potential using the so-called Australian weed risk assessment tool [112]. In

this study, it was concluded that Arundo donax, Eucalyptus camaldulensis, Euca-
lyptus grandis, Jatropha curcas, Leucaena leucocephala, Pennisetum purpureum,
and Ricinus communiswere species with high invasive potential. On the other hand,
Miscanthus � giganteus, Saccharum arundinaceum, Saccharum officinarum, and
the sweet variety of Sorghum bicolor have a low probability to become

invasive [113].

This issue of biofuels and invasive species was also analyzed in the African

continent. The problem in many African countries is that the decision-making

process is, to say the least, shortsighted and ill-advised. For instance, in a related

study, the discussion was not about the invasive potential of biofuel crops to be

introduced, but rather dealing with post-invasion situations due to the introduction

of non-native crops suitable for biofuel production but already known for their

invasion potential. For example, introduced Prosopis species, such as P. glandulosa
and P. juliflora, have invaded around 4 million hectares in Africa, thus compromis-

ing crop and pasture production, along with significant reduction in underground

water reserves. Such changes also affected animal species and led to the displace-

ment of millions of people in Africa, directly depending on those natural resources

for their survival [114].

Other potential environmental issues caused by bioeconomy-related activities,

either agricultural or industrial (mainly biorefineries), include water-use efficiency

[115, 116], ocean acidification [117], eutrophication in water bodies [118], and

328 9 Bioeconomy: Multidimensional Impacts and Challenges



leaching of nutrients from fertilizers in agricultural soils and nearby water streams

[119]. The generation of organic and inorganic pollutants during agricultural

practices and some industrial processes could cause human and ecotoxicological

issues [120–122].

Ultimately, regarding the impact of bioeconomy of the environment, we tend to

forget that bioeconomy is an economic concept, aiming primarily to generate

profitability to the involved actors and not to preserve the environment. So,

intrinsically, bioeconomy is not a sustainable concept unless we make sure that it

is implemented in a sustainable manner mainly through strict regulations, contin-

uous R&D, and constant reminder of both private and public sectors that this could

be the last chance to mitigate the current global issues and prevent the deterioration

of others, as illustrated in the planetary boundaries [123], where the biodiversity

boundary was transgressed more than any of the other thresholds related to climate

change, chemical pollution, and freshwater use [124].

9.3 Social Reflections

While the economic and the environmental dimensions of sustainability within

bioeconomy were given a fair deal of attention from scientists and experts, the

social dimension didn’t receive the same, or even a close, degree of consideration,

based on the respective amount of published materials. This is mainly due to the

fact that bioeconomy is an economic model that primarily needs to be assessed

economically in terms of feasibility, profitability, and viability. Then, conscious

about the disastrous legacy of the fossil-based economy on the environmental, this

factor was incorporated in the assessment studies after or alongside the economic

factor.

Thus, the main strategy for the implementation of bioeconomy seems to be based

on optimizing the profitability and competiveness of bio-based agricultural and

industrial activities and then trying to reduce potential environmental risks. If an

ongoing environmental issue from the so-called petroleum era can be mitigated

while implementing bioeconomy, that would be a bonus. If, in some cases, it tends

to complicate certain issues, such as biodiversity loss, then the economic dimension

generally overweighs the environmental one; that’s why in the previous section

about sustainability, we stated that it is a matter of a decision with great conse-

quences. Measures such as the carbon taxes could help balancing those important

decisions from an environmental perspective, if instigated in an equitable manner

[125, 126].

Now, is bioeconomy a good platform to introduce “social taxes” penalizing

activities with negative social impacts? If in such important debate the rational

scientific thinking could overcome political rhetoric and influential lobbies, possi-

ble breakthrough could be made in order to balance the multidimensional aspect of

bioeconomy and its sustainable development aspiration by improving the social

factor.
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In this regard, many scientists have emphasized the multidimensional character

of sustainable development and the need to include the various dimensions in any

assessment study [127, 128]. Others scientists however, despite the acknowledged

interconnection between these dimensions, are stipulating that related studies need

to be conducted by individually analyzing the dimensions associated with sustain-

ability. Thus, following such approach, the social and the economic dimensions, for

instance, have to be analyzed in two distinguishing spheres, which, according to the

author will help grasping the dimensions of sustainability [129].

Nonetheless, despite the different viewpoints on how to tackle the

multidimensional aspect of sustainable development, most experts in the field do

agree that all the dimensions have to be included and that neglecting the social

factor would marginalize the whole notion of sustainability. Thus, if sustainable

bioeconomy manages to build and operate profitable and eco-friendly businesses

while members of the society, closely witnessing this achievement, are still living

in difficult situations by working long hours for minimal wages, having limited

access to freshwater resources, and lacking nearby health-care centers for them and

their families or schools for their kids, then sustainability will mean nothing to those

people. Unfortunately, there are many of them around the world, even in developed

countries.

Overall, at a conceptual level, bioeconomy is supposed to deal with a wide range

of social affairs such as food biosecurity, health issues, employment, human and

labor rights, rural development, social disparities, etc. In a recent study conducted

in Sweden, researchers used social sustainability principles to analyze activities of

the extraction life cycle phase related to the conception of products. Several social

factors were incorporated in this study including poverty, wage assessment, child

labor, working hours, occupation injuries, hazards and deaths, access to drinking

water, corruption, gender equity, as well as other factors related to social progress

such as the access to basic knowledge and information and years of tertiary

education [130].

9.3.1 Employment

Properly implemented bioeconomy has the potential to generate new employment

opportunities in a wide range of fields from biomass production to bioproduct

marketing and recycling and from plants operation and maintenance to equipment

and process design and scientific research.

In Europe, with a total turnover estimated at 2.1 trillion euros, bioeconomy is,

directly or indirectly, employing between 18.3 and 19 million people. The major

fraction of this workforce is employed in the agricultural sector (53%). Other

sectors include the food industry (21.3%), forestry- and forest-based industry

(13%), textile manufacturing (4.4%), paper and paper production (3.4%), chemical

industry (1.5%), and biofuel production (0.1%) [131, 132]. It was also estimated

that every new biorefining facility could generate around 100 direct jobs and
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approximately 1000 indirect employment opportunities related to transportation,

construction, maintenance, and other auxiliary services. The green jobs thus include

both highly skilled and low-skilled staff (the latter generally from the local work-

force) for the production of biomass and derived bioproducts including food, feed,

biofuels, biochemicals, and biomaterials [133, 134].

In the United States, a study funded by the Renewable Fuels Association,

estimates that, in 2015, the ethanol industry provided around 86,000 direct jobs

and overall 357,000 jobs, in fields such as construction, agriculture, manufacturing,

and services [135]. The National Biodiesel Board reported that the biodiesel

industry is supporting 62,200 jobs all over the United States [136].

However, there is a significant difference in the estimates of current and

expected employment opportunities in bioeconomy. In this regard, it was reported

that related academic studies tend to be restricted to certain states or regions. As for

the reports highlighting national employment status, the issued numbers have to be

confirmed by other sources since they are based on analyses funded by industrial

associations [137].

9.3.2 Food Security

By developing and implementing advanced and eco-friendly technologies and

resource-efficient processes, bioeconomy aims at ensuring a global food security

while supplying renewable feedstocks to the bio-based industrial sector via sus-

tainable supply chains. The task is very challenging, especially from a worldwide

perspective, and the food vs. nonfood dilemma in the biofuel sector is the best

illustration. Indeed, it was reported that the competition between food and energy

crops over arable lands and water resources triggered international food price

spikes and volatility [138, 139]. For a fair and realistic assessment, it has to be

mentioned that such increase or volatility in food prices is also affected by other

factors (more so than biofuel competition), including the fluctuations of oil prices

and speculation [140].

Agriculture is the main sector for food production, along with fishery. The

rapidly increasing world population (9.7 billion by 2050 [141]) is already a big

challenge for the current food production potential. If the impact of climate change;

the competition for lands (direct or indirect land-use change), water, and energy

resources [142]; as well as the overexploitation of fish species [143] will be

accentuated over the course on the next decades, the ability to meet the world

requirement for food will be seriously compromised, and the infamous starvation

episodes could resurface in poor countries already struggling politically, econom-

ically, and socially.

So, considering all these challenges, how can more food be produced in a

sustainable manner? This vital subject is a hot topic (and will remain so for a

long period) for the scientific community, and many related research articles and

governmental and nongovernmental reports were published [144–146]. Among
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those studies, an interesting piece was published in Nature by several British

scientists, in which the previous question was addressed in a simple and coherent

manner [147].

The main factors and driving forces influencing the global food security could be

contextualized in the following points:

– In the beginning, the increasing demand for food was dealt with by exploiting

new agricultural lands and fish stocks.

– Gradually, the opportunities to exploit new lands became limited. Hence, during

the last half century, arable lands have just increased by a mere 9% around the

world. Nonetheless, improving the agricultural practices and selecting more

robust cultivars helped doubling the production yields of grains [148].

– Later, although the possibility of exploiting new arable lands for food production

continued to be an option, competition with other sectors related to the expan-

sion of human activities, mainly urbanization and the need to cultivate nonfood

crops to provide feedstocks for the industrial sector. Other factor affected the

potentialities of exploiting the remaining lands for agriculture such as the

preservation of biodiversity in large natural parks around the world [149], as

well as the serious problems of drought [150], salinization [151], and desertifi-

cation [152, 153], occurring in various regions such as the African Sahel,

Americas, India, and China.

– Lately, the agricultural and fishery sectors are facing a new and serious chal-

lenge: adaptation to the climate change. Several studies were (and are being)

conduced in this regard, in which the negative impact of climate change on food

security was highlighted. In general, short-term variation in food supplies is

expected to occur, and the amplitude of this variability will vary from one region

to another [154]. Nonetheless, its direct impact on food security will be of global

dimension, not only for the nutritional side but also the possible occurrence of

cross-border migration waves due to food insecurity [155]. Other interesting

studies further detailed this important issue of climate change impact on agri-

culture and food security [156, 157].

Thus, as far as food security is concerned, bioeconomy has to produce more

foodstuffs from roughly the same agricultural areas (even less if the problems of

desertification, salinization, drought, and soil pollution continue to damage arable

lands). Most experts agree that food security, or food insecurity in many parts of the

world, is a delicate and urgent issue that needs to anticipate in order to avoid serious

and costly complications. While consulting the related literature, the single key-

word that is frequently referred to in those studies is sustainability. Indeed, numer-

ous research investigations and assessment studies are emphasizing on the need to

promote the sustainable intensification of agriculture [158, 159], the sustainable

management of fisheries [160], and the introduction of new techniques and regula-

tions to ensure a sustainable aquaculture [161].
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9.3.3 Menacing Threat of Corruption

This very important and delicate issue was included in the social dimension

considering its devastating repercussions on entire countries. It could equally be

considered as a major threat to the other economic and environmental dimensions

of bioeconomy.

Corruption is a lethal disease for any economic model, and bioeconomy is not

going to be an exception. Considering the importance of this issue, a brief reminder

about its causes and disastrous impact on the so-called petroleum-based economy is

worthwhile in order to grasp the impending threat of corruption on bioeconomy and

take the necessary measures to eradicate such deeply rooted problem, especially in

developing countries, which would be the main beneficiaries of this global shift

towards bioeconomy and sustainable development; besides, many of those coun-

tries are potential suppliers of biomass feedstocks, the core component of

bioeconomy.

When the subject of petroleum paradox was raised decades ago, most of the

political economists and experts proposed several concepts to explain the abnor-

mality that oil-rich countries have weak economies including the Dutch disease
[162] and the petroleum curse [163]. Even when the real problem of corruption is

mentioned, it is done in a biased way. The blame is mostly put on oil-producing

countries and their predisposition for corruption and violence [164, 165] and rarely

on big corporations such as the “seven sisters” or oil-consuming countries, some of

them being notorious for their colonial history [166]. Overall, we should always

bear in mind that corruption is a two-way street paved with greed, the corrupted

giving what he does not possess to the corruptor who does not deserve.

How to avoid this paradox? Self-restrain in the answer and it is possible. Indeed,

Norway showed a great deal of self-restrain when discovering fossil fuels (oil and

gas) in the North Sea in the late 1960s. This self-restrain, seriously needed in most

oil-producing countries, turned the so-called resource curse into a blessing (similar

analogy could be made for biomass-producing countries). In the beginning though,

Norway lost several manufacturing industries and skilled labor to the lucrative oil

sector, lost significant competitive power, and straggled to accommodate the oil

revenues with its demanding social welfare system. But the country was almost

immune to the lethal disease of corruption (strong political and social traditions of

transparency). Thus, although suffering from the severe repercussions of the oil

bonanza, which shook the core of its economic system, the Nordic country was able

to face this curse and implement the proper strategy by encouraging the private

sector and creating a sovereign “oil fund” to deposit the surplus wealth produced by

its petroleum income. But again, even if the idea of such “trust fund” interests other

countries, it would be worthless if not protected from corruption.
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9.4 Final Remarks and Conclusions

Throughout this, hopefully, inspiring book, we tried to tackle the challenging task

of discussing the highly anticipated and multidimensional concept of bioeconomy,

so that young students could be introduced to this notion, scientists and researcher

could explore and compare each other’s accomplishments and put more R&D effort

to deal with the main issues facing bioeconomy in the agricultural, industrial,

technological, environmental, social, and marketing sectors. Reserving an entire

chapter to talk about the industrial biorefining activities with study cases from

around the word will definitely be of interest to industrialists and investors to assess

the situation and think about new business ideas. With this book, decision makers

could gain more knowledge about bioeconomy and therefore develop their own

perception of this concept.

After 2 years of work on this exciting book and the consultation of thousands of

research papers; hundreds of reports from academia, governments, and the industry;

as well as tens of books on bioeconomy-related matters, we would like to conclude

by stating several takeaway points that we deem necessary to ensure a smooth

transition towards bioeconomy and then its worldwide implementation in a sus-

tainable manner.

– First of all, bioeconomy is expected to generate a sustainable economic growth

and provide food and energy and other commodities to a growing world popu-

lation while improving the quality of life and preserving the environment

[167, 168]. To be realistic, this perception is a bit deceptive because we are

talking about an economic model based on the exploitation of bioresources and

not a miraculous therapy to remediate humanity’s problems at once. Reaching

some of these goals before a further deterioration of the current situation around

the globe including climate change, serious pollution issues, and dangerous

geopolitical tensions (generally to control the remaining fossil resources) is an

achievement on its own.

– Considering the complicated current circumstances all over the world (econom-

ically, socially, environmentally, and politically), as well as the fact that

bioeconomy is not yet a fully mature concept, a transition phase is necessary

to ease the shift from the current economic model mainly based of the exploi-

tation of fossil resources to the more sustainable bio-based economic model.

– Within this transition phase, the catchphrase is “pragmatic raw material change.”

Nowadays, as the petroleum supply is progressively depleting, a replacement is

already planned but then again using other fossil resources including natural gas,

coal, and unconventional fossil resources such as tar sand and oil shale

[169, 170]. Thus, while bioeconomy is maturing and progressively expanding,

the first transition step should aim at gradually reducing the reliance to fossil

fuels. At this stage, it is out of question to stop using fossil fuels as raw material

because the current economies are too dependent and too weak for such drastic

approach. The second phase is a generalized upgrading campaign aiming at

substantially increasing the share of bio-based commodities in the markets. By
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the time bioeconomy becomes fully functioning (i.e., merging profitability and

sustainability), little or no fossil resources will be left to compete renewable

bioresources. In order to reach this goal, compromises are more than necessary

to make sure that all the contributors could benefit for this thriving economic

model.

– Bioeconomy is aknowledge-based concept which makes it closely interconnected

with innovative R&D. As a consequence, the implementation of bioeconomy is

highly depending on two main factors: the quality of education and training and

the amount of funds allocated to bioeconomy-related research. These two factors

will make significant difference between competing countries and industrial

corporations.

• Education and training: A coherent educational strategy has to be developed

covering all the sectors of bioeconomy and including all potential contribu-

tors. Thus, education institutions and training centers should constantly

update their curricula, partly based on feedbacks from stakeholders in

bioeconomy and also in anticipation for future needs of skilled workforce

in emerging fields. Flexible exchange schemes of highly qualified personnel

between academia, industry, policy-making establishments, and governmen-

tal regulatory establishments will allow a quicker, smoother, more impor-

tantly, a coherent implementation of bioeconomy.

• R&D funding: Obviously more funds need to be made available, under

competitive grounds, for researchers involved in bioeconomy and sustain-

ability. Also, there is consensus among the scientific community about the

need to simplify the available funding schemes, which, most of the time, are

purposely complex. Thus, the funding bodies should develop simple, yet still

highly competitive, funding opportunities for R&D activities in bioeconomy.

– As a global concept, international clusters and networks need to be built around

bioeconomy [171], connecting scientists, governments, industrialists, unions, as

well as representatives from the public and private sectors. In this context, and

for various historical and geopolitical reasons, the north-south relationship,

respectively between developed and developing nations, was not a success

story and even conflicting in some cases. Thus, in order to ensure a real

sustainable bioeconomy, genuine north-south cooperation schemes need to be

developed based on mutual benefits and reciprocal respect. The reinforcement of

the south-south cooperation, especially in the agricultural and industrial sectors,

will be a major step forward in the global implementation of bioeconomy.

Ultimately, bioeconomy is initiating a green industrial revolution around the

world, and we should all make our contribution in the various dimensions of this

sustainable economic model: researchers in their labs, teachers in their classes,

farmers in their fields, fishermen in their ships, engineers and workers in their

plants, and decision makers in their offices, all aiming at a better and sustainable

future for our kids.
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