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This textbook is dedicated to Prof. Dr. Stephan Dabbert, President of the 
University of Hohenheim, who sadly passed away on October 1, 2024, 
while this book underwent editorial revision. Prof. Dr. Dabbert was 
always a strong advocate of the bioeconomy in research and teaching at 
the University of Hohenheim. His visionary leadership and unwavering 
commitment to striving for the best for Hohenheim will continue to 
inspire us all.
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Preface

In October 2014, the master’s programme “Bioeconomy” was launched 
as a joint master’s programme of all three faculties of the University of 
Hohenheim, i.e. the Faculty of Agricultural Sciences, the Faculty of 
Natural Sciences and the Faculty of Business, Economics and Social 
Sciences. The concept of the Bioeconomy master’s programme is based 
on an integrated approach to a circular, sustainable bioeconomy system 
that operates within the planetary boundaries and explicitly takes the 
needs of people into account. To realise this concept, we developed a 
T-shaped profile (.  Fig. 1), which illustrates how students from differ-
ent disciplinary backgrounds learn together and acquire inter- and 
transdisciplinary skills as well as sustainability and transformative 
knowledge.

The first edition of this textbook, which was designed and authored 
by students and teachers involved in the master’s programme, was pub-
lished in 2018. Since then, the global bioeconomy has evolved into an 
operational approach to sustainability. Novel and innovative technolo-
gies for the production, supply, conversion and utilisation of bio-based 
resources and biological knowledge have been developed, as have more 
than 70 bioeconomy strategies at various levels, including national, 
regional and local scales. As a result, the knowledge base of the bio-
economy as described in this textbook has expanded.

The desire to acknowledge these developments, update the content 
and explore new possibilities of incorporating interactive elements 
inspired the development of a second edition of the bioeconomy text-
book. The general structure of the textbook has been retained from the 
first edition, featuring an exploration along the bio-based value chain, 

       . Fig. 1  T-shaped qualification profile
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reflecting the inter- and transdisciplinary nature of the bioeconomy. 
The content covers the production and supply of biomass, its processing 
and conversion into various products, as well as the associated markets. 
This is contextualised through transdisciplinary insights on, for instance, 
bioeconomy systems, innovation, sustainability and governance.

In this second edition, all chapters have been updated and reorgan-
ised to enhance coherence and depth. This includes an expanded num-
ber of chapters on various biomass sources and processing technologies 
as well as new chapters on bioeconomy principles, the normative aspects 
of the bioeconomy, and bioeconomy monitoring. Additionally, a dedi-
cated section explores diverse stakeholder perspectives, covering insights 
from farmers, consumers, researchers and others. Notably, this edition 
features interactive elements, with supplementary digital content to 
enrich the learning experience.

While this textbook attempts to provide a comprehensive overview 
of the topic, the scope of the bioeconomy is oftentimes intangible. A 
central aim of the textbook is therefore to provide simplicity alongside 
all the complexity involved. The description of the bioeconomy pre-
sented in this textbook is based on the understanding that a growing 
global population has an increasing demand for healthy food and 
renewable resources. The main goal of the bioeconomy is hence to find 
solutions to provide these goods in the best possible way.

The bioeconomy makes use of renewable, bio-based resources and 
biological knowledge. It applies tools from biotechnology and bioman-
ufacturing, as well as biorefinery approaches. It builds on and further 
develops technological and societal innovations and nature-based solu-
tions. It delivers not only food and bio-based products but also ecosys-
tem services. It is based on a set of principles, including sustainability 
and circularity, and applies holistic and systems approaches. Life-cycle 
thinking is at its core, as are the principles of integrated value webs and 
multifunctionality. The bioeconomy provides practical solutions for 
dealing with societal challenges and supports the sustainability trans-
formation (.  Fig. 2).

       . Fig. 2  Description of  the bioeconomy
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As the field of the bioeconomy is broad, the content of this textbook 
extends well beyond the topics taught in the University of Hohenheim’s 
two-year Bioeconomy master’s programme at the University of Hohen-
heim. In order to cover the entire spectrum of the bioeconomy, experts 
from outside the university were invited to contribute. As a result, this 
comprehensive textbook is aimed not only at university students but 
also addresses other audiences that are keen to learn about the bioecon-
omy in a systematic way. Both, readers who are interested in a holistic 
view of the topic and those seeking a deeper insight into a specific aspect 
of the bioeconomy will find what they are looking for.

Iris Lewandowski  
Stuttgart, Germany

Lina Mayorga-Duarte  
Stuttgart, Germany 

Philipp Scheurich  
Stuttgart, Germany 

Ricardo Vargas-Carpintero  
Stuttgart, Germany 

Valentin Schlecht  
Stuttgart, Germany 

Jan Weik  
Stuttgart, Germany �  
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About This Book

Dear reader,

we have carefully designed this textbook to support your learning jour-
ney and help you grasp the key concepts of  the bioeconomy in an 
engaging and structured way. While the textbook is primarily aimed at 
bioeconomy students, its content is designed to be accessible to a wide 
range of  readers. Whether you are studying in a related field or simply 
interested in gaining a deeper understanding of  the bioeconomy, the 
clear explanations and supporting interactive learning elements make 
the book suitable for anyone eager to explore the bioeconomy. For this 
purpose, the textbook is composed of  a total of  six parts, each of  which 
comprises several chapters designated to common thematic areas:

�Part I: Bioeconomy Context, Concepts and Principles

The opening part of the textbook addresses the context and the role of 
the bioeconomy in contributing solutions to global challenges (7  Chap. 
1). It explains the different concepts of the bioeconomy (7  Chap. 2) and 
explores its underlying principles, including sustainability, multidimen-
sionality, multifunctionality, circularity, cascading resource use, inter- 
and transdisciplinarity, and a holistic systems thinking approach 
(7  Chap. 3). The final chapter examines bio-based value chains and 
webs as the basis of bioeconomy systems (7  Chap. 4).

�Part II: Biomass Production Systems

The bioeconomy harnesses two primary resources: (1) biomass, which 
originates either directly or indirectly from plants, microorganisms or 
animals, and (2) biological knowledge. Bioeconomists need to have a 
deep understanding of these resources in order to effectively devise 
strategies for resource supply, to determine the most suitable biomass 
sources for bio-based product chains and to optimise these product 
chains.

The second part of the textbook therefore begins by examining the 
origins and characteristics of biomass, as well as the key technologies 
used to tailor these characteristics. It also sheds light onto the tools of 
biological knowledge and their application within the bioeconomy 
(7  Chap. 5). The mechanisms underpinning primary biomass produc-
tion systems in agriculture (7  Chap. 6), including crop and animal pro-
duction, are explored, alongside forestry (7  Chap. 8), which, together 
with agriculture, forms the cornerstone of resource production and sup-
ply in the bioeconomy. These sectors represent the main activity of 
resource production and supply in the bioeconomy and are pivotal in 
providing biomass for food, feed and for use in material, chemical and 
energy applications.
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Currently, approximately 33% of the Earth’s land surface (roughly 
4,900 Mha) is devoted to agricultural production, supporting the liveli-
hoods of 2.5 billion people. Forests, covering around 31% of the Earth’s 
land area (about 4.06 billion hectares), house the majority of the plan-
et’s terrestrial biodiversity and store almost as much carbon as the 
atmosphere. The so-called blue bioeconomy, described in 7  Chap. 9, 
relies on renewable, living aquatic resources and organisms such as crus-
taceans, molluscs and finfish from both freshwater and marine systems, 
as well as micro- and macroalgae. A large proportion of these aquatic 
resources is derived from natural stocks by capture fishery, although this 
practice has led to the depletion of certain fish populations. As a result, 
aquaculture of varying intensity, which by now accounts for more than 
half  of all aquatic food production, has become increasingly vital.

7  Chapter 7 provides a number of examples from the field of urban 
agriculture, including so-called ‘controlled-environment agriculture’ 
systems. Similarly, the cultivation of microalgae (7  Chap. 10) and the 
rearing of insects (7  Chap. 11) also take place within controlled envi-
ronments, although most edible insects are still gathered from the wild. 
7  Chapters 12 and 13 deal with the supply of bio-based resources from 
residual biomass and biogenic waste streams. Biomass produced during 
primary production and industrial processing is categorised as residual 
biomass, which may be recovered and valorised within high-value bio-
economy solutions. Biogenic waste, which makes up a significant pro-
portion of municipal waste, may also be converted into valuable biogenic 
resources if  it is properly collected, separated and treated. Anaerobic 
digestion and composting are the most relevant treatment processes for 
converting biogenic waste into methane (biogas), fertilisers or soil 
improvers. 7  Chapter 14 focusses on the latter and explores how nutri-
ent cycles may be closed by recycling plant nutrients from a variety of 
organic waste streams or by-products, including animal manure, crop 
residues, food scraps and even human excrement.

Digital tools are increasingly used to support management processes 
like precision farming that help to increase productivity as well as an 
efficient use of agricultural inputs for the benefit of the environment. 
7  Chapter 15 touches upon the evolution and current trends of digital 
agriculture–especially the integration of artificial intelligence (AI) into 
agricultural technology. When developing new bio-based products and 
when trying to assess their market opportunities it is indispensable to 
correctly calculate all expected unit costs. In 7  Chap. 16, the economics 
of primary production are characterised by the specifics of a biological 
production system with seasonal variations and the requirements of 
long-term planning.

�Part III: Processing

The fundamental idea behind the bioeconomy lies in the transformation 
of bio-based resources into a diverse array of products across the food, 
feed, material and energy sectors. Given the distinctive characteristics 
of bio-based materials, it is crucial to select the most suitable conversion 
techniques tailored to the specific application at hand. The third section 
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of this textbook is hence dedicated to an exploration of these conver-
sion methods and technologies. It therefore begins with an examination 
of the factors influencing the use of bio-based resources and introduces 
biorefining as an integrative concept for the sustainable industrial pro-
cessing of biomass (7  Chap. 17). Biorefineries employ a variety of bio-
mass processing pathways, including biotechnological (7  Chap. 18) and 
thermochemical (7  Chap. 19) conversion processes. Given that food 
supply represents the most traditional and, indeed, the most essential 
function of bio-based resources, 7  Chap. 20 offers fundamental knowl-
edge on food quality and food processing techniques, while 7  Chap. 21 
delves specifically into the production of so-called analogues, i.e. plant-
based alternatives to meat and dairy products. The use of bio-based side 
streams as raw materials for the food industry as well as relevant side 
streams and processes for this purpose are described in 7  Chap. 22. In 
order to account for the substantial demand for bio-based fibres for dif-
ferent applications, 7  Chap. 23 provides an in-depth overview of their 
properties and methods for their extraction. Bioenergy, long a tradi-
tional use of bio-based resources, is the subject of 7  Chap. 24, which 
examines the growing prominence of modern bioenergy solutions, such 
as liquid biofuels in the transport sector. As all these conversion pro-
cesses are increasingly supported by digital technologies, 7  Chap. 25 
discusses how artificial intelligence (AI) creates new opportunities par-
ticularly through the digitalisation of the food supply chain and the 
emergence of Industry 4.0 for bio-based products. This part concludes 
with an exploration of process and product cost assessment methodolo-
gies in 7  Chap. 26, providing vital tools for evaluating the economic 
viability of bioeconomy initiatives.

�Part IV: Markets for Bio-based Products and Economics 
for a Sustainable Bioeconomy

The fourth part of the textbook takes a closer look at the functioning 
and status of the global market for bio-based products and the question 
of how best to allocate scarce resources within the bioeconomy, explor-
ing market interactions with agricultural and food markets, as well as 
policy instruments designed to steer market developments.

Therefore, 7  Chap. 27 examines the market for bio-based resources 
and products, analysing both established products such as biofuels and 
emerging products like biochemicals and bioplastics, which are poised 
to gain significant market acceptance in the future. The chapter dis-
cusses the key factors influencing the demand and supply of bio-based 
products, exploring both the drivers and constraints shaping market 
dynamics. Additionally, it introduces several policy instruments, such as 
carbon taxes and blending mandates, that are employed to stimulate the 
growth and adoption of bio-based products. 7  Chapter 28 addresses 
the challenges and limitations posed by resource scarcity in the bioecon-
omy, emphasising the importance of optimal allocation of limited 
resources to ensure sustainability across the economic, social and envi-
ronmental dimension. To this end, the chapter presents a multi-faceted 
economic framework essential for advancing a sustainable bioeconomy 
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by introducing the perspectives of (a) welfare economics, which focuses 
on maximising social welfare by relying on market mechanisms, (b) 
environmental economics, which examines market failures, particularly 
those involving externalities and public goods, and (c) climate and 
energy economics exploring the bioeconomy’s potential to mitigate cli-
mate change.

�Part V: Stakeholders of the Bioeconomy

The transition to a sustainable economy demands the active involve-
ment of sustainability-conscious stakeholders such as producers and 
consumers who, through their businesses, capabilities, targeted prefer-
ences and choices, steer economic activities in a responsible manner. 
This transition needs to be steered by supporting policies. Furthermore, 
research and education are pivotal in developing and fostering innova-
tions, training the work force for the bioeconomy and support the 
required interactions among the different actors in bioeconomy.

Therefore, the fifth part of this textbook deals with the relevant 
stakeholder that drive the bioeconomy, including politicians, farmers, 
entrepreneurs, consumers and researchers. 7  Chapter 29 provides an 
in-depth examination of the governance of the bioeconomy, detailing 
the organisations involved in the bioeconomy and their interactions, as 
well as the processes and components involved in formulating bioecon-
omy strategies. Farmers are identified as key stakeholders in the bio-
economy (7  Chap. 30), and 7  Chap. 31 explores various approaches to 
sustainability management at farm level, including certification stan-
dards, digitalisation and collaborative efforts. 7  Chapter 32 addresses 
the possibility of an innovation-triggered transformation towards a 
knowledge-based bioeconomy applying a Neo-Schumpeterian view that 
highlights the complex interplay in knowledge-generation and -diffu-
sion processes between firms, consumers and government institutions. 
7  Chapter 33 further explores how inclusive innovation aims to improve 
the livelihoods of the most vulnerable by integrating their perspectives 
into innovation strategies. Inclusion, in this context, is viewed primarily 
as a process where multiple stakeholders provide input on the desirabil-
ity of a specific innovation’s design. Such inclusion is generally seen as 
essential for achieving societally desirable outcomes. Entrepreneurs play 
a crucial role in advancing the bioeconomy transition by acting upon 
entrepreneurial opportunities, often arising from market failures 
(7  Chap. 34). Moreover, companies in the bioeconomy may adopt sev-
eral approaches for sustainability management, including life-cycle 
assessment (LCA), certification, due diligence and traceability and sup-
ply chain models, all of which are described in 7  Chap. 35. Consumers, 
too, significantly impact the development of the bioeconomy through 
their purchasing decisions. 7  Chapter 36 examines the factors influenc-
ing consumer behaviour and the research methodologies used to analyse 
these factors, as well as strategies for managing consumer behaviour 
within the bioeconomy. The bioeconomy inherently addresses complex 
societal issues that involve multiple dimensions of conflict, necessitating 
a broad range of scientific and practical knowledge to devise solutions. 
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7  Chapter 37 presents key definitions, principles and tools for conduct-
ing inter- and transdisciplinary research in the context of the bioecon-
omy. This part concludes with a reflection on the role of “the 
bioeconomist” in advancing the transition towards a sustainable bio-
economy. Along with a description of the bioeconomists competencies 
and profiles, this chapter also spotlights the education of a bioecono-
mist and its career pathways (7  Chap. 38).

�Part VI: Guiding the Bioeconomy Transition

Sustainability is a guiding principle of the bioeconomy. However, bio-
economy is not sustainable per se. The sixth part and last part of this 
textbook provides guidelines for the transition towards a future-oriented 
and sustainable bioeconomy. It begins by reflecting on the conditions 
for a responsible bioeconomy (7  Chap. 39) yet also highlights how bio-
diversity and bioeconomy are interrelated and how the possible syner-
gies and trade-offs between biodiversity and the bioeconomy can be 
described and understood in the context of the ecosystem services 
framework (7  Chap. 40). 7  Chapter 41 provides an in-depth overview 
of sustainability assessment methods in the bioeconomy, including envi-
ronmental, economic and social assessment methods, describing how 
sustainability assessment results are ideally communicated and how sus-
tainability assessment of bioeconomy systems are to be performed. 
7  Chapter 42 describes how the transition to a sustainable bioeconomy 
may be supported by modelling, scenario analysis and integrated model 
approaches, whereas 7  Chap. 43 highlights how the results from bio-
economy monitoring are relevant for informing decision-making pro-
cesses that shape the transition to a sustainable bioeconomy.

How to Use this Book

In order to facilitate a deeper understanding of the bioeconomy, each of 
the aforementioned sections is accompanied by interactive and support-
ive learning elements designed to enhance your learning journey. To 
maximise the benefits of your reading experience, we recommend famil-
iarising yourself  with the following brief  sections, which provide an 
overview of the various features and resources this textbook offers.

	5 Key Information at a Glance
At the beginning of every chapter, you will find an abstract and a list 
of keywords. The abstract offers a concise summary of the chapter’s 
main points, giving you a quick overview of what to expect. The 
keywords highlight the essential concepts and terms covered in the 
chapter, ensuring you can easily refer to them as you study. We hope 
that this serves as helpful touchpoints, especially when revisiting a 
chapter for revision or exam preparation.

	5 Structured Learning Path
To enhance your learning journey, each chapter begins with a short 
section containing carefully defined learning objectives. These objec-
tives are your guide to what you should aim to learn by the end of 
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the chapter. They provide a roadmap, ensuring that you focus on the 
most important aspects as you work through the material. Refer to 
these goals before and after reading to track your progress and assess 
your learning journey.

	5 Didactic Elements for In-Depth Understanding
To enhance your learning, we integrated various didactic elements 
throughout the book. These will help reinforce your comprehension 
and ensure you fully grasp the subject matter of  each chapter. 
Therefore, you will not only find key definitions that highlight 
important terms and concepts but also examples that illustrate how 
these terms and concepts are realised in real-world contexts, allow-
ing you to see their practical application. For a deeper dive into 
specific topics, we included numerous excursus elements. These offer 
additional insights or related information that enriches your under-
standing of  the main text. Additional questions for reflection, tips 
for further reading as well as exercises to deepen your understand-
ing of  some of  the contents are included in Food for Thought boxes. 
Aim to read through them to improve your understanding and to 
contextualise what you have read based on your own experiences 
and understandings.

	5 Visual Learning Support
As reading through multiple chapters to find the information you 
are looking for can be straining, we included a video summary at 
the beginning of  each chapter. Presented with the help of  our vir-
tual student ambassadors, these summaries should serve as a help-
ful introduction, providing a visual summary of  each chapter’s 
main topics. Watching these videos will hence give you an initial 
understanding of  the material, making it easier to navigate the 
more detailed content that follows. Feel free to revisit the video 
after reading to reinforce your understanding or clarify any remain-
ing questions. For some chapters, you will also find additional vid-
eos, some of  which are taken from our Massive Open Online Course 
(MOOC) “Concepts of Sustainable Bioeconomy” that comple-
ments the content of  this book, others which have been specifically 
designed to improve your understanding of  a certain concept or 
topic. While our specifically designed videos as well as our video 
summaries will be directly accessible throughout the book, you 
may access the videos taken from our MOOC through the supple-
mentary material as well as on a separate course platform free of 
charge. To access the online course platform, follow the instruc-
tions below:

	 1.	 Use the link ▶ sn.pub/m03wci to access the online course.
	 2.	� For first-time use, please register on the learning platform first.
	5 Active Learning Through Questions & Answers

To ensure that you can apply what you have learned, each chapter 
concludes with a Questions & Answers section. These questions are 
designed to test your comprehension and encourage reflection on 
the key points covered. Answering these questions will help you 
consolidate your knowledge, and in case of  difficulty, the corre-
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sponding answers will provide you with additional explanations, 
clarifications and alternative perspectives. For students, working 
with this section is advised, as one or another question may end up 
as an exam question.

	5 Learning at Your Own Pace
When we designed this book, one of our main goals was for it to 
allow for flexible learning. While the individual parts and chapters 
guide you through different aspects of the bioeconomy, feel free to 
engage with the content at your own pace. You might prefer to skim 
through the video summary first, then read the main text or perhaps 
focus on the questions before diving into the content. The key is to 
approach the material in the way that best suits your learning style 
and objectives.
By combining all these resources, you can engage with the book in a 
comprehensive, active and meaningful way. Make sure to leverage 
these features to deepen your understanding and apply what you 
have learned effectively.

We hope this book provides you with valuable insights and a rewarding 
reading experience!

Yours truly,
The Editor Team
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Bioeconomy 
Context, Concepts, 
and Principles
The first part of the textbook addresses the context in which the 
bioeconomy operates and its role in contributing solutions to global 
challenges. It explains the concepts of the bioeconomy and its 
underlying principles, including sustainability, multidimensionality, 
multifunctionality, circularity, cascading resource use, inter- and 
transdisciplinarity, and a holistic systems thinking approach. Finally, 
it describes bio-based value chains and webs as the basis of bio-
economy systems.
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1
The future bioeconomy is expected to drive 
the transition toward a more sustainable econ-
omy by addressing some of  the major global 
challenges, including securing food security, 
climate change, environmental degradation 
and resource scarcity. The globally increasing 
demand for food, but also materials and 
renewable energy, necessitates innovative 
developments in the primary sectors. Innova-
tions will need to generate more resource-use 
efficient technologies and methods for increas-
ing productivity in agriculture, forestry and 
aquaculture without jeopardizing the Earth’s 
carrying capacity and biodiversity. Bioecon-
omy exploits new resources by building on 
renewable biomass. Through this, the intro-
duction of  innovative and resource-use effi-
cient production technologies and the 
transition to a sustainable society, it helps to 
substitute or reduce the use of  limited fossil 
resources, thereby contributing to climate 
change mitigation.

	n Learning Objectives
After studying this section, you will…

	5 …be able to describe the main chal-
lenges of the twenty-first century (see 
7  Sects. 1.1, 1.3, and 1.4)

	5 …be able to describe the interrelations 
between the causes of these challenges 
(see 7  Sect. 1.3)

	5 …be able to explain how bioeconomy 
can contribute to meeting these chal-
lenges (see 7  Sect. 1.5)

Over the course of 1  year, the Earth travels 
940 million km around the sun, from which it 
receives 1366  W/m2 of solar radiation 
(2,500,000 EJ per year). Of this, 0.25% is 
transformed into usable biomass through the 
process of photosynthesis. The Earth’s vege-
tation sequesters about 175 petagrams 
(175,000,000,000,000 kilograms) of carbon a 
year, equivalent to about 300,000 billion tons 
of biomass (Welp et al. 2011). Carbon is the 
most important element of our economy, 
which may be called a carbon economy, given 
that carbon is the main building block of 
most chemical compounds that we produce 
and consume. Before humankind discovered 

fossil oil, coal, gas and uranium and learnt 
how to put them into use, biomass covered all 
human needs for food, energy and materials.

1.1  Fossil Resources and Climate 
Change

The use of fossil resources fueled industrial-
ization, which was driven by technical and 
economic processes causing a shift from 
mainly agrarian toward industrial produc-
tion. However, the availability of fossil 
resources is limited, and its increased use 
resulted in negative environmental effects. 
Today, there are an estimated 42,268 EJ of 
fossil energy reserves and 496,952 EJ of fossil 
energy resources spread across the globe (see 
.  Fig.  1.1, BGR 2023). Reserves are the 
amounts of energy sources that have been 
determined with high accuracy and are eco-
nomically exploitable, whereas resources are 
the amounts of an energy resource for which 
there is geological evidence, but which are 
either economically or geologically not 
exploitable. Currently, fossil energy reserves 
exceed the global primary energy consump-
tion of 620 EJ 68 times. However, crude oil, 
which is also required for material uses, makes 
up only 25% of fossil reserves (BGR 2023) 
and is therefore expected to be the first fossil 
resource to deplete.

Fossil resources were formed from bio-
mass through geological processes that 

Fossil resources include coal, petroleum, 
natural gas, oil shales, bitumen, tar sands, 
and heavy oils. All contain carbon and 
were formed as a result of  geologic pro-
cesses acting on the remains of  organic 
matter produced by photosynthesis (see 
7  Sect. 5.2). These processes began in the 
Archean Eon more than 3 billion years 
ago. Most carbonaceous material occur-
ring before the Devonian Period (approxi-
mately 415 million years ago) was derived 
from algae and bacteria (Kopp 2024).

4 I. Lewandowski et al.
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       . Fig. 1.1  Reserves and resources of  fossil resources (BGR 2023)

       . Table 1.1  Carbon contents of  fossil resources and amounts of  carbon dioxide (CO2) and other 
greenhouse gases (GHG) when fossil fuels are used energetically

Fossil resource % Carbon (C)a Greenhouse gas emission [t/t]b

CO2 N2O CH4

Hard Coal 71.6 2.6 0.000027 0.000040

Lignite 32.8 1.2 0.000012 0.000018

Petroleum 84.8 3.1 0.000127 0.000025

Natural gas 73.4 2.7 0.000048 0.000005

a IPCC (2006)
bOwn Calculation based on IPCC (2006)

occurred several million to billion years ago. 
For this reason, they have a high carbon con-
tent (see .  Table 1.1). With every ton of fossil 
oil or coal burnt and transformed to energy, 
about 0.8 tons of carbon are oxidized and 3 
tons of carbon dioxide (CO2) are released into 
the atmosphere (see .  Table 1.1).

The atmospheric concentrations of the 
major greenhouse gases (GHG) carbon diox-
ide (CO2), methane (CH4), and nitrous oxide 
(N2O) have shown increases of 47%, 156% 
and 23%, respectively, since the year 1750 
(IPCC 2023). These increases are mainly 
driven by the combustion of fossil fuels, defor-
estation, and soil-borne greenhouse gas emis-
sions. In 2019, global net anthropogenic GHG 

emissions have been estimated to be 59 ± 6.6 
GtCO2-eq approximately, with 34% (20 Gt 
CO2-equivalents) of net global GHG emis-
sions coming from the energy sector, 24% (14 
Gt CO2-equivalents) from industry, 22% (13 
Gt CO2-equivalents) from AFOLU (agricul-
ture, forestry, land use change), 15% (8.7 Gt 
CO2-equivalents) from transport and 6% (3.3 
Gt CO2-equivalents) from buildings (IPCC 
2023). Today, electricity and heat production, 
industry, and land use-related activities are 
the sectors that contribute most to the so-
called “global warming potential (GWP),” 
which is expressed in CO2-equivalents (see 
.  Fig.  1.2). CO2-equivalents include the 
weighted effect of CO2 (GWP100 yr = 1), CH4 

5
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       . Fig. 1.2  Total anthropogenic greenhouse gas (GHG) emissions (gigatons of  CO2- equivalent per year, GtCO2-
eq/yr) from economic sectors in 2019. (Based on IPCC 2023)

(GWP100 yr = 28) and N2O (GWP100 yr = 265) on 
global temperature. The higher the GWP100 yr, 
the more a molecule of a GHG contributes to 
global warming and climate change over 
100 years.

Greenhouse gases (GHGs) in the atmo-
sphere lead to the so-called greenhouse effect. 
The Earth’s surface absorbs some of the 
energy from sunlight and heats up. It cools 
down again by giving off this energy in a dif-
ferent form, called infrared radiation. This 
infrared radiation escapes back to space but, 
on the way, some of it is absorbed by GHGs 
in the atmosphere, thus leading to a net warm-
ing of the Earth’s surface and lower atmo-
sphere (see .  Fig. 1.3).

The direct and indirect effects of the increas-
ing atmospheric concentration of GHGs and 
concomitant increasing global temperatures are 
manifold and include (IPCC 2014):

	– Ocean warming and acidification (through 
uptake of CO2)

	– Melting of the Greenland and Arctic ice 
sheets

	– Sea level rise (1.5–1.9 mm/year), threaten-
ing 7  coastal communities and ecosystems

	– Glacial retreat
	– Decreased snow cover and increased per-

mafrost temperatures

	– Reduction in precipitation and increased 
occurrence of drought, especially in areas 
already critically affected by water limita-
tion

	– Extreme and unpredictable weather events 
such as storms and flooding

	– Anticipated negative temperature, 
drought and other (e.g., diseases) impacts 
on agriculture, potentially leading to yield 
losses.

	– Negative impact on human health through 
deteriorating air and water quality, increas-
ing the spread of certain diseases, and 
altering the frequency or intensity of 
extreme weather events.

The IPCC (International Panel of Climate 
Change) formulated a “climate goal” of 
2 °C—the increase in global temperature that 
should not be exceeded in order to avoid 
disastrous global effects. To ensure CO2-
induced warming remains below 2 °C would 
require cumulative CO2 emissions from all 
anthropogenic sources to remain below about 
3650 GtCO2 (1000 GtC); over half  this 
amount had already been emitted by 2011 
(IPCC 2014). One high potential GHG 
mitigation option is the use of bio-based 
instead of fossil resources.

6 I. Lewandowski et al.
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       . Fig. 1.3  How greenhouse gases lead to global warming. (According to National Aeronautics and Space Admin-
istration 2024)

Bio-based resources are of biological origin 
and stem from biomass. This biomass can 
be untreated or may have undergone physi-
cal, chemical, or biological treatment.

Biomass stems from living or once-living 
organisms, including plants, trees, algae, 
marine organisms, microorganisms, and ani-
mals. Excluded are materials embedded in 
geological formations and/or fossilized.

1.2  Bio-based Resources

The resources produced and used in a bio-based 
economy all contain carbon (C). Therefore, they 
are suitable to replace carbon-based fossil 
resources, that is, coal, oil, and natural gas. In 
the following chapters, bio-based resources are 
defined as all renewable resources containing 
non-fossil, organic carbon, recently (<100 years) 
derived from living plants, animals, algae, micro-
organisms or organic waste streams (see 
7  Chap. 5 for a more detailed description of 
bio-based resources).

Both bio-based and fossil resources are 
derived from biomass that has been built 
through the process of photosynthesis (see 
7  Sect. 5.2). During that process, CO2 is taken 
up by plants or algae with the help of light 
energy. Plants and algae convert light to 
chemical energy by integrating carbon (C) 
into their organisms. The carbon bound in 
fossil fuels was thus taken up from atmo-
spheric CO2 several million or billion years 
ago. By contrast, bio-based resources are 
composed of recently grown biomass where 
there is a short time span of 1 to <100 years 
between the withdrawal of CO2 from the 
atmosphere and its release back into the 
atmosphere. Therefore, biomass is often con-
sidered “CO2 neutral” and “renewable” 
because the same amount of CO2 is bound 
and then released again within a short period 
of time.
With an annual increment of 300,000 billion 
tons of biomass, bio-based resources form a 
very large and, because they grow back, theo-
retically unlimited resource. However, their pro-
duction necessitates the use of natural resources, 
mainly land, soil, water, and plant nutrients.

7
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1.3  Planetary Boundaries 
and Limitation of Natural 
Resources: Current Status

Planetary boundaries define the limits within 
which humanity can operate safely without 
destabilizing Earth’s systems. An economy 
based on renewable carbon (e.g. biomass) 
offers a pathway to address socio-economic 

Excursus 1.1: Renewable Carbon Economy

The principle of renewable carbon is based 
on the circumstance that climate change is 
not fundamentally a “CO2 problem” but 
rather an issue of excessive fossil carbon 
entering the atmosphere. This fossil carbon, 
extracted from crude oil, natural gas, and 
coal, disrupts the carbon balance by adding 
“new” carbon (in the form of CO₂) into the 
atmosphere that would otherwise remain 
underground. If  this inflow of fossil carbon 
were halted, atmospheric CO₂ levels would 
stabilize since CO₂ can be cycled naturally 
between the atmosphere, biosphere, and 
technosphere (von Berg et al. 2023).

Biomass and the Bioeconomy are an 
important part of the renewable carbon 
economy besides recycling and carbon cap-
ture technologies.

Natural resources occur naturally on the 
Earth. They include (a) biotic resources, 
stemming from living organisms (mainly 
plants and animals) and organic material 
(also fossilized) and (b) abiotic resources 
from non-living and inorganic material, 
such as air, soil, water, sunlight, and min-
erals.

Excursus 1.2: The Nine Planetary Boundaries

1.	� Stratospheric ozone depletion: The ozone 
layer in the stratosphere protects all living 
creatures from dangerous ultraviolet radia-
tion. The thinning of the ozone layer in the 
upper atmosphere, primarily due to human-
made chemicals (e.g., Chlorofluorocarbons 
(CFCs)), allows more harmful UV radiation 
to reach Earth’s surface.

2.	� Loss of biosphere integrity (biodiversity 
loss and extinctions): Biodiversity and the 
intactness of ecosystems stabilze the entire 
earth system. Human intervention in nature 
threatens this ecological stability (e.g., 
through destruction of ecosystems and the 
extinction of species).

3.	� Release of novel entities (formerly called 
chemical pollution): Introduction of new 
substances into the environment that did not 
exist before. Examples are chemicals such 
as persistent organic pollutants (POPs) and 
persistent, bioaccumulative and toxic chemi-
cals (PBTs), or microplastics and colorants.

4.	�Climate change: The change in the ratio of 
incoming and outgoing energy of  the Earth, 
caused by increased greenhouse gases (like 

CO2) and aerosols. Normally, the Earth 
absorbs radiation and sends some of  it back 
into space. Greenhouse gases and aerosols 
act like a blanket, holding the heat in. As 
more of  these gases build up, more radia-
tion gets trapped and causes an increase in 
global temperatures and alters climate pat-
terns.

5.	� Ocean acidification: Ocean acidification 
is the phenomenon of increasing acidity 
(decreasing pH) in ocean water. The reason 
for this is the increasing amount of CO2 in 
the atmosphere, which is absorbed by the 
water and turns into carbonic acid. This pro-
cess harms calcifying organisms, impacting 
marine ecosystems, and reduces the ocean’s 
efficiency in acting as a carbon sink.

6.	� Freshwater consumption and the global 
hydrological cycle: Availability of fresh water 
for humans, plants and other living organ-
isms. The alteration of freshwater cycles, 
including rivers and soil moisture, impacts 
natural functions such as carbon sequestra-
tion and biodiversity, and can lead to shifts 
in precipitation levels.

8 I. Lewandowski et al.
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challenges, such as climate change and resource 
scarcity, while aligning with these boundaries.

	» “The planetary boundaries concept presents 
a set of  nine planetary boundaries within 
which humanity can continue to develop 
and thrive for generations to come” (Stock-
holm Resilience Center 2023).

Climate change is one of the nine planetary 
boundaries (see .  Fig. 1.4) that the UN has 
characterized as demarcating the carrying 
capacity of the Earth and the vulnerability of 
global natural resources (Steffen et al. 2015). 
According to these, climate change and land-
system change processes as well as biosphere 
integrity (in particular genetic diversity) and 
biogeochemical flows (specifically nitrogen 
and phosphorus flows to the biosphere and 
oceans as a result of various industrial and 
agricultural processes) were already beyond 
the safe operating space in 2015. Since then, 
also freshwater consumption and the global 
hydrological cycle as well as the release of 
novel entities have exceeded the boundary and 
entered the red space (see .  Fig. 1.4).

Biodiversity integrity describes “the capa-
bility of supporting and maintaining a bal-
anced, integrated, adaptive community of 
organisms having a species composition, 
diversity, and functional organization compa-
rable to that of natural habitat of the region” 
(Karr and Dudley 1981, p 56). It therefore has 
a functional as well as a quantitative (number 

of species and individuals) component 
(Angermeier and Karr 1994).

Agriculture, the primary source of food 
and feed and an important sector in the bio-
economy, has been responsible for significant 
biodiversity losses. Aside of deforestation and 
other land use changes converting areas of 
high biodiversity value into agricultural land, 
the key drivers of the decline in biodiversity 
and in conservation and ecosystem services 
are the increased utilization of pesticides, her-
bicides and fertilizers, increased landscape 
homogeneity associated with regional and 
farm-level specialization, drainage of water-
logged fields, loss of marginal and un-cropped 
habitat patches, and reduced fallow periods 
(Hilger et al. 2015; Lambin et al. 2001). The 
current high rates of ecosystem damage and 
extinction can be slowed by efforts to protect 
the integrity of living systems (the biosphere), 
enhancing habitat and improving connectivity 
between ecosystems while maintaining the 
high agricultural productivity that humanity 
requires (Steffen et al. 2015).

Other natural resources necessary for agri-
cultural production are also under threat. 
While the production of agricultural goods 
has increased 2.5 to 3 times since the year 
1961, the agricultural land area has only 
expanded by 12% (FAO 2011). Because more 
than 40% of the increase in food production 
stems from irrigated areas, water use has also 
increased. Today, 70% of all water withdrawn 

7.	� Land-system change: The transformation 
of natural landscapes, e.g. through defor-
estation and urbanization, diminishes eco-
systems and their functions like habitats 
for wildlife, moisture recycling and carbon 
sequestration.

8.	�Modification of  biogeochemical flows: 
Nitrogen and phosphorus, which are cru-
cial for supporting life and maintaining 
ecosystems, move in cycles and in quanti-
ties that ecosystems have adapted to dur-

ing evolution. These cycles are disrupted 
trough anthropogenic activities (e.g., indus-
trial fixation and usage of  nitrogen as fertil-
izer).

9.	� Atmospheric aerosol loading: The rise in air-
borne particles (e.g. emissions from aerosols) 
from human activities or natural sources 
influences the climate by altering tempera-
ture and precipitation patterns and have a 
negative impact on human health. (Stock-
holm Resilience Center 2023)

9
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       . Fig. 1.4  The nine planetary boundaries, update for 2024. The green-shaded area represents the safe operating 
space. (From Potsdam Institute for Climate Impact Research (PIK), licensed under CC BY 4.0)

from aquifers, streams, and lakes is used for 
agricultural production, leading to water scar-
city in many areas of Asia, northern and 
southern Africa, and western North America 
(FAO 2011). Intensive agricultural use and 
deforestation have also led to soil degradation 
processes, such as erosion. Very degraded soils 
are found especially in semi-arid areas (Sub-
Saharan Africa, Chile), areas with high popu-
lation pressure (China, Mexico, and India), 
and regions undergoing deforestation 

(Indonesia) (UNEP 1997). Finally, the plant 
nutrient phosphorus (P) is also expected to 
become a limited natural resource for crop 
production. Phosphate fertilizer used in agri-
culture is mainly produced from rock phos-
phate (RP). However, RP is a finite resource, 
as with all mined resources. For this reason, in 
2014, the EC added it to the list of critical raw 
materials (EC 2014).

In an update of the planetary boundaries 
framework in 2023, transgression in six plane-
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tary boundaries was reported—biogeochemical 
flows, freshwater change, land system change, 
biosphere integrity, climate change, and novel 
entities, indicating that we are currently beyond 
the “safe operating zone” (Richardson et  al. 
2023). The status of planetary boundaries indi-
cates an urgent need for action at all levels, and 
for the bioeconomy they imply the “safe” limits 
for it to be implemented, without further creat-
ing pressure on those boundaries that lead to 
increased risks but rather contributing to miti-
gate the transgression.

Because bioeconomy makes direct use of 
natural resources (especially soil, land, water, 
and nutrients) and therefore depends on their 
availability, it is at the focus of the sustainabil-
ity debate. Only a bioeconomy that makes 
responsible use of natural resources, includ-
ing their efficient use, conservation, restora-
tion, regeneration, and recycling, can 
contribute to the transformation to a more 
sustainable economy. For this process, the 
bioeconomy will have to drive innovations 
further toward sustainable agricultural inten-
sification. This is defined as “producing more 
output from the same area of land while 
reducing the negative environmental impacts 
and at the same time increasing contributions 
to natural capital and the flow of environmen-
tal services” (Pretty et  al. 2011). Sustainable 
agricultural intensification necessitates the use 
of innovative methods to produce modern 
varieties, fertilizers and crop protection mea-
sures (see 7  Sect. 6.11). This aspiration is in 
line with recent trends, which show that about 
70% of total factor productivity in agriculture 
is derived from innovations and only about 
12% from land area extension. Also, other 
sectors producing biomass, such as forestry 
and aquaculture, need to apply sustainable 
production methods (see 7  Chaps. 8 and 9).

A sustainable bioeconomy is not yet 
reached when fossil resources have been sub-
stituted by bio-based resources to the maxi-
mal possible extend. It also requires that the 
replacement of fossil fuels by bio-based 
resources results in an overall more sustain-
able economy. To ensure this, in the bioecon-
omy principles such as systems and life-cycle 
thinking (see 7  Chap. 3) are applied. Tools 
for sustainability assessment, such as Life-

cycle Assessment (LCA), are developed (see 
7  Chap. 41). At process level, management 
options, such as good practices or certifica-
tion, support the operationalization of sus-
tainable bio-based value chains (see 7  Chaps. 
31 and 35).

1.4  Population Growth and Food 
Security

It is projected that the world’s population will 
increase from the current 7 billion people to 
9.7 billion in 2050 (FAO 2021). Today (2020), 
almost 768 million people are undernour-
ished, particularly in Sub-Saharan Africa and 
Asia (FAO 2021). In addition to the demands 
of the growing population, economic devel-
opment, especially in the emerging economies, 
leads to increasing consumption of meat. 
That means the trend toward increasing meat 
consumption in the emerging economies of 
Africa and Asia, and the concomitant increase 
in global meat production will continue (see 
.  Fig.  1.5). It is estimated that by 2050 an 
extra billion tons of cereals and 200 million 
tons of livestock products will need to be pro-
duced annually (Bruinsma 2009). However, 
meat production requires more land than crop 
production. To produce one kilogram (kg) of 
meat, 3–100  kg of biomass are required, 
depending on which animals and production 
systems are used (Smeets et  al. 2007). FAO 
estimates that agricultural production will 
have to produce almost 50 percent more food, 
livestock fodder and biofuel than in 2012 to 
satisfy global demand and to achieve “zero 
hunger” by 2030 (FAO 2021). A shift to plant-
based food (7  Chap. 21) could release the 
pressure. According to a report of UNEP, 
plant-based protein products would require 
up to 97 percent less land and 30–50 percent 
less energy to produce compared to conven-
tional beef, pork, or chicken production. 
Additionally, up to 90% less GHG emissions 
would arise (UNEP 2023).

In food production, quantity is not the 
only criterion; quality is also important. One 
of the first quality management steps in the 
bio-based value chain is the protection of 
crop and animal health. This is aimed not 
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       . Fig. 1.5  Global production of  aquatic biomass($) from capture fishery and aquaculture, fresh meats and milk in 
1961 to 2022 based on FAO (2024a, b); ($) refers to: aquatic plants, seaweed and algae; aquaculture (freshwater, 
marine, & brackish waters); capture fishery (inland & marine waters)

only at delivering good quality foodstuffs, but 
also at increasing productivity and reducing 
losses in the production, storage, transport 
and processing of biomass. Even before food 
discarded at consumer level is considered, 
food losses along the supply chain are esti-
mated to be as high as 35% for cereals and 
more than 50% for perishable products such 
as roots, tubers, fruits and vegetables (Aulakh 
and Regmi 2013). Avoiding such losses 
requires disease-resistant varieties, effective 
crop protection measures and better training 
of farmers to apply these technologies, infra-
structure for storage and transportation, and 
efficient processing and conversion methods 
(see 7  Chap. 6).

The transition to a knowledge-based bio-
economy also depends on consumers being 
aware of  the nature and characteristics of 
bio-based products (see 7  Chap. 36). 
Otherwise, they will neither be able to iden-
tify more sustainably produced products, nor 
will they be willing to pay a higher price for 

higher-value products. The process of  raising 
awareness will also result in a more conscious 
choice of  higher-quality, healthier products 
with a lower environmental impact, and 
could also result in a reduction in meat con-
sumption.

The availability of  sufficient high-quality 
food for a growing population is thus not 
only a matter of  sufficient production but 
also a matter of  appropriate use and food 
consumption patterns. Finally, also the 
question of  fair food distribution and ade-
quate access of  all people to food deter-
mines food security. Also, today’s hunger is 
not caused by insufficient global food pro-
duction but by politically driven distribu-
tion problems.

	> Do you want to learn more about bioecon-
omy and food security? Take a look at 
.  Supplementary Video 1.1, a video from 
our MOOC “Concepts of  Sustainable 
Bioeconomy” (2021).
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1.5  The Role of the Bioeconomy 
in the Face of Global 
Challenges, Wicked Problems, 
and the Sustainability 
Transformation

The aim of this textbook is to illustrate oppor-
tunities that the bioeconomy offers to contrib-
ute to addressing global challenges by means 
of integrated innovations at technological, 
institutional and social levels that can lead to 
a societal transformation. The bioeconomy 
stands for:

	5 Provision of renewable resources—food, 
feed, fiber, fuel, fun: As non-renewable fos-
sil resources are finite and generate signifi-
cant ecological externalities (e.g. 
climate-change impact), we need to meet 
our demands for food, products, and mate-
rials as well as energy through renewable 
resources. Foodstuffs and renewable mate-
rials are mainly supplied through biomass 
from agricultural production, forestry, and 
aquaculture (7  Chapts. 6, 8, and 9). But 
renewable energy, to which bioenergy 
(7  Chap. 24) presently contributes 73% 
(with biomass covering approximately 
14% of the global final energy consump-
tion (REN21 2016), can also be supplied 
through solar, wind, geothermal, hydro or 
tidal energy.

	5 Sustainable land use: Given that land use 
presently contributes 22% of anthropo-
genic GHG emissions and to a large share 
of biodiversity losses, agricultural and for-
estry land-use management needs to be 
improved in a sustainable way. The bio-
economy provides nature-based solutions 
(see 7  Sect. 5.5), for example, climate-
smart production methods that make use 
of soil carbon sequestration and innova-
tive agricultural technologies that reduce 
emissions and ecological impacts (see 
7  Sect. 6.11). These result in GHG mitiga-
tion and are often associated with improved 
efficiencies, lower costs, and environmental 
co-benefits (Smith et al. 2007).

	5 Circularity and sustainability: The bio-
economy can address global challenges 
only if  it is circular and sustainable. This 

means that nutrient and material cycles are 
closed and all bio-based resources are allo-
cated regarding achieving the maximal 
ecological, social and economic benefit 
(see 7  Chap. 3). This holistic approach in 
resource allocation represents a major pil-
lar of a circular sustainable bioeconomy 
and may serve as a blueprint for resource 
allocation strategies in general.

	5 Life cycle thinking and value chain 
approach: Bioeconomy goes far beyond 
the idea of building a bio-based economy. 
It also builds on sustainable development 
through the application of biological and 
system knowledge and the generation of 
innovations for developing a sustainable 
economy. This is not a sectoral approach 
in which only the economic activities that 
are using bio-based resources are consid-
ered. Life cycle thinking (see 7  Chaps. 3 
and 41) and value chain approaches 
(7  Chap. 4), resource use efficiency and 
recycling concepts are applicable to all 
production activities. Therefore, bioecon-
omy is an integrated and forwardly 
approach that can serve as a blueprint for 
an overall economic system development 
toward sustainability.

	5 Research, development and innovation: 
The global demand for more and higher 
quality food and the limited availability of 
land and natural resources necessitates a 
thrust on innovation (see 7  Chap. 32) in 
agricultural, forestry, aquaculture, and 
other forms of biomass production as well 
as biomass processing and use. This must 
result in more efficient and less resource-
consuming production methods along bio-
based value chains (see 7  Chap. 4). 
Through a knowledge-based approach, 
more efficient and sustainable production 
methods must be applied in order to man-
age natural resources sustainably and 
increase productivity. Complementary to 
technological advances, new forms of 
organizing societal actors, business mod-
els, and institutional innovations are key 
to foster transformation processes and 
ensure a system change.

	5 Stakeholder-orientation: The limited, and 
in part already overstretched, planetary 
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boundaries make a shift to a more sustain-
able economy imperative, which makes 
better and responsible use of the Earth’s 
resources. The change to a sustainable 
economy requires sustainability-conscious 
producers and consumers who steer eco-
nomic activities through their businesses, 
capabilities, targeted preferences, and 
choices. Bioeconomy has become the guid-
ing concept for large areas of economic 
development and the urgently needed soci-
etal transition to achieve this goal.

	5 Normative direction: The societal transition 
in the bioeconomy is led by awareness rais-
ing, not only for the global challenges we 
face but also for ways to deal with them. 
For instance, the food-first principle pro-
vides that global food security is given pri-
ority over all other pathways for utilising 
bio-based resources. This should ensure 
that the demand for high quality food is 
satisfied for all people (Priefer et al. 2017). 
In the recent years, such normative aspects 
of the bioeconomy have gained importance 
involving different stakeholders and mak-
ing them aware of their responsibility but 
also of ethical conditions for the success of 
the sustainability transformation. Along-
side, stakeholders are also made aware of 
the need of sufficiency approaches (see 
7  Sect. 3.1) to reduce the resource con-
sumption as well of innovative and poten-
tially more resource use efficient ways 
toward fulfilling demands.

	5 Rural development: The ubiquitous nature 
of biomass offers the possibility of creat-
ing modern jobs in rural areas, thus coun-
teracting both the limited geographical 
distribution of accessible fossil resources 
and the current concentration of job and 
income opportunities in urban areas. The 
bioeconomy aims to enable areas rich in 
bio-based resources to improve income 
and development opportunities. The 
development of innovative technologies 
will also generate new jobs with a modern 
profile (e.g., digitalization, see 7  Chaps. 
15 and 25).

	5 Providing answers to wicked problems: 
Tackling several or even all global chal-
lenges simultaneously is a complex issue 

due to the many trade-offs and interdepen-
dencies amongst them. This can be seen in 
the task of simultaneous need for produc-
tion activities to provide food and con-
sumables and climate change mitigation. 
Through the use of nature-based solutions 
and application of principles of circularity 
and multi-functionality (see 7  Chap. 3), 
the bioeconomy provides operational 
approaches to best manage these trade-
offs. Concrete examples are the integrated 
approach of producing ecosystem services 
(see 7  Sect. 6.11 and 7  Chap. 40)—
including biomass production as well as 
ecological functions such as carbon 
sequestration—as well as biorefineries (see 
7  Chap. 17) making full use of the bio-
mass resource potential for the provision 
of food, feed, materials and energy.

	5 Informed decision-making: In the bioecon-
omy, resource supply must be sustainable 
and therefore the use of bio-based 
resources should only be implemented 
when they perform more sustainable than 
the fossil alternative. For a sustainable bio-
economy, tools for the assessment and 
management of sustainability, such as life-
cycle assessment (see 7  Chap. 41) have 
been developed and meanwhile their appli-
cation reaches beyond bio-based value 
chains.

	5 Transformative skills and knowledge: The 
sustainability transformation needs politi-
cal support (see 7  Chaps. 2, 28, and 29), 
stakeholder involvement (see Part V) and 
information that can be provided through 
modelling (see 7  Chap. 42) and bioecon-
omy monitoring (see 7  Chap. 43). The 
implementation of the transformation 
requires experts with a system’s under-
standing and the ability to deal with com-
plex, so-called wicked problems. Wicked 
problems differ from tame problems in 
that they cannot be addressed using the 
linear logic of conventional rationality or 
understood through quantitative and 
objective information alone (see 7  Sect. 
38.1). Alongside the global growth of the 
bioeconomy, the need for experts as well as 
educational programs that are able to edu-
cate and train these experts is steadily 
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increasing. Such programs have to enable 
experts to take collective action across 
societal sectors to generate impactful, 
transformative change of organizations 
and systems, to acquire the required inter- 
and transdisciplinary knowledge (see 
7  Chap. 37) and to adopt the collabora-
tive and transformative skills needed to 
support the sustainability transformation 
(see 7  Chap. 38).

The bioeconomy can contribute to address 
global challenges through its nature as an 
economy building on renewable resources, 
biological knowledge, innovation, and knowl-
edge generation, and through holistic 
approaches that think along value chains and 
in value webs. This means that bioeconomy 
does more than just follow traditional path-
ways of biomass production, conversion, and 
use. It leads the way toward an innovative and 
sustainable use of the Earth’s limited resources 
and provides the guidelines for the societal 
transition toward sustainable development.

	> Do you want to learn more about the 
importance of  the bioeconomy? Take a 
look at .  Supplementary Videos 1.2 and 
1.3, videos from our MOOC “Concepts of 
Sustainable Bioeconomy” (2021) that 
explain the context of  the bioeconomy in 
more detail.

?	Questions
	1.	 What are the consequences, advan-

tages, and disadvantages of  the use of 
fossil resources?

	2.	 How can the use of  bio-based resources 
overcome the shortcomings of  fossil 
resources?

	3.	 How can the production of  bio-based 
resources help to keep the carrying 
capacity of  the Earth within the plane-
tary boundaries or, where they have 
already been exceeded, to fall back to 
within the boundaries?

	4.	 What are the potential contributions of 
the bioeconomy to meeting major global 
challenges?

	5.	 What are the conditions for a sustain-
able bioeconomy?

	v Answers
	1.	 Fossil fuels, such as coal, oil, and natu-

ral gas, have powered industrialization 
and modern economies due to their 
high energy density and reliability. 
They are widely available and sup-
ported by established infrastructure, 
making them economically viable. 
However, their use has severe environ-
mental and social consequences. 
Burning fossil fuels is the largest source 
of  greenhouse gas emissions, driving 
climate change and global warming. 
Extraction processes damage ecosys-
tems, while air and water pollution 
harm human health. Fossil fuels are 
finite, raising concerns about long-
term energy security. Their geopoliti-
cal importance also fuels conflicts over 
resource control. While fossil fuels 
have enabled technological progress, 
their drawbacks—environmental deg-
radation, finite supply, and contribu-
tion to global warming—underscore 
the need for a transition to renewable 
energy. Sustainable alternatives can 
balance energy needs with environ-
mental protection and long-term eco-
nomic stability.

	2.	 The use of  bio-based resources can 
address many shortcomings of  fossil 
resources. Derived from renewable mate-
rials like plants, algae, and waste, bio-
based resources reduce dependency on 
finite fossil fuels. Their renewable nature 
ensures a consistent supply, improving 
long-term resource supply security. 
When bio-based resources substitute 
fossil resources, they reduce greenhouse 
gas emissions, helping combat climate 
change, and can be biodegradable, 
reducing pollution. The ubiquitous 
nature of  biomass offers the possibility 
of  creating modern jobs in rural areas, 
thus counteracting both the limited geo-
graphical distribution of  accessible fos-
sil resources and the current 
concentration of  job and income oppor-
tunities in urban areas.

	3.	 The production and use of  bio-based 
resources can help maintain Earth’s car-
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rying capacity within planetary bound-
aries by reducing environmental 
pressures. Unlike fossil resources, bio-
based materials are renewable and can 
be produced sustainably, lowering green-
house gas emissions and mitigating cli-
mate change. They support carbon 
neutrality by capturing CO2 during bio-
mass growth, balancing emissions from 
their use. Sustainable bio-based produc-
tion can prevent biodiversity loss by 
promoting sustainable and ecologically 
sound farming and forestry practices. In 
bioeconomy, the production of  bio-
based resources is combined with the 
provision of  ecosystem services, such as 
carbon sequestration, by applying 
nature-based solutions. These can, 
together with the application of  tech-
nologies that enhance efficiency in agri-
cultural production, reduce the 
emissions of  nitrogen and phosphorus 
into the environment, reduce water 
demand, and help to regenerate the nat-
ural resources, such as soil and water.

	4.	 The bioeconomy can significantly address 
major global challenges by promoting 
sustainable development and environ-
mental protection. It supports food secu-
rity through sustainable agricultural 
practices and providing innovations that 
help sustainable intensification, which 
according to Pretty (2011) means “pro-
ducing more output from the same area 
of land while reducing the negative envi-
ronmental impacts and at the same time 
increasing contributions to natural capi-
tal and the flow of environmental ser-
vices.” Sustainable intensification 
approaches lead to more efficient resource 
use, are minimizing wastes and losses in 
food production and apply practices for 
reducing environmental degradation and 
enhancing regenerating. The bioeconomy 
leverages renewable biological resources 
to produce materials, products and 
energy, reducing reliance on fossil fuels 
and mitigating climate change. By 
advancing renewable energy and biode-

gradable materials, the bioeconomy helps 
combat pollution and preserve ecosys-
tems. The bioeconomy also fosters eco-
nomic growth and job creation by driving 
innovation in biotechnology and sustain-
able industries. It addresses social chal-
lenges by promoting equitable resource 
access and empowering rural communi-
ties through sustainable farming and for-
estry. By integrating sustainable practices 
across sectors, it provides solutions for 
energy, climate, and resource challenges, 
contributing to a resilient and equitable 
global future.

	5.	 A sustainable bioeconomy requires sev-
eral key conditions to ensure environ-
mental, social, and economic benefits. 
Sustainable resource management is 
essential, including responsible use of 
biomass and protection of ecosystems. 
Agricultural and forestry land-use man-
agement needs to be improved in a sus-
tainable way. Through a knowledge-based 
approach, more efficient and sustainable 
production methods must be applied to 
increase productivity while at the same 
time the negative environmental impacts 
are reduced, natural resources are regen-
erated, and biodiversity is preserved. 
Sustainable resource management 
includes closing of nutrient and material 
cycles and allocation of all bio-based 
resources in a way that maximal ecologi-
cal, social, and economic benefits are 
achieved through a holistic approach and 
compliance with the “food-first princi-
ple.” The use of bio-based resources 
should furthermore only be implemented 
when they perform more sustainable than 
the fossil alternative. Next, technological 
innovation is critical. Advanced biotech-
nologies and processes can, for example, 
improve resource use efficiency, maximize 
waste utilization, and reduce environ-
mental impacts. Complementary to tech-
nological advances, new forms of 
organizing societal actors, business mod-
els and institutional innovations are key 
to foster transformation processes and 
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ensure a system change. The change to a 
sustainable economy requires 
sustainability-conscious producers and 
consumers who steer economic activities 
through their businesses, capabilities, tar-
geted preferences, and choices. Consumer 
awareness and demand for sustainable 
products can drive the market toward 
environmentally friendly solutions or 
promote sufficiency approaches to reduce 
the resource consumption and to imple-
ment innovative and potentially more 
resource use efficient ways toward fulfill-
ing demands fostering long-term sustain-
ability in the bioeconomy. The societal 
transition in the bioeconomy is led by 
awareness raising, not only for the global 
challenges we face but also for ways to 
deal with them. Strong policy frame-
works are also vital. Governments must 
implement regulations to prevent overex-
ploitation of natural resources, incentiv-
ize sustainable practices, and support 
research and development. International 
cooperation can ensure fair resource dis-
tribution and global sustainability. Social 
equity is another cornerstone. The bio-
economy should prioritize fair access to 
resources, empower local communities, 
and ensure that economic benefits reach 
all stakeholders.
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This chapter deals with the origin and evolu-
tion of the concept of the bioeconomy. It starts 
by tracing the first uses of the terms bioeco-
nomics and bioeconomy and goes on to review 
the development of the concept of the ‘knowl-
edge-based bioeconomy’ in the European 
Union before discussing the rise of the bio-
economy as a global concept. A shift from a 
‘resource substitution perspective’ of the bio-
economy to a ‘biotechnology innovation per-
spective’ and lately to a ‘green bioeconomy’ is 
identified. Increasingly, bioeconomy strategies 
are evolving as enablers for sustainable devel-
opment. Critical views of the bioeconomy are 
discussed, distinguishing a ‘fundamental cri-
tique’ and a ‘greenwashing critique’ of the bio-
economy. The last section also reviews the 
relations between the concept of the bioecon-
omy and the concepts of ‘sustainable develop-
ment’, ‘green economy’, ‘circular economy’, 
‘socio-biodiversity’ and ‘transformation’ and 
‘transition’.

	n Learning Objectives
After studying this section, you will…

	5 …be able to define the term bioecon-
omy (see 7  Sect. 2.3).

	5 …be able to describe the origin and evo-
lution of the concept of the bioecon-
omy (see 7  Sects. 2.1 and 2.2).

	5 …be able to explain the diverse perspec-
tives on the bioeconomy (see 7  Sect. 
2.3).

	5 …be able to identify regional differ-
ences in bioeconomy perspectives and 
strategies (see 7  Sect. 2.2).

	5 …be able to explain the relation between 
the concept of the bioeconomy and the 
concepts of sustainable development, 
green economy, circular economy, 
socio-biodiversity and transformation 
and transition (see 7  Sect. 2.3).

2.1  �The Origin of the Concept 
of the Bioeconomy

2.1.1  �The First Use of the Terms 
‘Bioeconomics’ 
and ‘Bioeconomy’

The use of  the term ‘bioeconomics’ can, 
according to Bonaiuti (2014, p 54), be traced 
back to Zeman, who used the term in the 
late 1960s to designate an economic order 
that appropriately acknowledges the bio-
logical bases of  almost all economic activi-
ties. As Bonaiuti (2014, p  54) further 
explained, Georgescu-Roegen ‘liked the 
term and from the early 1970s made it the 
banner summing up the most important 
conclusions he had come to in a lifetime of 
research’. An essential element in 
Georgescu-Roegen’s use of  the term ‘bio-
economics’ was his concern that unlimited 
growth would not be compatible with the 
basic laws of  nature (Bonaiuti 2014, p 54).

This use of the term ‘bioeconomics’ is 
rather different from the early use of the term 
‘bioeconomy’, which referred to the use of 
biological knowledge for commercial and 
industrial purposes. One can consider this 
rather contrasting use of the two terms as an 
‘irony of fate’. Several authors (e.g. von Braun 
2014, p 7, and Gottwald 2016, p 11) attributed 
the first use of the term bioeconomy to the 
writings of Juan Enriquez Cabot, a Mexican-
American academic and businessman. In a 
paper entitled ‘Genomics and the World’s 
Economy’, Enriquez discussed that the appli-
cation of the discoveries of genomics will lead 
to a restructuring in the role of companies 
and industries ‘in a way that will change the 
world’s economy’. In this paper, he outlined 
‘the creation of a new economic sector, the life 
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sciences’ (Enriquez 1998, p 925). Though this 
paper does not use the term ‘bioeconomy’ (as 
Eversberg et  al. (2023, p.  569) point out, 
‘Enríquez never seems to have used the term 
“bioeconomy”—only “biotechonomy” is on 
record’ (Enriquez 2002)’), the source repre-
sents one of the roots of the concept of bio-
economy: advancements in the biological 
sciences and in biotechnology, which have the 
potential to transform many industrial pro-
duction processes. The view that the ‘biologi-
cal revolution’ would eventually transform the 
industry was, however, not new at that time. 
The ‘industrial impact of the biological revo-
lution’ was already formulated in the early 
1980s (Glick 1982).

2.1.2  �The Development 
of the Concept 
of the ‘Knowledge-Based 
Bioeconomy’ in the European 
Union

Even though the term ‘bioeconomy’ was first 
introduced by scientists concerned with the 
industrial consequences of  advancements in 
biology, the major reason why bioeconomy 
became an important policy concept in 
Europe was a deliberate decision by staff  
members of  the European Commission (EC) 
to promote this concept. One of  the key 
actors in this effort was Christian Patermann, 
the former Program Director of 
‘Biotechnology, Agriculture and Nutrition’ 
in the Directorate General for Research, 
Science and Education of  the European 
Commission (EC). As specified by Patermann 
and Aguilar in a paper on ‘The origins of  the 
bioeconomy in the European Union’ 
(Patermann and Aguilar 2018, p  22), the 
term ‘bioeconomy’ was used in two sources 
that inspired the Commission staff  in the 
early 2000s. One was a document entitled 
‘Towards a bio-based economy—issues and 
challenges’, which was published by the 
Canadian environment think tank Pollution 
Probe (2002). The other one was a document 
published by the OECD (2004), which 
defined a ‘bio-based economy’ as ‘a concept 

that uses renewable bioresources, efficient 
bioprocesses and eco-industrial clusters to 
produce sustainable bioproducts, jobs and 
income’ (OECD 2004, p  5). The document 
was based on a meeting of  the ‘OECD 
Committee for Scientific and Technological 
Policy at Ministerial Level’ in January 2004. 
As Patermann and Aguilar (2018, p  22) 
explain, there is, unfortunately, ‘no tangible 
information within the OECD archives of  by 
whom the original idea of  “bio-based econ-
omy”, in particular the respective wording in 
the document, was coming from, or which 
Member State delegation had prompted or 
particularly supported it’. While the origins 
of  the bioeconomy concept remain, thus, 
somewhat opaque, what is rather clear is that 
Patermann and his colleagues immediately 
realized the unique potential of  the bioecon-
omy as an innovative policy concept that 
would allow the EU to respond to new 
opportunities. One opportunity was making 
economic use of  the emerging new potential 
of  using biotechnologies, as indicated above.

Another opportunity inherent in the con-
cept of  the bioeconomy is the replacement of 
fossil-based resources by bio-based resources, 
both for energy and for material use. In the 
early 2000s, decision-makers in the EU felt a 
strong incentive to find new concepts, 
because the need for increasing agricultural 
productivity to meet future needs for food 
and biomass was not very well recognized at 
the time. Funding for agricultural research, 
which is key to increasing agricultural pro-
ductivity, had declined throughout the 1990s 
in spite of  the emerging need to produce bio-
mass for other uses than food (Geoghegan-
Quinn 2013).

In developing the concept of the bioecon-
omy in the EU, the label ‘knowledge-based’ 
was added so that it became the ‘Knowledge-
Based Bioeconomy’. The label ‘knowledge-
based’ was in line with the EU innovation 
policy that prevailed at the time. At a meeting 
in Lisbon in 2000, the European Council had 
made a commitment to establish ‘the most 
competitive and dynamic, knowledge-based 
economy in the world’ (EU 2000). The con-
cept of the knowledge-based economy reflects 
the vision of achieving economic growth 
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through high-technology industries, which 
requires investments in innovation and highly-
skilled labour.

The efforts of  the EU to promote the 
concept the Knowledge-Based Bioeconomy 
proved remarkably successful. In 2005, the 
European Commission held a conference 
entitled ‘New Perspectives on the 
Knowledge-Based Bio-Economy’ (EC 
2005). At this conference, Janez Potočnik, 
the European Commissioner for Science 
and Research at the time, gave a speech enti-
tled ‘Transforming life sciences knowledge 
into new, sustainable, eco-efficient and com-
petitive products’ (Potočnik 2005). In the 
so-called ‘Cologne Paper’ of  2007, this title 
has been quoted as a definition of  the 
knowledge-based bioeconomy. The Cologne 
Paper was based on a workshop held under 
the German Presidency of  the Council of 
the European Union in 2007  in the city 
Cologne. The workshop was attended by 
experts from research organizations and 
companies covering different fields, includ-
ing crop production, biotechnology, bioen-
ergy and biomedicine (EU 2007). The 
Cologne Paper emphasized the two dimen-
sions of  the bioeconomy mentioned above:

	5 On the one hand, the paper identified the 
role of biotechnology as ‘an important pil-
lar of Europe’s economy by 2030, indis-
pensable to sustainable economic growth, 
employment, energy supply and to main-
taining the standard of living’ (EU 2007, 
p 4). One can label this dimension of the 
bioeconomy ‘the biotechnology innova-
tion perspective’.

	5 On the other hand, the Cologne Paper 
stressed the use of crops as ‘renewable 
industrial feedstock to produce biofuels, 
biopolymers and chemicals’ (EU 2007, 
p  4). The paper also envisaged that ‘by 
2020, in addition to the then mature gasifi-
cation technologies, the conversion of lig-
nocellulosic biomass by enzymatic 
hydrolysis will be standard technology 
opening up access to large feedstock sup-
plies for bioprocesses and the production 
of transport fuels’. One can label this 
dimension of the bioeconomy ‘the resource 
substitution perspective’.

The changing emphasis of these two perspec-
tives over time is further discussed in 7  Sect. 
2.3 below. The development of the concept of 
the bioeconomy was accompanied by 
increased funding, especially in the EU’s 
Framework Programmes for Research and 
Technological Development. The 7th Frame-
work Programme included a budget of almost 
two billion Euro for bioeconomy research and 
development, a remarkable achievement con-
sidering that the concept was still rather new 
when this program was designed (Patermann 
and Aguilar 2018, p 22). The subsequent EU 
Framework Programmes (Horizon 2020 and 
Horizon Europe) have continued to provide 
strong support for the bioeconomy (EC 2013, 
2021).

The development of the bioeconomy con-
cept by the institutions of the EU was mir-
rored by efforts to establish this concept in the 
EU member states. Germany, for example, 
established a Bioeconomy Council at the fed-
eral level in 2010 under the leadership of the 
Federal Ministry of Education and Science 
(BMBF). In 2010, the ‘National Research 
Strategy BioEconomy 2030’ was published 
(BMBF 2010), and the federal government 
pledged to spend 2.4 billion Euro for bioecon-
omy research until 2016 (BMBF 2014, p 9). In 
2014, Germany published a ‘National Policy 
Strategy on Bioeconomy’. The policy had the 
subtitle ‘Renewable Resources and 
Biotechnological Processes as Basis for Food, 
Industry and Energy’, which reflects both the 
biotechnology innovation perspective and the 
resource substitution perspective mentioned 
above. In 2020, this national bioeconomy pol-
icy strategy was updated by setting out the 
guidelines and goals of future bioeconomy 
policy and bundling research funding and the 
political framework for the bioeconomy 
(BMBF 2020). Two overarching guidelines 
accompany the goals and measures of the 
National Bioeconomy Strategy: (i) Biological 
knowledge and continued progressive tech-
nologies as pillars of a future-proof sustain-
able and climate-neutral economic system; 
and (ii) biogenic resources as the base for a 
sustainable and circular economy. The over-
arching strategic goal of this strategy is the 
alignment with the 17 sustainable develop-
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ment goals (SDGs) of the UN (BMBF 2020), 
which are further discussed in 7  Sect. 2.3.4 
below.

Other European countries also developed 
policies and strategies related to the bioecon-
omy. There was considerable variation 
regarding the extent to which these policies 
and strategies were specifically focused on 
the bioeconomy or rather on related aspects, 
such as biotechnology or renewable energy. 
The publication of  the European Bioeconomy 
Strategy in 2012, which is further described 
below, was followed by the development of 
national bioeconomy strategies in several 
European countries. Finland had already 
published a bioeconomy strategy in 2014. 
Austria and Norway, to mention two other 
examples, were in the process of  preparing 
dedicated bioeconomy strategies in 2015 
(BÖR 2015a). Between 2014 and 2020, 
another eight EU countries, including 
Austria, France, Ireland, Italy, Latvia, the 
Nordic Countries, and Spain, adopted dedi-
cated bioeconomy strategies. As of  2024, 
there were eleven EU Member States that 
had dedicated bioeconomy strategies, while 
another seven were in the process of  develop-
ing their strategies (IACGB 2024). Most of 
the national strategies have a specific focus. 
For example, Portugal emphasizes a ‘blue’ 
bioeconomy, which entails the knowledge-
based production and utilization of  aquatic 
bioresources for innovative products, pro-
cesses, and services. In the meantime, many 
strategies have become very concrete in pro-
viding dedicated action plans, as in case of 
Austria, Ireland, Portugal, or in setting clear 
goals. An example is Finland, which aims to 
double the value added from its bioeconomy 
by 2035 in an ecologically, socially and eco-
nomically sustainable way. Another develop-
ment in the EU is the development of 
bioeconomy strategies at sub-national 
(regional) level. Many European regions or 
Federal States have integrated the bioecon-
omy into their policy agendas (IACGB 
2024).

At the level of  the European Union, the 
first European Bioeconomy Strategy and 
Action Plan was, as mentioned above, 
adopted in 2012 (EC 2012). Its main focus 

was promoting the transition from a fossil-
based to a bio-based economy. In 2018, an 
updated version of  the strategy (EC 2018a) 
was published together with an Action Plan 
(EC 2018b). The five headline targets of  the 
initial 2012 version were (1) food security; (2) 
sustainable natural resource management; 
(3) increasing bioresources; (4) climate 
change mitigation and adaptation; and (5) 
job creation. These targets were retained in 
the 2018 version of  the Strategy, but the 
scope was expanded by three new areas of 
action: (i) scaling-up of  bio-based sectors 
and markets; (ii) deployment of  bioecono-
mies across Europe; and (iii) operating within 
the ecological and planetary boundaries 
(Dolge et al. 2023; EC 2018a).

An updated version of the European 
Bioeconomy Strategy was released in 
November 2025 (European Commission (EC) 
2025). It relates to the objectives of the Green 
Deal and emphasize the contribution of bio-
technology and biomanufacturing. The Green 
Deal was launched by the EC in 2019 and 
aims to reach climate neutrality of the EU by 
2050 (EC 2019) (see Excursus 2.1 Green Deal 
and Bioeconomy below). In 2024, the EC 
launched a communication entitled ‘Building 
the Future with Nature: Boosting 
Biotechnology and Biomanufacturing in the 
EU’ (EC 2024). Both the title and the focus of 
the communication are consistent with the 
biotechnology innovation perspective identi-
fied above. As further discussed below, the 
communication also strongly relates to the 
executive order (EO) on bioeconomy, which 
was launched by the US in 2022 (White House 
2022).

The update of  the European Bioeconomy 
Strategy offered the opportunity to include 
the perspectives of  the Youth. Bioeconomy 
Youth Ambassadors have been selected by 
the EC to represent the voice of  the youth 
within the bioeconomy. In their paper on the 
‘Vision for Future Bioeconomy Policies’, the 
European Youth Ambassadors describe their 
perspective on the bioeconomy as ‘a holistic 
approach to achieving a resilient, circular, 
bio-based economy through a just-transition 
that consciously aims to reduce economic 
throughput within our planet’s regenerative 
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capacity’ (EU Youth Ambassadors 2024, 
p.  3). To shape future-oriented bioeconomy 
policies, they demand (i) the involvement of 
youth in decision-making; (ii) cultivating an 
inclusive debate, for example, through inter-
disciplinary and inclusive approaches in bio-
economy education as well as bioeconomy 
education at all levels; (iii) rethinking eco-
nomics: from infinite to post growth; (iv) a 
responsible use of  bio-based resources; and 
(v) an assessment of  the true burdens and 
benefits of  the bioeconomy (EU Youth 
Ambassadors 2024).

2.2  �The Rise of the Bioeconomy 
as a Global Concept

The EU is not the only region of the world 
where the concept of the bioeconomy has 
been promoted since the early 2000s. As 
shown in the following, the first decades of 
the twenty-first century saw the rise of the 
bioeconomic as a global concept. As of 2024, 
more than 60 countries had dedicated or 
related bioeconomy strategies (see .  Fig. 2.1 
below). Globally, the bioeconomy is increas-
ingly seen as an enabler for sustainable devel-
opment (see 7  Sect. 2.3 below).

2.2.1  �USA

In 2012, the Obama administration released 
an official US strategy on the bioeconomy 
entitled the ‘National Bioeconomy Blueprint’ 
(White House 2012). This strategy defined the 
bioeconomy as follows:

‘A bioeconomy is one based on the use of 
research and innovation in the biological sci-
ences to create economic activity and public 
benefit. The U.S. bioeconomy is all around us: 
new drugs and diagnostics for improved 
human health, higher-yielding food crops, 
emerging biofuels to reduce dependency on 
oil, and bio-based chemical intermediates, to 
name just a few’ (White House 2012, p  7). 
This definition reflects the two perspectives of 
the bioeconomy discussed above, the biotech-
nology innovation perspective and the 
resource substitution perspective. It is also 
notable that the US strategy strongly features 
the pharmaceutical industry as part of the 
bioeconomy.

On September 12, 2022, President Biden 
signed an Executive Order (EO) entitled 
‘Advancing Biotechnology and Biomanufac-
turing Innovation for a Sustainable, Safe, and 
Secure American Bioeconomy (White House 
2022)’. The EO aims at framing the promo-

       . Fig. 2.1  Bioeconomy policies and strategies globally 2020–2024 based on IACGB (2024). (© Valentin Schlecht)
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tion of bioeconomy development as a ‘whole 
of government’ task with commitments 
towards biotech research, development of the 
biotech workforce, enhanced support for bio-
manufacturing and the implementation of 
streamlined regulations aimed at lowering 
obstacles and reducing transaction costs 
(IACGB 2024). This strategy clearly puts an 
emphasis on the biotechnology innovation 
perspective.

2.2.2  �Latin America 
and the Caribbean

In developing their bioeconomy strategies, 
the countries of  Latin America and the 
Caribbean (LAC) focused on structural con-
ditions that allowed them to use the bioecon-
omy as a development model. These include 
the mega-biodiversity of  LAC countries (see 
7  Chap. 40), the important role of  agricul-
tural production as one of  the main eco-
nomic activities and a major contributor to 
their gross domestic product (GDP), the 
large amounts of  residual biomass from agri-
cultural production, and the high potential 
for expanding the production of  bio-based 
resources (Rodríguez et al. 2019). In Brazil, 
early initiatives to foster the bioeconomy 
through bioenergy production were further 
promoted in 2004 with the National Bio-
diesel Program (PNPB) and in 2007 with the 
National Policy of  Biotechnology Develop-
ment (Aramendis et al. 2018). In Argentina, 
supporting actions towards national bio-
economy programs started in 2005 (Aramen-
dis et al. 2018).

A collaboration with the emerging bioecon-
omy in the EU also contributed to the rise of 
the economy in the LAC region. An example is 
the bi-regional project ‘Towards a Latin 
American and Caribbean Knowledge Based 
Bio-Economy in partnership with Europe’ 
(2011–2013), which facilitated the identifica-
tion of key areas for the bioeconomy in LAC 
countries (Trigo et  al. 2013; Hodson de 
Jaramillo et al. 2019; Aramendis et al. 2018). 
Moreover, the regional organizations IICA 

(Inter-American Institute for Cooperation on 
Agriculture) and UN-ECLAC (UN Economic 
Commission for Latin American and the 
Carribean) promoted the bioeconomy as an 
engine for sustainable and inclusive growth and 
as a strategy for the transformation of the 
countries´ production systems. The promotion 
of the bioeconomy concept in the region 
strengthened the political willingness of LAC 
countries to design bioeconomy-related and 
sectorial policy strategies and programmes 
related to biotechnology, bioenergy and green 
growth (Siegel et al. 2022).

In the 2020s, dedicated bioeconomy strate-
gies gained prominence in the LAC region. 
Until 2020, Costa Rica had been the only 
LAC country that had a dedicated national 
bioeconomy strategy (IACGB 2020). In 2019, 
Colombia started developing a national bio-
economy strategy that was officially released 
in 2020 with an emphasis on industrialization, 
territorial development and sustainable biodi-
versity use (Johnson et al. 2022; IACGG 2024; 
Ministerio de Ciencia, Tecnología e 
Innovación 2020). In 2024, Brazil launched a 
national holistic bioeconomy strategy (MDIC 
2024; Glatzel et al. 2024). Among the objec-
tives of this strategy, social aspects and biodi-
versity play a key role. In this context, a new 
perspective on the bioeconomy emerged, 
which has been labelled the ‘socio-biodiversity 
bioeconomy’ perspective (see 7  Sect. 2.3.4 
below and 7  Chap. 40). This perspective is 
rooted in the aim to protect ecosystems and as 
well as social wellbeing and provide livelihood 
options to local communities in the forest 
areas of Brazil (IACGG 2024). This pathway 
is, for example, at the core of the state bio-
economy strategy of Pará, a state in the 
Brazilian Amazon region (Costa et al. 2020). 
Other LAC countries, such as Ecuador, 
Guatemala, Puerto Rico, Uruguay and 
Paraguay, have also started the process of 
developing dedicated bioeconomy strategies. 
Moreover, there are dedicated regional bio-
economy programmes and action plans for 
bio-based sectors and products, for research 
and development and for the use of biodiver-
sity (IACGG 2024).
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2.2.3  �Asia

Shortly after the US EO, China released its 
14th five-year plan, which also has a strong 
focus on the biotechnology innovation per-
spective. It contains the following key areas 
for development: (i) biomedicine for life and 
health; (ii) modernization of agriculture; (iii) 
green and low-carbon biomass applications; 
and (iv) national biosecurity risk prevention 
and control (IACGB 2024, p 22).

Other Asian countries, also published 
bioeconomy-related policies and strategies in 
the first two decades of the twenty-first century. 
For example, Malaysia already published a 
‘Bioeconomy Transformation Program’ in 2012 
(BÖR 2015a). Thailand and Japan also have 
dedicated bioeconomy strategies. Japan’s 
national bioeconomic strategy is subject to 
annual revisions, and Thailand introduced a 
‘Bio-Circular-Green Economy’ model as a stra-
tegic framework for national development and 
post-pandemic recovery (IACGB 2024, p 22).

2.2.4  �Africa

The bioeconomy also evolved on the African 
continent. South Africa already published a 
dedicated bioeconomy strategy in 2013, which 
focused on innovations in health, agriculture, 
environment and indigenous knowledge 
(BÖR 2015a). Since then, the Eastern African 
countries Burundi, Ethiopia, Kenya, Rwanda, 
South Sudan, Tanzania and Uganda cooper-
ated within the Network for Eastern African 
Development (BioInnovate Africa) to develop 
regional innovation-driven bioeconomy strat-
egies. The East African Community (EAC) 
developed a bioeconomy strategy for its mem-
ber states in 2022 (EAC 2022). EAC’s mission 
is to promote integration, economic develop-
ment, social progress and peace and security 
in the East African region. The EAC Strategy 
envisions the bioeconomy to drive sustainable 
economic growth in the region by creating 
jobs, making use of the region’s bioresources 
for products and services and to contribute to 
environmental protection and climate change 
mitigation.

2.2.5  �International Organizations

Another indication of the rise of the bioecon-
omy as a global concept is the inclusion of the 
bioeconomy into the strategies of interna-
tional organizations. The Food and 
Agriculture Organization of the UN (FAO) 
included bioeconomy in its most recent sci-
ence strategy (FAO 2024). FAO considers the 
bioeconomy as an opportunity for farmers 
and acknowledges the potential contribution 
of the bioeconomy to sustainable food and 
agriculture. The World Bank has also increas-
ingly made use of the bioeconomy concept, 
for example, by supporting countries to 
develop their bioeconomy strategies (see, e.g. 
World Bank 2023).

2.2.6  �Global Bioeconomy Summits

The rise of the bioeconomy as a global con-
cept has also been promoted by the Global 
Bioeconomy Summits. In December 2015, the 
first Global Bioeconomy Summit (GBS) was 
held in Berlin. The event was organized by the 
German Bioeconomy Council in collabora-
tion with the International Advisory Council 
on Global Bioeconomy (IACGB), an inde-
pendent think tank with the mission to pro-
mote the global bioeconomy as a sustainable 
and future looking movement for the benefit 
of planet and people. GBS 2015 brought 
together more than 700 bioeconomy experts 
from more than 80 countries (BÖR 2015b, 
p 4). The German Bioeconomy Council and 
IACGB organized two more Global 
Bioeconomy Summits in Germany, which 
were held under the auspices and with sup-
port of Germany’s Federal Ministries of 
Education and Research (BMBF) and of 
Food and Agriculture (BMEL). One was the 
GBS 2018, which was again held in Berlin and 
the other one was the GBS 2020, which was a 
virtual event due the Corona crisis at the time. 
Afterwards, the IACGB decided to hold the 
subsequent Global Bioeconomy Summits in 
different regions of the world. The GBS 2024 
was held in Nairobi, Kenya. It was hosted by 
the East African Science and Technology 
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Commission (EASTECO) of the East African 
Community (EAC), the International Centre 
of Insect Physiology and Ecology (icipe), the 
program BioInnovate Africa, and the 
Stockholm Environment Institute (SEI) in 
collaboration with 14 other organizations that 
served as partners and sponsors. More than 
500 participants came to Nairobi to attend the 
GBS 20204, and more than 3000 followed the 
summit online (See GBS24 2024).

The global view on the bioeconomy con-
cept, as expressed in the GBS communiques, 
has evolved and widened over time, as can be 
seen in the comparison of  the bioeconomy 
definitions provided in 7  Sect. 2.3.4. Along 
with the communique of  the IACGB in 2024, 
their Bioeconomy Youth Champions (BYC), 
representing 18 nationalities across the world, 
have published a ‘Youth Communiqué: A 
Shared Vision for a sustainable global bio-
economic’, in which they call to action for 
developing a sustainable bioeconomy and 
demand to: (i) empower Youth through edu-
cation and inclusive policies; (ii) enhance 
infrastructure and resources for sustainable 
development; and (iii) foster national, 
regional, and global collaboration and inno-
vation (IACGB Bioeconomy Youth 
Champions (BYC) 2024).

2.3  �Evolving Perspectives 
on the Bioeconomy

The rise of the bioeconomy as a global con-
cept has been associated with different per-
spectives, which have evolved over time. This 
section describes the evolution of these per-
spectives.

2.3.1  �Overview of Different 
Perspectives

As shown above, the development of  the 
concept of  the bioeconomy was initially 
characterized by two perspectives: (1) the 
resource substitution perspective and (2) the 
biotechnology innovation perspective. The 
early papers that led to the evolution of  the 

bioeconomy, such as the ‘Cologne Paper’ 
quoted above, already included references to 
climate protection as a justification for the 
bioeconomy (EU 2007, p  4). Moreover, the 
bioeconomy was generally regarded as a 
strategy to enable sustainable economic 
growth (see, e.g. EU 2007, p 4). However, as 
the bioeconomy concept was further devel-
oped during the second decade of  the twenty-
first century, it was increasingly recognized 
that environmental goals need to be included 
more explicitly into the bioeconomy concept 
as the use of  biotechnological innovations 
and the use of  bio-based resources are not 
‘automatically’ more environmentally 
friendly than alternative options (Gawel 
et  al. 2019). The increasing criticism of  the 
use of  bioenergy, which was associated with 
the food price crisis of  2008/2009, is a pro-
nounced example of  this shift in emphasis 
(see 7  Sect. 2.3.3 below).

The literature on bioeconomy perspec-
tives has been evolving in parallel with the 
development of  the bioeconomy concept. 
Taking this literature into account (Bugge 
et  al. 2016; Hausknost et  al. 2017; Meyer 
2017; Hoff  et  al. 2018; IACGB 2024), one 
can distinguish the following three clusters 
of  major perspectives on the bioeconomy 
(See .  Table 2.1):
	1.	 the resource substitution perspective;
	2.	 the bio-technology innovation perspective; 

and
	3.	 the green bioeconomy perspective, which 

encompasses the concepts of sustainabil-
ity, circularity; socio-biodiversity as well as 
transition and transformation.

These perspectives correspond to the visions 
that Bugge et al. (2016) identifies in his litera-
ture review as the ‘bio-resource vision’, the 
‘bio-technology’ vision and the ‘bio-ecology’ 
vision. ‘Bio-ecology’ refers to a branch of 
‘ecology dealing with the interrelation of 
plants and animals with their common envi-
ronment’ (Merriam-Webster 2024). Instead of 
this term, the label ‘Green Bioeconomy’ has 
been selected here as it encompasses a broader 
range of bioeconomy approaches than the 
term ‘bio-ecology’ suggests.
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.       Table 2.1  Perspectives on the Bioeconomy

(1) Resource Substitution 
Perspective

(2) Biotechnology Innovation 
Perspective

(3) Green Bioeconomy Perspective 
(sustainability; circularity; 
socio-biodiversity; transformation 
and transition)

Focus Focuses on replacing 
fossil-based by bio-based 
resources (bioenergy, 
bio-based materials)

Focuses on research and 
application of life sciences 
and bio-technology in 
different sectors of the 
economy

Focuses on sustainability and the 
importance of ecological processes, 
including sustainable use of 
biodiversity and the relation with 
socio-cultural diversity

Main 
aspects

Resource management; 
emphasis on sustainable 
agriculture, forestry, and 
marine resources 
management; promoting 
practices that ensure 
long-term resource 
availability

Technological innovation 
and industrial transforma-
tion: investment in research 
and development (R&D) and 
collaboration with tech 
sectors to improve the 
efficiency of biological 
production processes

Sustainability, circularity, socio-
biodiversity; transition and transfor-
mation; ecosystem services; 
sustainable use of and conservation 
of biodiversity in different 
ecosystem, including forests and 
agroforestry systems; regeneration 
of natural resources; diversification 
of value chains into value webs; 
social inclusion; traditional 
knowledge and practices

Major 
driving 
forces

Expectation that prices 
for fossil resources will 
continue to increase; 
climate change mitiga-
tion (e.g. Paris climate 
agreement)

Advances in the biological 
sciences; technological 
developments and commer-
cial innovations

Climate change (e.g. Paris climate 
agreement); need to respect 
planetary boundaries and address 
biodiversity crisis and deforestation; 
recognition of role of local 
communities in sustainable use of 
agro- and forest ecosystems; goal of 
inclusiveness and equity

Overall 
rationale

Resource substitution 
and stimulating 
development in rural 
regions, regional resource 
autonomy

Achieve economic growth, 
improved international 
competitiveness, additional 
jobs

Place-based local and regional 
sustainable value chains; decentral-
ized, territorial approaches; 
alternative forms of the economy; 
local development and small-scale 
production

Source: prepared by the authors

2.3.2  �Early Perspectives: Resource 
Substitution 
and Biotechnology 
Innovation

Inherent in the concept of a bioeconomy is 
the challenge and the opportunity to replace 
fossil-based with bio-based resources 
(resource substitution perspective). A driving 
force behind this perspective was the concept 
of ‘peak oil’, which implies that oil extraction 
rates had reached its peak and that extraction 

rates would fall after the peak, while oil prices 
would continuously increase (Bardi 2009). A 
rising oil price increases the comparative 
advantage of using biomass. The oil price cri-
sis of 2007/08 reaffirmed the ‘peak oil’ percep-
tion. The increasing use of food crops for 
biofuel contributed to the spike in food prices 
that was observed following the oil price crisis. 
This development was primarily triggered by 
high oil prices (Heady and Fan 2008). Biofuel 
policies, such as biofuel subsidies and man-
dates to add biofuel to commercial petrol, 
became subject to increasing criticism, as 
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researchers established the impact that they 
can have on food prices (deGorter et al. 2013). 
These developments had two important impli-
cations for the bioeconomy: First, the poten-
tial tension between ensuring food availability 
and using biomass for energy purposes 
became an important topic in the public pol-
icy debate surrounding the bioeconomy, as 
will be further discussed below. Second, 
increasing attention was paid to the need to 
increase the productivity of biomass produc-
tion and to develop options for producing and 
using biomass that are not in conflict with 
food availability. Such options include second-
generation technologies and the use of by-
products and waste products for bioenergy 
production.

As both energy and food prices are more 
volatile as compared to the 1990s (Kalkuhl 
et al. 2016; Baumeister and Kilian 2016), the 
resource substitution perspective remains an 
important driver especially for countries with 
vast availability of biomass.

.  Figure 2.2 illustrates the resource sub-
stitution perspective of the bioeconomy. This 
diagram was developed by the German 
Bioeconomy Council in 2010 (BÖR 2010). 
Essential components of the bioeconomy are, 
as seen in .  Fig. 2.2, the production of bio-
mass in various forms, its conditioning and 
conversion using different procedures, and the 
production and marketing of food, feed, fibre 
fuel, and ‘fun’. The term ‘fun’ refers to prod-
ucts such as flowers.

       . Fig. 2.2  The Resource-substitution perspective of  the bioeconomy
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As shown above, the concept of  the bio-
economy has, right from its very beginning, 
included a biotechnology innovation per-
spective next to a resource substitution per-
spective. This biotechnology innovation 
perspective refers to the application of  inno-
vative tools from the fields of  biology and 
chemistry, which are key for the use of  bio-
technological processes and the generation 
of  bioeconomy products in a wide range of 
economic sectors, including the chemical 
industry. Accordingly, the opportunity to 
make economic use of  innovations in bio-
technology and, more generally, in the life 
sciences has become a major rationale for 
this perspective on the bioeconomy.

A main target of  this perspective is to 
enhance the competitiveness of  the biotech-
nology sector in order to better utilize its 
potential. The bio-technological innovation 
perspective focuses on biotechnology’s 
potential to make processes in a wide field 
of  applications more efficient and sustain-
able. A prominent example is the use of 
enzymes in laundry detergents, which reduce 
greenhouse gas emissions by lowering the 
temperature required for household laun-
dering (Al-Ghanayem and Babu 2020).

Other examples include the use of  bio-
technology for creating sustainable alterna-
tives to fossil-based products, developing 
biofuels, enhancing crop yields, and produc-
ing eco-friendly chemicals. The aim is not 
only to foster the growth of  bio-based indus-
tries but also to position a country’s biotech-
nology sector as globally competitive and 
technologically advanced. This perspective 
considers biotechnology as integral to sus-
tainable solutions in fields such as health-
care, agriculture, and industrial production, 
positioning it as essential for transitioning to 
a low-carbon economy while reducing eco-
logical footprints across sectors. The section 
on ‘Industrial Biotechnology’ in the German 
Bioeconomy Policy Strategy of  2014 (BMEL 
2014, p 31ff) illustrates this early perspective 
very well.

2.3.3  �Criticism Against the Early 
Perspectives

The global rise of the concept of the bioecon-
omy has not been without its critics. This crit-
icism contributed to ‘the greening of the 
bioeconomy’, which led to the set of perspec-
tives presented in the third column of 
.  Table  2.1 One can distinguish two major 
types of criticism, which one can label the 
‘fundamental critique’ and the ‘greenwashing 
critique’.

2.3.3.1	 �The Fundamental Critique 
of the Bioeconomy Concept

The fundamental critique of the bioeconomy 
focuses not only on its environmental, but 
also on its social impacts. An example of the 
fundamental critique are the writings by Birch 
and co-authors (Birch 2006; Birch et al. 2010). 
They criticize the bioeconomy as the ‘neo-
liberalization of nature’. The authors analyse 
the emerging discourse of the Knowledge-
Based Bioeconomy in the EU and criticize 
that the development of the concept has been 
dominated by what they refer to as a ‘neolib-
eral ideology’. Accordingly, the criticism of 
the bioeconomy concept is linked to a more 
general critique of ‘a neoliberal regime in 
which market values are installed as the over-
riding ethic in society and the market rule is 
imposed on all aspects of life’ (Birch 2006, 
p  4). Related to this type of criticism is the 
claim that the concept has been promoted to 
pursue the interest of big companies, which 
are interested in commercializing innovations 
in the life sciences and in applying technolo-
gies that are contested in society, such as 
genetic engineering and synthetic biology. 
This narrative also comprises the fear that a 
bioeconomy expansion can create uneven eco-
nomic benefits. While it may boost rural econ-
omies by creating new markets for biomass, 
large agribusinesses often dominate, leaving 
smaller producers at a disadvantage and rein-
forcing economic inequality in certain areas 
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of the developing world (Bastos Lima 2021; 
Backhouse 2021; Backhouse et al. 2022).

The fundamental critique of the bioecon-
omy often focusses on the resource substitu-
tion perspective. An example is a paper by 
Gottwald and Budde that was published in 
2015 on the occasion of the Global 
Bioeconomy Summit of 2015. These authors 
argue that the bioeconomy would promote 
‘land grabbing’ and threaten world food secu-
rity (Gottwald and Budde 2015). In essence, 
this type of critique makes the argument that 
an increased use of biomass demand in the 
EU will exacerbate global land use competi-
tion and pressures on ecosystems (Fleischmann 
et al. 2024). The critics also point out that as a 
result of this growing demand for biomass, 
prices for raw commodities—like crops used 
for food—might increase, which will threaten 
food affordability and security. Critics also 
point out that this can disproportionately 
impact rural and indigenous communities, 
raising ethical concerns about the fair distri-
bution of benefits and land rights (Sarmiento 
Barletti et  al. 2021; Dauvergne and Neville 
2010). This criticism has led to a narrative 
shift toward a more inclusive bioeconomy, 
one that calls for equitable participation of 
small and local producers. Moreover, this crit-
icism called for a ‘food first’ objective, which 
had—however  - already been formulated in 
the Communiqué of the first Bioeconomy 
Summit of 2015 (IACGB 2015).

Another version of  the fundamental cri-
tique focuses on the bioeconomy’s reliance 
on biotechnological and synthetic innova-
tions, which is seen as a form of  ‘technologi-
cal fix’ that does not address the underlying 
problems of  overconsumption and waste 
(see, e.g., Lühman and Vogelpohl 2023). 
Critics also argue that the increasing use of 
biomass for energy and materials can put 
added pressure on ecosystems (Muscat et al. 
2021; O’Brien et al. 2015). This growth risks 
surpassing biophysical limits, meaning the 
quantity of  biomass that can be sustainably 
harvested without exceeding the land and 
ecosystems’ regenerative capacity (Erb and 
Gingrich 2022).

These types of fundamental critique of the 
bioeconomy can be linked to a clash between 

two paradigms or worldviews regarding envi-
ronmental policy. They have been described 
by Mann (2018) as the ‘wizard’s’ and ‘proph-
et’s’ paradigm. The ‘wizard’s paradigm’ is 
associated with a focus on technological inno-
vations as solution to environmental problems, 
whereas the ‘prophet’s paradigm’ holds that 
environmental problems can only be resolved 
by cutting back consumption in order to 
respect environmental limits.

	> Mann (2018) traces these perspectives back 
to influential personalities. The wizard is 
associated with Norman Borlaug, whose 
path-breaking innovations in crop breeding 
made an unprecedented increase in crop 
productivity possible. The prophet is 
associated with William Vogt, a pioneer of 
the environmental movement. In his book 
‘Road to Survival’, published in 1948, Vogt 
warned against the effects of population 
growth, increased consumption and the 
associated environmental effects (Vogt 1948).

The proponents of  the bioeconomy are often 
associated with the wizard’s perspective, as 
they focus on technological innovations, 
whereas the fundamental critics often repre-
sent the ‘prophet’s’ perspective, as they warn 
against the possible negative effects of  bio-
economy innovations and emphasize the 
limits of  growth. As Barben et  al. (2021) 
point out, these two perspectives are not nec-
essarily exclusive, since bioeconomy policies 
could at the same time pursue sustainable 
innovations as well as a reduction in con-
sumption.

2.3.3.2	 �The ‘Greenwashing Critique’ 
of the Bioeconomy Concept

The second type of critique of the bioeco-
nomic can be interpreted as an effort to bring 
the wizard’s and the prophet’s perspective 
together. Hence, this criticism is not funda-
mentally opposed to the concept of the bio-
economy, but rather makes it clear that the 
bioeconomy is not ‘automatically’ sustain-
able. Consequently, this critique warns against 
the use of the bioeconomy concept for ‘green-
washing’. An early example of this type of 
critique is a report by the World Wide Fund 
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for Nature published in 2009 (WWF 2009), 
which is entitled ‘Industrial biotechnology—
More than green fuel in a dirty economy?’ 
This report acknowledges the potential of the 
bioeconomy to make modern economic sys-
tems more environmentally sustainable, but 
points out that the approaches that have been 
promoted under the label bioeconomy do not 
necessarily realize this potential. The thrust of 
this criticism is to ensure that the label ‘bio’ is 
not misused to portray an essentially non-
sustainable economic system as environmen-
tally friendly, but to ensure that innovations in 
the life sciences are indeed used to ensure a 
transition towards a sustainable economic 
system.

Critics who argue that the bioeconomy is 
not necessarily sustainable also point to the 
problem of  the so-called ‘rebound effects’, 
which is an important concept in environ-
mental economics. A rebound effect occurs, 
when improvements in resource efficiency, 
e.g. in the production or conversion of  bio-
mass, lead to increased overall consumption. 
The underlying mechanism causing this 
effect is improved efficiency, which reduces 
the price of  the respective good and, hence, 
increases the demand for it. This kind of  crit-
icism has been formulated by authors who 
emphasized the need to make the bioecon-
omy circular, as a rebound effect may occur, 
for example, when re-circulated products 
cannot effectively compete with primary pro-
duction products, leading consumers to buy 
more disposable items, thereby increasing the 
overall environmental impact (Salvador et al. 
2021, p 11; Zink and Geyer 2017) (see also 
7  Sect. 3.3).

The scepticism and criticism associated 
with the bioeconomy concept has been impor-
tant in stimulating a productive debate and an 
exchange of information, ideas and values. 
This has had beneficial effects on the develop-
ment of the bioeconomy paradigm, as will be 
further discussed in the next section.

	> Do you want to learn more about the 
criticism against the bioeconomy? Take a 
look at Supplementary .  Video 2.1, a 
video from our MOOC ‘Concepts of 
Sustainable Bioeconomy’ (2021).

2.3.4  �‘Greening’ the Bioeconomy

The rising criticism that the bioeconomy is 
not per se sustainable contributed to a process 
that has been described above as ‘greening the 
bioeconomy’. This evolution reflects a 
broader, more mature understanding of bio-
economy, one that sees sustainability as a core 
principle rather than an optional add-on, thus 
making the bioeconomy an essential player in 
the transition to a circular, climate-resilient 
economy. The process of ‘greening the bio-
economy’, comprises a set of different ‘green 
perspectives’, including the alignment of bio-
economy with the concepts of sustainability, 
making the bioeconomy part of a green and a 
circular economy, linking the bioeconomy to 
socio-biodiversity, and using the bioeconomy 
as a strategy of economic and societal transi-
tion and transformation. These perspectives 
are described in more detail in the following.

2.3.4.1	 �Bioeconomy 
and Sustainability

The increasing concern about ensuring sus-
tainability is reflected in an adjustment of the 
definition of the bioeconomy over time. The 
Communiqué of the Global Bioeconomy 
Summit of 2015, which was entitled ‘Making 
Bioeconomy Work for Sustainable 
Development’, included the following defini-
tion:

	» Bioeconomy is defined in different ways 
around the world. We have not aimed for a 
unified definition but note that an under-
standing of  “bioeconomy as the knowledge-
based production and utilization of 
biological resources, innovative biological 
processes and principles to sustainably pro-
vide goods and services across all economic 
sectors” is shared by many (IACGB 2015, 
p 4, emphasis added).

At the 2018 GBS, this definition was extended 
in the Communiqué titled ‘Innovation in the 
Global Bioeconomy for Sustainable and 
Inclusive Transformation and Wellbeing’ as 
follows:

	» Bioeconomy is the production, utilization 
and conservation of  biological resources, 
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including related knowledge, science, tech-
nology and innovation, to provide informa-
tion, products, processes and services in all 
economic sectors aiming toward a sustain-
able economy (GBS2018 Communiqué 2018, 
p.4, emphasis added).

This global view on the bioeconomy concept 
has further evolved and became wider over 
time as can be seen in the most recent defini-
tion of the bioeconomy provided in the 2024 
GBS Communiqué, which includes sustain-
ability aspects related to social and biodiver-
sity features and explicitly includes the notion 
of economic transformation:

	» The bioeconomy is the production, utiliza-
tion, conservation, and regeneration of bio-
logical resources, including related 
knowledge, science, technology and innova-
tion, to provide sustainable solutions (infor-
mation, products, processes and services) 
within and across all economic sectors and 
enable a transformation to a sustainable econ-
omy. The bioeconomy is not a static notion 
and its meaning is continually evolving (GBS 
2024 Communiqué, p.1, emphasis added).

The reference to sustainability can be placed 
within the context of the wider societal goal 
of ‘sustainable development’. This concept 
had entered the international policy agenda 
already in the 1980s. The UN Commission on 
Environment and Development defined ‘sus-
tainable development’ in its report ‘Our 
Common Future’ as follows:

‘Development that meets the needs of the 
present without compromising the ability of 
future generations to meet their own needs’ 
(WCED 1987, p  41). The Commission on 
Environment and Development is also known 
as the Brundtland Commission, named after 
its chair, Gro Harlem Brundtland, who was 
then prime minister of Norway and first polit-
ical leader who came to this position after hav-
ing been a minister of environment before. As 
Brundtlandt points out, the Commission 
aimed at bringing two major concerns together, 
which had been emerged in the international 
agenda in previous decades but were hitherto 
treated rather independently: the concern 
about environmental problems in industrial-

ized countries on the one hand, and the con-
cern about poverty and population pressure in 
developing countries on the other hand 
(WCED 1987). The definition of sustainable 
development reflects the goal to address these 
two concerns jointly. The concept of sustain-
able development was reaffirmed at the 
‘International Conference on Environment 
and Development’ in Rio de Janeiro in 1992, 
also referred to as the Rio Earth Summit. At 
this Conference, the representatives of more 
than 170 nations passed a major global action 
program called ‘Agenda 21’, which had four 
program areas: social and economic dimen-
sions, conservation and management of 
resources, strengthening major groups, includ-
ing civil society organizations, and means of 
implementation (UN 1992). The Agenda 21 
promoted the notion that ‘sustainable devel-
opment’ has three dimensions: an economic, a 
social and an environmental dimension. 
Accordingly, the principle that the bioecon-
omy has to be sustainable covers not only the 
environmental dimension, but also the eco-
nomic and social dimension. The concept of 
sustainability and its relevance for the bio-
economy is further discussed in 7  Chap. 3 of 
this book. At the Rio+20 Conference in Rio 
de Janeiro in 2002, the participants adopted a 
resolution entitled ‘The future we want’ (UN 
2012). The international community hereby 
also agreed on a process to establish sustain-
able development goals as a follow-up to the 
Millennium Development Goals that had been 
agreed upon in 2000 and covered the time 
period until 2015 (UN 2012, p 46ff). A set of 
17 ‘Sustainable Development Goals’ (SDGs) 
were adopted by the UN in 2015. Learn more 
about the SDG on 7  this website.

As the review by Bugge et  al. (2016) 
showed, the alignment of the bioeconomy 
with sustainability goals led to new aspects for 
bioeconomy development, such as the cascad-
ing use of biomass; the optimization of energy 
and nutrient use; the conservation of biodi-
versity; and the promotion of soil health and 
agro-ecological practices. The need to make 
the bioeconomy sustainable also called for 
moving from bio-based value chains to value 
webs, which are created by the cascading use 
of bio-based materials (Scheiterle et al. 2018). 
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To ensure a sustainable bioeconomy, life cycle 
assessments have also gained importance (see 
e.g. Sinkko et al. 2023 and 7  Chap. 41).

Since the SDGs include social goals, align-
ing the bioeconomy with sustainability prin-
ciples also led to an emphasis on 
environmental justice, stakeholder participa-
tion and respect for ecological limits to ensure 

that growth in bio-based sectors does not lead 
to social inequities (see, e.g. van der Veen et al. 
2024).

The bioeconomy has also grown to play a 
central role especially in major sustainability 
efforts, for example, in policy frameworks 
such as the EU Green Deal.

�Excursus 2.1: The EU Green Deal and Bioecon omy

The European Green Deal is an ambitious 
initiative aimed at transforming the EU into a 
climate-neutral, resource-efficient economy by 
2050. It was formulated as a Communication of 
the European Commission’ in 2019 (EC 2019b) 
and approved by the European Parliament 
in early 2020. It formed the basis of a set of 
policy initiatives in different sectors, including 
the ‘Farm to Fork’ Strategy for the agricultural 
and food sector (EC 2019a). The bioeconomy 
plays a critical role in supporting this vision by 
advancing the shift from fossil-based to renew-
able, bio-based resources. This transition is 

essential within the Green Deal framework, as 
it aligns with its goals of reducing carbon emis-
sions, preserving ecosystems, and promoting 
sustainable development. Through the financial 
support, policy guidance, and regulatory incen-
tives embedded in the Green Deal, bioeconomy 
development is prioritized as a vital pathway to 
achieving a sustainable, climate-neutral Europe. 
The EU Green Deal positions the bioeconomy 
as a way to meet climate goals by reducing reli-
ance on fossil resources and enhancing carbon 
sequestration, especially through practices in 
agriculture, forestry, and energy.

The sustainability perspective has also pro-
moted a shift in focus from the supply-side of 
the bioeconomy to the demand-side, that is, a 
shift from technological innovations and com-
panies that commercialize them to the con-
sumers and to society at large. This trend can 
be seen, for example, in the recent European 
Commission (EC) Bioeconomy Progress 
Report, which emphasizes that ‘consumption 
patterns need to become more sustainable to 
guarantee environmental integrity, as techno-
logical solutions alone cannot close the gap 
between sustainable supply of biological 
resources and demand’ (EC 2022).

2.3.4.2	 �Bioeconomy and the Green 
Economy

In the UN Resolution ‘The world we want’ 
(UN 2012) mentioned above, the concept of 
the ‘green economy’ as ‘one of the important 
tools available for achieving sustainable devel-
opment’ (UN 2012, p  10) was highlighted. 
The United Nations Environment Program 
(UNEP) defined a green economy.

	» as one that results in improved human 
well-being and social equity, while signifi-
cantly reducing environmental risks and 
ecological scarcities […] In its simplest 
expression, a green economy can be 
thought of  as one which is low carbon, 
resource efficient and socially inclusive 
(UNEP 2011, p 16).

�Excursus 2.2: Low Carbon Economy

A low-carbon economy focuses specifically 
on reducing carbon emissions to address 
climate change. This approach prioritizes 
energy efficiency, renewable energy (like 
wind, solar and bioenergy), and innova-
tions that cut carbon output in sectors like 
transportation, industry and power genera-
tion. The main goal is to lower greenhouse 
gas emissions while maintaining economic 
growth (Sengupta et al. 2019).
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In the academic literature, the concept of the 
green economy has a long history (see review 
by Loiseau et al. 2016).

The question arises as to how the concept 
of bioeconomy is linked to the concept of the 
green economy. Ultimately, this is a matter of 
definition. One option is to consider the bio-
economy as an integral component of the 
green economy. According to this view, one 
may consider renewable energy sources that 
do not rely on biological resources, such as 
wind and solar energy, as part of the green 
economy but not as part of the bioeconomy. 
.  Figure 2.3 below illustrates this conceptu-
alization.

2.3.4.3	 �Bioeconomy and the Circular 
Economy

Next to the concept of  the green economy, 
another concept has gained prominence in 
recent years: the concept of  a ‘circular econ-
omy’. The Communiqué of  the 2015 Global 
Bioeconomy Summit mentioned above 
emphasized the need to align the principles 
of  a sustainable bioeconomy with the prin-
ciples of  a circular economy, which ‘would 
involve systemic approaches across sectors 
(i.e. nexus thinking), particularly innovation 
policy measures that aim at optimizing 
Bioeconomy value networks and minimizing 
waste and losses’ (Bioeconomy Summit 2015, 
p 5). By 2024, the concept of  circularity had 
become even more prominent. The GBS2024 
Communiqué frequently refers to the con-
cept of  circularity, as in the following state-
ment: ‘During the last 10–15  years, the 
bioeconomy has indeed developed from a 
research driven field of  experts to a cross-

sectoral and inclusive model for a circular 
and sustainable economy’ (GBS 2024, p  5, 
emphasis added).

This concept of the circular economy was 
popularized in a classical textbook on environ-
mental economics by David Pearce and Kerry 
Turner in 1989 (Pearce and Turner 1989). 
These authors trace it back to a landmark essay 
by Kenneth Boulding published in 1966, in 
which Boulding emphasized the need to man-
age the economy not as an open system but as 
a ‘spaceship’, where ‘man must find his place in 
a cyclical ecological system which is capable of 
continuous reproduction of material form’ 
(Boulding 1966, p  112.) As a review by 
Ghisellini et  al. (2016) shows, the concept of 
the circular economy has mostly been associ-
ated with the adoption of closing-the-loop pro-
duction patterns within an economic system, 
and with aims to increase the efficiency of 
resource use, placing a specific focus on urban 
and industrial waste (Ghisellini et  al. 2016, 
p  11). As such, the concept of the circular 
economy is narrower in scope than the con-
cepts of the green economy and the bioecon-
omy. The demand to link the bioeconomy with 
the principles of the circular economy can, 
however, play an important role in ensuring 
that the bioeconomy is, indeed, sustainable (see 
7  Chap. 3). Moreover, the focus on renewable 
resources and on biotechnological innovations, 
which are central elements of the bioeconomy, 

       . Fig. 2.3  The bioeconomy as a component of  the 
green economy

A green economy aims to preserve biodiver-
sity, reduce pollution, manage waste 
responsibly and ensure the sustainable use 
of natural resources. It encompasses social 
equity, advocating for economic growth 
that benefits all parts of society and mini-
mizes environmental degradation overall 
(Bailey and Caprotti 2014).
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can play an important role in implementing the 
principles of the circular economy.

An increased emphasis on linking the 
concept of  the bioeconomy with the con-
cept of  circularity can be seen in the rising 
use of  the term ‘circular bioeconomy’. This 
term has, for example, been used by the 
European Commission to underscore the 
importance of  circular principles in bio-
based processes. In the EU, this inclusion of 
circularity principles in the bioeconomy was 
also marked by the transition from the Bio-
Based Industries Joint Undertaking (BBI 
JU) to the Circular Bio-based Europe Joint 
Undertaking (CBE JU).

The Circular Bio-based Europe Joint 
Undertaking (CBE JU) is the successor to 
BBI JU, launched as part of  the EU’s 
Horizon Europe program (2021–2027). CBE 
JU aims to build on BBI JU’s foundation but 
with an expanded vision that includes the 
principles of  a circular economy. This stron-
ger focus towards embedding circular econ-
omy principles into Europe’s bio-based 
industry is aligned with the EU’s sustainabil-
ity and climate goals (e.g. the EU Green 
Deal) and emphasizes the need to close 
resource loops and minimize waste through-
out the economy.

The concept of circularity and its relevance 
for the bioeconomy is further discussed in 
7  Chap. 3 of this book.

2.3.4.4	 �Bioeconomy 
and Socio-Biodiversity

In recent years, the biodiversity crisis has 
become, next to the climate crisis, a driving 
force of bioeconomy development. Global 
concerns about the loss of biodiversity have a 
long history and they stimulated the develop-
ment of the Convention on Global 
Biodiversity, which signed by 150 government 
leaders at the Rio Earth Summit mentioned 
above. The Framework Convention on 
Climate Change had been signed at the same 
occasion, but while climate change was an 
early driver of the bioeconomy, biodiversity 
conservation has become more prominent 
only in recent years (IACGB 2024; Bastos 
Lima and Palme 2022).

As pointed out above, it was in particular 
the development of the bioeconomy in the 
Latin American region, which identified the 
unique potential of the bioeconomy to con-

�Excursus 2.4: Circular Bio-based Europe 
Joint Undertaking (CBE JU)

The Circular Bio-based Europe Joint 
Undertaking (CBE JU) represents a €2 bil-
lion public-private partnership between 
the European Union and the Bio-based 
Industries Consortium (BIC), aimed at 
advancing competitive, circular bio-based 
industries within Europe. CBE JU’s mission 
is to synergize efforts across a broad spec-
trum of stakeholders—from agricultural 
producers to research scientists—to address 
the sector’s technological, regulatory, and 
market challenges. Through its collaborative 
funding model, CBE JU enhances innova-
tion capacity, accelerates market integration 
of bio-based solutions, and facilitates path-
ways for future investment and development 
in the European bioeconomy.

�Excursus 2.3: Bio-Based Industries Joint 
Undertaking (BBI JU)

The Bio-Based Industries Joint Undertaking 
(BBI JU) was a public-private partnership 
between the European Union and the Bio-
based Industries Consortium (BIC), initi-
ated through the EU Bioeconomy Strategy 
in 2012. Launched in 2014, BBI JU was 
part of the EU’s Horizon 2020 research 
and innovation program. Its purpose was 
to accelerate the development of sustain-
able and innovative bio-based products and 
materials by funding projects.
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tribute to biodiversity conservation. This bot-
tom-up perspective is rooted in forest regions 
of Latin America. Importantly, this perspec-
tive integrates the relations between two main 
elements: biological diversity and socio-
cultural diversity. The term ‘socio-biodiversity’ 
has been coined to capture this link, which 
was then associated with bioeconomy, result-
ing in the concept of ‘socio-biodiversity bio-
economy’ (Costa et  al. 2020; Ribeiro et  al. 
2020; Saes et al. 2023). This perspective is also 
relevant for other regions of the world, which 
have important forest territories where the use 
of local biodiversity resources (e.g. non-
timber forest products) is interlinked with cul-
tural identity and local livelihood options. As 
has been pointed out above, different bioecon-
omy policy strategies of LAC emphasize the 
conservation of biodiversity by its sustainable 
use and potential for developing inclusive 
local value chains, as in the national bioecon-
omy strategies of Colombia, Brazil and Costa 
Rica. This perspective places emphasis on 
regionalized solutions, the participation of 
local communities, the development of fair 
and inclusive livelihood options, the promo-
tion of agroforestry and the diversification of 
agriculture based on biodiversity, e.g., by pro-
moting minor, novel and indigenous crops 
(Ollinaho and Kröger 2023). This perspective 

also highlights the role of traditional knowl-
edge and cultural identity in forest areas, to 
the point of considering other forms of eco-
nomic relations and value systems, which go 
beyond utilitarian relations with nature. Thus, 
this perspective differs from other bioecon-
omy perspectives and addresses the funda-
mental critique of the bioeconomy described 
in 7  Sect. 2.3.3 above (Bastos Lima and 
Palme 2022; de Queiroz-Stein and Siegel 2023; 
de Queroz-Stein et  al. 2023; Ollinaho and 
Kröger 2023). The linkages between bioecon-
omy and biodiversity are further discussed in 
7  Chap. 40 of this book.

2.3.4.5	 �Bioeconomy as a Transition 
and Transformation Strategy

As can be seen from the above definitions, the 
development of the bioeconomy concept was 
initially characterized by a focus on the ‘supply-
side’ of the bioeconomy, that is by a focus on 
the supply of goods and services that are based 
on biological resources and biotechnological 
processes. In recent years, more emphasis has 
been placed on the demand-side of the bio-
economy and, more generally, on the role of 
the bioeconomy in society (see 7  Chap. 36).

.  Figure  2.4 represents a more holistic 
view of the bioeconomy, which takes people—
as consumers and citizens—explicitly into 

       . Fig. 2.4  Holistic concept of  the bioeconomy
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account. This diagram was developed by a 
team from the University of Hohenheim as 
basis for the Master Program ‘Bioeconomy’, 
which started in 2014.

As shown in the diagram, preferences and 
values of people, which translate into needs 
and demands for (new) bio-based products, 
are as essential for the bioeconomy as is the 
production of those products. This holistic 
view of the bioeconomy requires a transdisci-

plinary systems analysis. The issue of trans-
disciplinarity is dealt with in 7  Chaps. 3 and 
37 of this book. Taking the societal embed-
dedness of the bioeconomy a step further, one 
can also consider the bioeconomy as an essen-
tial element in a process of an economic and 
societal transformation or transition, which is 
required to transform the current economic 
system into one that is economically, 
environmentally and socially sustainable.

�Excursus 2.5: Bioeconomy Transition Versus Bioeconomy Transformation

The development of the sustainable bioeconomy 
requires a far-reaching change of the current 
economy and society. While often used inter-
changeably within the context of the bioecon-
omy (e.g. Urmetzer et al. 2020), transition and 
transformation are two concepts that describe 
different types of change (Hölscher et al. 2018):

	5 Transition refers to a gradual process of 
moving from one state or condition to 
another, usually within a familiar frame-
work or system. It involves incremental 
adjustments rather than a complete over-
haul. Transition processes refer to how 
change is happening, in particular by envi-
sioning a step-by-step approach.

	5 Transformation implies a profound and 
fundamental change, resulting in a new 
form, structure, or identity. It is often sys-
temic and irreversible, requiring deep 
changes across multiple levels. The term 
transformation is also often used in norma-
tive statements, referring to what should be 
changed.

The bioeconomy embodies aspects of both tran-
sition and transformation: Developing a bio-
economy ultimately demands a transformative 
approach to different sectors, including energy, 
agriculture and industry. It also requires a 
transformative approach to consumption. This 
is because the bioeconomy redefines the fun-
damental resources that power modern econo-
mies, shifting the basis from finite to renewable, 

bio-based resources. This process is not merely 
about substituting materials. According to the 
biotechnology innovation perspective, it also 
requires integrated innovative technologies, 
such as biorefineries and synthetic biology. The 
bioeconomy also demands changes in poli-
cies, societal values and consumption patterns, 
as it requires a rethinking of the relationship 
between human activity and nature. As Barben 
et al. (2021) point out, the bioeconomy is not 
likely to evolve by itself, it requires the politi-
cal will to implement game-changing measures 
and create conducive conditions for its devel-
opment, especially since existing policy frame 
conditions often support industries that rely 
on fossil-based resources. However, especially 
the early stage of the bioeconomy develop-
ment includes transitional elements, such as the 
implementation of biofuels as bridge technol-
ogy for the defossilization of the economy, or 
the use of digital tools for the implementation 
of sustainable intensification of agricultural 
practices. Moreover, a bioeconomy transforma-
tion requires transitional step-by-step changes, 
because disruptive changes are difficult to pur-
sue in democratic systems, as it is challenging 
to build the political support that they require.

In essence, bioeconomy transition and 
transformation are two relevant aspects of a 
change process that are largely interrelated 
and often merge into each other. Therefore, the 
interchangeable use of the two terms is under-
standable.
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2.4  �Conclusion

As this chapter has shown, the bioeconomy 
entails a multifaceted set of concepts and per-
spectives, which have been continuously evolv-
ing over time, partly in response to criticism. 
In spite of its diversity and evolving nature, 
the bioeconomy has emerged as a globally rel-
evant concept, which has demonstrated a 
unique capacity to integrate different perspec-
tives. This is impressively demonstrated by the 
Global Bioeconomy Summits, which have 
provided a forum where a global community 
has developed a shared vision of the bioecon-
omy, which acknowledges diversity and sup-
ports locally different goals and strengths 
(IACGB 2024).

?	Questions
	1.	 How is the bioeconomy defined and 

how did this concept evolve over time?
	2.	 What characterizes the resource substi-

tution perspective of  the bioeconomy 
on the one hand and the biotechnology 
innovation perspective on the other 
hand?

	3.	 Which types of  criticism have been for-
mulated against the concept of  the bio-
economy?

	4.	 What are the relations between the 
concept of  the bioeconomy and the 
concepts of  sustainable development, 
green economy, circular economy, 
socio-biodiversity, and transition and 
transformation?

	v Answers
	1.	 The bioeconomy has been defined by 

the Global Bioeconomy Summit of 
2024 as ‘the production, utilization, 
conservation, and regeneration of  bio-
logical resources, including related 
knowledge, science, technology and 
innovation, to provide sustainable 
solutions (information, products, pro-
cesses and services) within and across 
all economic sectors and enable a 
transformation to a sustainable econ-
omy’. The concept of  a knowledge-
based bioeconomy was first promoted 
in the European Union starting in the 

early 2000s. Since then, it emerged as a 
global concept, as an increasing num-
ber of  countries in all regions of  the 
world adopted dedicated or bioecon-
omy related policies and strategies.

	2.	 The resource substitution perspective of 
the bioeconomy focuses on the replace-
ment of  fossil-based resources by bio-
based resources, especially in the form 
of  bioenergy and bio-based materials. 
This perspective was initially driven by 
concerns about limited resource avail-
ability (‘peak oil’) and later by the goal 
to reduce greenhouse gas emissions. The 
biotechnology innovation perspective 
focuses on the application of  biotechno-
logical innovations in industrial and 
agricultural production processes. This 
perspective has been driven by the goal 
to harness advances in the biological 
and life sciences.

	3.	 One can distinguish two types of  cri-
tique against the concept of  the bio-
economy: a fundamental critique and a 
‘greenwashing’ critique. The fundamen-
tal critique considers the bioeconomy as 
a ‘neo-liberalization of  nature’ and 
argues that nature should not be made 
subject to the market mechanism. Con-
cerns about a competition between food 
security and the use of  biomass for bio-
energy and bio-based materials have 
also led to a fundamental critique of  the 
bioeconomy. The ‘greenwashing’ cri-
tique acknowledges the potential of  the 
bioeconomy to contribute to a sustain-
able economy, but emphasizes that bio-
economy solutions are not necessarily 
sustainable, for example, due to rebound 
effects. Hence, it is, according to this cri-
tique, important to ensure that the bio-
economy is not misused for 
‘greenwashing’ an unsustainable system.

	4.	 The bioeconomy has increasingly been 
recognized as a strategy to contribute to 
sustainable development and to reach 
the sustainable development goals 
(SDGs). It can be seen as a component 
of  a green economy, which has been 
defined as a low carbon, resource effi-
cient and socially inclusive economy. 
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Bioeconomy can be part of  a circular 
economy, especially if  a cascading use 
of  biomass is promoted and if  bio-based 
value webs are developed for this pur-
pose. The socio-biodiversity perspective 
of  the bioeconomy focuses on the con-
servation and sustainable use of  biodi-
versity, e.g. by promoting minor, novel 
and indigenous crops and by fostering 
the participation of  local communities, 
while respecting their traditional knowl-
edge and socio-cultural traditions. The 
concept of  transition refers to an incre-
mental change towards a more sustain-
able economy and society, whereas the 
concept of  a transformation focuses on 
a profound and fundamental change. 
The bioeconomy can contribute to both 
types of  processes.
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The bioeconomy, which encompasses the pro-
duction, conversion and use of renewable bio-
logical resources, offers a pathway for the 
transformation of our society by promoting 
sustainable, knowledge-based innovation. The 
ultimate goal of the bioeconomy is to ensure 
the wellbeing of present and future generations 
within planetary boundaries, while also ensur-
ing the continuous regeneration of ecological 
functions and ecosystem services.

In this chapter, we propose principles that 
place the bioeconomy concept in a broader 
context. Key principles guiding the bioecon-
omy transformation include:

	5 Sustainability: Ensuring the long-term 
health of the environment and regeneration 
of resources.

	5 Multifunctionality: Foster the capacity to 
fulfil multiple purposes simultaneously

	5 Circularity and cascading use of biomass: 
Promoting resource sequential use and 
recycling to create closed-loop systems.

	5 Inter- and Transdisciplinarity: Combining 
knowledge from various fields and engag-
ing diverse stakeholders.

	5 Holistic systems thinking: Considering the 
entire life cycle of biological resources, con-
textual conditions, and stakeholder per-
spectives.

These principles act as ‘universal’ basic truths, 
general conditions or descriptive elements to 
achieve a bioeconomy and form a ‘guard rail’ 
for the transformation.

	n Learning Objectives
After studying this chapter, you will…

	5 …be able to describe the principles and 
goals of the Bioeconomy (see 7  Sects. 
3.1, 3.2, 3.3, 3.4, and 3.5).

	5 …be able to explain how the bioecon-
omy integrates knowledge from various 
fields and involves multiple stakehold-
ers to achieve its sustainability goals, 
fostering collaboration across disci-
plines (see 7  Sects. 3.4 and 3.5).

	5 …be able to apply the principles of cir-
cularity and cascading use of biomass 

to identify strategies to promote the 
reuse, recycling, and cascading use of 
biomass within closed-loop systems, 
and to illustrate how these practices 
contribute to a more sustainable bioeco-
nomic transformation (see 7  Sect. 3.3).

	5 …be able to delineate the role of holis-
tic systems thinking in the bioeconomy 
to ensure sustainability and ecosystem 
regeneration in bioeconomic practices 
(see 7  Sect. 3.5).

It may come as no surprise that the world is 
increasingly facing complex challenges. Today 
we are confronted with situations where things 
that were considered separate decades ago are 
now colliding with each other. Decisions 
made in the past on natural resource manage-
ment have created long-term effects that lead 
to perturbations in planetary functions today. 
As our existing socioeconomic systems are 
transgressing several planetary boundaries 
(Rockström et  al. 2009; Steffen et  al. 2015; 
IPCC 2018; Richardson et  al. 2023) we are 
experiencing radical technological and socio-
ecological changes that are leading to a 
rethinking of our economic and societal mod-
els (e.g. global energy supply). This complex 
situation where multiple global crises (e.g. cli-
mate change, biodiversity loss) and societal 
challenges (e.g. poverty, hunger and inequal-
ity) are interconnected requires bridging the 
gap between current systems and new visions.

Our society requires a holistic transforma-
tion that can facilitate a positive change. The 
bioeconomy—the production, conversion 
and use of renewable biological resources and 
knowledge for the provision of bio-based 
products and services along with the genera-
tion of ecological, social and economic 
value—has the potential to provide suitable 
mechanisms for this holistic transformation. 
Its sectors and industries have already demon-
strated strong innovation potential through 
the use of science, enabling and industrial 
technologies, as well as local and tacit knowl-
edge (De Besi and McCormick 2015). The 
bioeconomy can bring about positive change 
through knowledge-based and targeted inno-
vation.
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By implementing bioeconomy solutions 
along established and novel bio-based value 
chains and webs (see 7  Chap. 4), the nutri-
tional, energetic and material needs of our 
society can be fulfilled through the efficient 
use of renewable resources (i.e. biomass) in 
closed cycles. The transformation to a bio-
economy can aim to address several global 
challenges arising from population growth 
(e.g. food security, health and energy security) 
or in response to risks resulting from climate 
change (see 7  Chap. 1). At the same time, the 
transformation to a bioeconomy can be seen 
as a tool to promote technological innovation 
(Dietz et al. 2018; Bringezu et al. 2020; Muscat 
et al. 2021).

The most important resource for a bio-
economy is biomass. The increasing demand 
to shift from a fossil resource base to a renew-
able resource base for various uses (food, 
feed, fuel, fiber) may result in additional envi-
ronmental pressures and competition for 
resources (e.g. land, water, labour). How the 
production and consumption pathways of  a 
bioeconomy develop, very much depends on 
the regional context and conditions (Pyka 
et  al. 2020). The bioeconomy aims to link 
economic sectors and actors that produce 
and use biomass (e.g. farmers, traditional and 
novel food industries) at different levels 
(regional and interregional), resulting in a 
variety of  products, services and relation-
ships (see 7  Chap. 4).

In doing so, the bioeconomy has to navi-
gate numerous trade-offs, balancing ecologi-
cal sustainability with economic viability and 
social acceptability. This includes, amongst 
other things, managing competing land uses, 
such as agriculture for food versus bioenergy 
crops, and addressing the potential impacts 
on biodiversity and ecosystem services (see 
7  Chaps. 40 and 41). In addition, the bio-
economy must adapt to external factors such 
as climate change, economic shifts and politi-
cal developments that can influence resource 
availability (e.g. biomass, investments) and 
facilitate or hinder the transition process.

The plurality of understandings and inter-
pretations of the term ‘bioeconomy’ (see  

7  Chap. 2 on the development of the concept)  
has resulted in the lack of a common under-
standing of what it actually means (Bracco 
et al. 2019). This indicates that the term ‘bio-
economy’ requires fundamental discussion, 
contestation, adaptation and evolution over 
time.

The question arises as to what impact the 
various bioeconomy transformation pathways 
will have when they are comprehensively eval-
uated from different perspectives (Egenolf  
and Bringezu 2019). Depending on the under-
lying regional conditions and assumptions, 
both opportunities and potential conflicts and 
risks are possible (Dietz et  al. 2018). This 
implies that a bioeconomy transformation 
should have no fixed contours but should fol-
low overarching principles that serve as guard 
rails or fixed stars for their design and devel-
opment. While this concept is a good starting 
point, it must be elaborated on to reflect our 
reality and ensure that it can achieve the goals 
of mitigating and adapting to climate change 
and protecting nature as part of a just-transi-
tion (EU Bioeconomy Youth Ambassadors 
2024). A sustainable (regional) bioeconomy 
should aim at the provision of a good life for 
all within regional and global planetary 
boundaries.

In the following sections, we propose prin-
ciples and provide an outlook on how to cre-
ate the conditions necessary for a sustainable 
bioeconomy, placing the concept in a broader 
context. The principles serve as an overview 
of ‘universal’, general conditions or descrip-
tive elements for achieving a bioeconomy 
transformation. They act as a kind of DNA 
of the bioeconomy and should guide the tran-
sition and innovation process to promote its 
facilitation. The principles provide an over-
view of the role of the various dimensions in 
the development and implementation of the 
bioeconomy at different levels and are 
intended to ensure that a correctly 
implemented bioeconomy can serve society, 
for example in line with the Sustainable 
Development Goals (SDGs). In the context 
of the bioeconomy, these principles are:
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	1.	 Sustainability: Ensuring that bioeconomic 
practices are sustainable by considering 
long-term environmental impacts, resource 
regeneration, and ecosystem health.

	2.	 Multifunctionality: Fostering the capacity 
to fulfil multiple purposes simultaneously, 
including delivering economic value, sup-
porting environmental sustainability, and 
providing social benefits.

	3.	 Circularity and cascading resource use: 
Promoting the reuse, recycling and regen-
eration of resources to create closed-loop 
systems that reduce waste and increase 
resource efficiency.

	4.	 Inter- and transdisciplinarity: Combining 
knowledge from different fields to address 
challenges and opportunities comprehen-
sively while engaging diverse stakeholders, 
including policymakers, industries, com-
munities, and researchers.

	5.	 A holistic systems thinking approach: 
Understanding and evaluating bioecon-
omy with its interdependencies and con-
textualities, for example, the entire life 
cycle of a product from resource extrac-
tion to disposal within socio-economic 
frame conditions.

3.1  �Sustainability 
and Multidimensionality

The concept of sustainability in the context of 
productive economic systems has its origins in 
forestry—to preserve the value of the forest 
and ensure its future usability: only as many 
trees should be felled as can grow back. 
Translated into an overall concept this means 
that sustainability aims to conserve essential 
natural resources, promote economic growth 
by better protecting the environment whilst 
safeguarding prosperity and social progress. 
As explained in 7  Chap. 2, the broader appli-
cation of the term sustainability was high-
lighted in the Brundtland Report of 1987, 
officially known as ‘Our Common Future’, 
which emphasized the need for sustainable 
development practices globally (United 
Nations Brundtland Commission 1987).

Central to the concept of  sustainability 
is the ‘triple bottom line’. Often summa-
rized as ‘people, planet, and profit’, the tri-
ple bottom line, emphasizes that true 
sustainability requires a balanced consider-
ation of  economic viability, social equity 
and environmental health (see .  Fig.  3.1). 
This means operating in ways that enhance 
societal wellbeing, conserve and protect nat-
ural resources, and remain financially profit-
able. By integrating these three dimensions, 
the triple bottom line encourages more 
responsible and ethical decision-making, 
ultimately aiming for a harmonious coexis-
tence of  human activities and the Earth’s 
ecosystems.

	> Do you want to learn more about the 
history of  sustainability? Take a look at 
.  Supplementary Video 3.1, a video from 
our MOOC “Concepts of  Sustainable 
Bioeconomy” (2021).

In simple terms, the concept of  sustain-
ability implies finding better or the best 
solutions (whether ecological, economic or 
social) to challenges associated with com-
plex problems that relate to a specific tem-
poral and geographical scale (Santillo 
2007). This means that the term is highly 
dependent on the context in which it is 
applied and the perspective on which it is 
based. Sustainability can be defined and 
used in broad or narrow terms (e.g. weak or 
strong sustainability), but a useful applica-
tion must specify the context as well as the 
temporal and spatial scales being consid-
ered (Brown et al. 1987).

Sustainability is the practice of  meeting 
current needs without compromising the 
ability of  future generations to meet their 
own needs (United Nations Brundtland 
Commission 1987). It encompasses main-
taining a balance between economic 
growth, environmental protection and 
social well-being.
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ECONOMIC SUSTAINABILITY

SOCIAL SUSTAINABILITY
Refers to the practice of fostering equitable, inclusive,
and cohesive communities where the needs of all
individuals are met, and their well-being is supported for
the long term.

ECOLOGICAL SUSTAINABILITY

Refers to a broad set of decision-making principles and
practices aimed at achieving economic growth without
environmental or social trade-offs

Refers to the practice of maintaining and preserving
natural resources and ecosystems to ensure their health
and availability for future generations.

       . Fig. 3.1  Sustainability dimensions: triple bottom line

Weak sustainability assumes that natural 
capital and manufactured capital are 
essentially substitutable and considers 
that there are no essential differences 
between the kinds of  well-being they gen-
erate. The total value of  the aggregate 
stock of  capital, should be at least main-
tained or ideally increased for the sake of 
future generations.

Strong sustainability disagrees with 
the interchangeability of  natural and 
manufactured capitals as some elements 
of  natural capital are critical due to their 
unique contribution to human well-
being. Critical natural capital can be con-
ceptualized as ecosystem services 
provided by natural capital. This high-
lights the need to maintain the ecological 
functioning of  natural systems in order 
to preserve the capacity of  natural capital 
to provide those services which are criti-
cal to human existence and well-being 
(Brand 2009; Pelenc and Ballet 2015).

Our socio-economic systems are based on 
natural resources (see 7  Chap. 1). With the 
help of labour and capital, raw materials are 
transformed into goods that serve to satisfy 

people’s needs. The impacts of our current 
economic system on the environment are so 
extensive that the risk of irreversible changes 
and damage to our ecosystems and human 
wellbeing is increasing (Steffen et  al. 2015; 
Richardson et al. 2023). Forces of change 
such as technological advances, geopolitical 
dynamics, and climatic shifts will inevitably 
disrupt the cycles of material and energy 
flows. Therefore, achieving sustainability will 
arguably require the development of resilient, 
adaptive systems and vice versa (Fiksel and 
Bakshi 2023).

We need to develop systems that are capa-
ble of handling unexpected changes. These 
systems must be regenerative and diverse, 
capable of relying on their capacity, and 
evolve with shocks. This concept of resilience 
is crucial to sustainability (Cascio 2009). This 
is where the bioeconomy comes into play. 
Bioeconomy systems offer an alternative to 
traditional, fossil-based systems by providing 
an approach that can be aligned with these 
principles to promote a system that is sustain-
able, resilient, adaptive, regenerative and able 
to thrive amidst changes.

The bioeconomy presents a pathway to 
reduce or eliminate emissions while ensuring 
positive contribution to (among others) biodi-
versity, ecosystem services, and social well-
being. By integrating bioeconomic strategies, 
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we can strengthen efforts in climate change 
mitigation and adaptation, foster sustainable 
economic development, and address chal-
lenges within our current socio-economic sys-
tems. The bioeconomy contributes to 
mitigation through clean energy provision, 
carbon sequestration (capturing and storing 
carbon dioxide from the atmosphere), and the 
creation of carbon sinks, such as afforesta-
tion. Additionally, by promoting climate-
resilient agricultural systems and sustainable 
practices like conservation agriculture, agro-
forestry and organic farming, the bioeconomy 
plays a significant role in adaptation.

However, an increasing demand for bio-
based resources raises important social-
ecological sustainability concerns (Pyka et al. 
2020). This includes the challenges of how to 
use water and land sustainably and effective to 
produce biomass as well as mitigating the 
impacts on the ecosystem and its biological 
diversity (Pfau et  al. 2014; Dietz et  al. 2018; 
Gawel et al. 2019). Biodiversity, the variety and 
diversity of all life forms on earth, contributes 
to the effective functioning of natural systems 
and supports ecosystem services such as clean 
water, fertile soils and climate regulation, on 
which the environment depends (Locke et  al. 
2021). It is also the source of the biological 
resources on which the bioeconomy depends 
(see 7  Chap. 40). Therefore, bioeconomic 
innovations must focus on developing resource-
efficient technologies and methods to increase 
productivity in agriculture, forestry, and aqua-
culture, while ensuring resource sufficiency, 
promoting resource consistency and preserving 
the Earth’s carrying capacity and biodiversity.

A sustainable bioeconomy requires careful 
design and development, guided by conscious 
planning and comprehensive assessment 
(Wellisch et al. 2010, p. 283). Applying ecologi-
cally sound principles, such as syntropy, agro-
ecology, land  restoration and sustainable 
intensification, is crucial to designing bio-based 
systems that avoid negative impacts on ecosys-
tems. To ensure positive contributions to sus-
tainability, it is equally important to address 
social, economic and technological dimensions 
alongside ecological considerations (Schindler 
2021). The resulting multidimensionality 
ensures that the bioeconomy is both inclusive 
and comprehensive, tackling key challenges 
across interconnected areas.

�Excursus 3.1: Resource Management

A successful shift towards sustainability 
requires meeting the three key aspects of 
resource management: efficiency, suffi-
ciency and consistency. Resource efficiency 
means gaining more benefit from each 
unit of natural resource used. This ties 
into resource sufficiency, which focuses on 
reducing the overall consumption of pri-
mary raw materials. Additionally, resource 
consistency or replacing non-renewable 

resources with renewable ones, is crucial for 
achieving a sustainable future (Zukunfts-
agentur Rheinisches Revier 2021).

Do you want to learn more about sus-
tainability strategies, efficiency, effectivity/
consistency, or sufficiency? Take a look at 
.  Supplementary Video 3.2, a video from 
our MOOC “Concepts of Sustainable 
Bioeconomy” (2021).

Multidimensionality in a sustainable bio-
economy acknowledges the various 
dimensions—environmental, economic, 
social and technological—that need to be 
considered to achieve sustainability.

	5 Environmental: water management, sus-
tainable land use, climate change adap-
tation and mitigation, biodiversity 
conservation and promotion

	5 Social: food security, inclusiveness, inte-
gration of traditional knowledge, fair 
access and equity

	5 Economic: innovation, value addition, 
job creation, income diversification, 
value chain development

	5 Technological: biotechnological 
advances, novel biomass sources, new 
processes and products, biorefinery 
approaches, carbon capture and utiliza-
tion (CCU), AI and big data
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The transition to a sustainable bioecon-
omy entails the transformation of production 
towards the creation of environmental, social 
and economic value. It has no fixed contours, 
but takes shape through the process of weigh-
ing up opportunities and risks in the local 
context. The concept of sustainability must 
therefore be a guiding principle for the trans-
formation to a bioeconomy (Gawel, Pannicke 
and Hagemann 2019). A bioeconomy must 
adopt an integrated, long-term perspective 
that connects all dimensions of sustainability. 
There is a need for both new technologies that 
enable a more sustainable use of bio-based 
resources, and assessment methods that facili-
tate a robust and forward-looking impact 
assessment of existing and new bio-based 
solutions (see 7  Chap. 41).

This requires a willingness to transform 
business models and processes in a sustainable 
way. From a global perspective, the bioecon-
omy could trigger positive distribution effects 
(and thus contribute to intra- and intergenera-
tional justice) and create a renewable resource 
base that would not be limited by the finite 
nature of fossil resources. A sustainable bio-
economy must hence ensure that no more bio-
based resources are consumed than can be 
regrown.

	z Practical Implications:
	5 Integration and promotion of sustainable 

development in all dimensions (economic, 
social and environmental) of the bioecon-
omy

	5 Advancement of efforts to mitigate and 
adapt to global climate change

	5 Definition and application of a compre-
hensive set of environmental, social and 
economic sustainability goals and criteria

	– SDGs = global framework of goals for 
holistic sustainable development and 
important tool to measure and create 
the prerequisites for a sustainable tran-
sition of our socio-economic systems 
(Zeug et al. 2019)

	5 Comprehensive, rigorous and transparent 
assessment procedures are required to 
ensure that the bioeconomy can be eco-
nomically, ecologically and socially sus-
tainable

	– Life-cycle approaches can be used to 
examine key impact categories and indi-
cators, assessing the environmental and 
social impacts (e.g. carbon, water and 
biodiversity footprints, social impact 
assessments), as well as the ultimate 
effects of these on all three key sustain-
ability pillars (e.g. Life Cycle Sustain-
ability Assessment) (see 7  Chap. 41).

	5 Increasing sustainable practices and con-
sumption in the bioeconomy through vari-
ous methods including sustainable 
intensification (see section agricultural 
production) and resource management

3.2  �Multifunctionality

A bioeconomy can deliver multiple and 
diverse outputs. For example, a multifunc-
tional system based on agricultural biomass 
might produce food, fibre, and bioenergy 
while also enhancing biodiversity, sequester-
ing carbon, and supporting rural livelihoods. 
Similarly, a multifunctional biorefinery (see 
7  Chap. 17) could convert different types of 
biomass into a range of products, including 
biofuels, bioplastics, and pharmaceuticals, 
thereby maximizing resource efficiency and 
economic value.

In the bioeconomy, multifunctionality 
refers to the ability of  biological resources 
and systems to simultaneously serve mul-
tiple purposes, such as providing eco-
nomic value, supporting environmental 
sustainability and offering social benefits. 
This concept emphasizes the integrated 
and diverse use of  resources, fostering 
cross-disciplinary collaboration to maxi-
mize benefits while minimizing negative 
impacts on ecosystems.

Promoting multifunctionality in a bio-
economy means designing systems and prac-
tices that harness the full spectrum of 
biological potential. This approach can lead 
to more resilient and adaptive bioeconomy 
systems, as it diversifies the benefits derived 
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from biological resources and reduces depen-
dence on individual outputs. By leveraging 
multifunctionality, a bioeconomy can contrib-
ute to a more integrated approach to resource 
management and development, while ensur-
ing that it meets multiple sustainability objec-
tives—economic, environmental, and social 
(Lewandowski et al. 2024). Multifunctionality 
in the bioeconomy can be explained using the 

example of miscanthus, a high-yielding peren-
nial grass. This grass can be used as a feed-
stock for a diverse range of applications 
(bioenergy, biomaterials) (.  Fig. 3.2 right) in 
various sectors, while also providing multiple 
ecosystem services (.  Fig. 3.2 left) while con-
tributing to sustainability (carbon sequestra-
tion, improving soil health and promoting 
biodiversity).

       . Fig. 3.2  The perennial biomass grass miscanthus during the time of  maximal biomass growth in August. Flow-
ers (picture top right) are developing in autumn. (© Moritz von Cossel)

�Excursus 3.2: Miscanthus

Miscanthus is a perennial, rhizomatous bio-
mass grass with C4 photosynthetic pathway 
(see 7  Sect. 5.1 for the process of photosyn-
thesis). These physiological features, amongst 
others, make miscanthus a crop that has a high 
potential for contributing to multifunctional 
agricultural production systems:

Under favourable conditions, the C4 photo-
synthetic pathway can achieve up to 24% radia-
tion efficiency, compared to 15% for C3 plants, 
leading to more efficient use of water and nitro-
gen, and ultimately higher land-use efficiency 
and yields in C4 crops.

In the perennial miscanthus cropping sys-
tem, plants are established once over a period 
of 20–30  years. The soil is only cultivated in 
the first year, with subsequent years focusing 
on harvesting regrowing biomass. The undis-
turbed soil supports biodiversity, prevents ero-
sion, and allows carbon to accumulate.

Miscanthus stores nutrients over the winter 
in rhizomes (underground stems), with 20–50% 
of essential nutrients (N, P, K, Mg) being trans-
located from the aboveground stems to the rhi-
zomes. This internal nutrient cycling reduces 
fertilization requirements and minimizes envi-
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By embracing multifunctionality, the bio-
economy has the potential to harness the 
diverse capabilities of biological resources, 
fostering more resilient and adaptive systems 
that simultaneously advance economic, envi-
ronmental and social sustainability objectives, 
with miscanthus serving as one illustrative 
example of the many ways in which such 

resources can be leveraged to achieve these 
interconnected goals.

	z Practical Implications:
	5 Need to understand the potential multiple 

usages of biomass and think beyond single 
products

ronmental impacts, including greenhouse gas 
emissions, nitrate leaching and eutrophication 
(.  Fig. 3.3).

Miscanthus is widely used for bioenergy 
production. Its biomass can be burned directly 
or co-fired with coal to produce electricity and 
heat. For energy purposes, miscanthus biomass 
is either harvested dry in early spring, after 
plant nutrients have been translocated to the 
rhizomes, or harvested green in late autumn 
for use as biogas feedstock (Kiesel and Lewan-
dowski 2017). Enzymatic hydrolysis of its lig-
nocellulosic biomass can yield ethanol for use 
as a biofuel (Lask et al. 2018) (.  Fig. 3.4).

Research on miscanthus-based biochemi-
cals, such as HMF (hydroxymethylfurfural) is 
underway, for example at the biorefinery of the 
University of Hohenheim (Götz et  al. 2023). 
Miscanthus biomass can also be used to pro-
duce biomaterials such as bioplastics, compos-
ites, paper and building materials. It is a valuable 
feedstock for natural fibre-reinforced composites 
in the automotive and construction industries.

On-farm applications include its use as bed-
ding for poultry and horses. When used bedding 
for turkeys, its high water adsorption capacity 
allows it to last an entire cycle, unlike straw, 
which has to be changed several times. For 
horses, it offers an alternative to straw, provid-
ing a dust-free option that is particularly ben-
eficial for horses with allergies (Lewandowski 
et al. 2022). In both cases, miscanthus bedding 
not only fulfils its primary purpose but also pro-
motes animal health. Miscanthus contributes to 

carbon sequestration and climate change miti-
gation by taking in CO₂ through photosynthesis 
and storing it as biomass carbon. It’s deep root-
ing system and rhizomes transfer this carbon to 
the soil as organic matter, enhancing soil carbon 
storage. Miscanthus can also sequester carbon 
in long-lasting materials, such as building prod-
ucts, until they re-enter the CO₂ cycle at the end 
of their use period. When used as biofuel, it 
can help to reduce greenhouse gas emissions by 
replacing fossil fuels (.  Fig. 3.5).

In addition to its environmental benefits, 
miscanthus contributes to soil improvement 
and erosion control. Its dense and peren-
nial root system helps stabilize the soil and 
reduce the risk of soil erosion, particularly on 
degraded or marginal land. It also enhances 
soil fertility by increasing organic matter and 
improving soil structure and water reten-
tion, both of which are crucial for future crop 
growth. Another valuable function that mis-
canthus can provide is floodwater control. 
Strip cultivation alone can be very effective in 
breaking or diverting floodwater flows. Finally, 
the perennial nature of miscanthus and the 
fact that the fields remain undisturbed for 
long periods of time promote biodiversity by 
providing habitats for wildlife, including birds 
and insects, thus contributing to biodiversity 
conservation. In addition, as a low-input crop, 
miscanthus cultivation requires only minimal 
use of fertilizers and pesticides, helping to 
reduce environmental pollution and promote 
sustainable farming practices.

       . Fig. 3.3  The plant-internal cycle of  the major plant nutrients nitrogen (N), phosphorus (P), potassium 
(K) and magnesium (Mg) in miscanthus growth over the course of  the year. Nutrients are stored in the 
rhizomes and feed the new sprouting stems in spring. In autumn the process is reversed and nutrients are 
mobilized from the above ground to the below ground rhizomes before the biomass is harvested
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Miscanthus Biomass production

Planting in the 1st year

Biomass production 
2nd to 25th year
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Solid fuels Biogas
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       . Fig. 3.4  Miscanthus delivers biomass for multiple bio-based products simultaneously with different ecosystem 
services
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       . Fig. 3.5  How miscanthus biomass production delivers biomass for different products and reduces atmospheric 
CO2 at the same time

	5 Prioritize multifunctional solutions that 
serve multiple purposes and can overcome 
trade-offs

	5 Consideration of multiple valorisation 
pathways and context conditions in the 

design and development of novel bio-
based systems (see 7  Chap. 4)
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3.3  �Circularity and Cascading 
Resource Use

The concept of circularity aims to transform the 
current, largely linear economic system into a 
sustainable, regenerative one (Carus and Dam-
mer 2018). By minimizing waste and resource 
consumption through eco-design, recycling, and 
reuse, circularity seeks to close material loops, 
preserve the functionality of components and 
materials, and maintain their value over time 
(European Environmental Agency 2016). Circu-
larity focuses on the entire value chain from 
product design to the selection and production 
of raw materials, logistics, consumption and the 
integration of the product at the end of its life 
cycle into new value creation (Zukunftsagentur 
Rheinisches Revier 2021).

The concept of circularity offers various 
social, economic and environmental benefits 
and is considered a crucial component for the 
sustainable transition of our economic system 
(European Environmental Agency 2016; 
Carus and Dammer 2018; Muscat et al. 2021; 
Stegmann et al. 2020). In an ideal circular 
economy, raw materials are transformed into 
goods that, after use, become waste that can 
be reused, closing the loop of resource con-
sumption (McDonough and Braungart 2002). 
The benefits of this model are especially evi-

dent in a bioeconomy, where the circular flow 
extends to biological resources and nutrients.

The principles of circularity align seam-
lessly with the renewable nature of a bioecon-
omy transformation, as both aim to integrate 
economic, environmental and social goals to 
achieve sustainability targets (D’Amato et al. 
2017; Carus and Dammer 2018; Klauer and 
Schindler 2020). A circular bioeconomy oper-
ates within a circularity framework, using bio-
mass and bio-based waste streams as a key 
element to produce various bioproducts, bio-
chemicals, and bioenergy in biorefineries. The 
bio-based circular economy approach focuses 
on the utilization of biomass and bio-based 
waste streams to produce versatile products 
and energy sources.

Integrating circularity principles into the 
bioeconomy can enhance the efficiency of bio-
mass use and generate new value from waste 
streams (Klauer and Schindler 2020; Muscat 
et  al. 2021). The goal of incorporating these 
principles is to optimize the use of natural 
resources and reduce waste through the cre-
ation of new value channels. Various practices, 
such as nutrient recovery, paper recycling, and 
biogas production  bridge multiple sectors 
including water, sanitation, food and construc-
tion. This integration, or multisector coupling, 
has become a fundamental aspect of the circu-
lar bioeconomy (Schipfer et al. 2024).

However, in our current economic system, 
the use of bio-based resources has generally 
been neither circular nor resource-efficient.

Despite the promising opportunities and 
environmental benefits, a closer examination 
reveals that this approach also presents sev-
eral challenges.

Bio-based resources, derived from plants 
that capture carbon from the atmosphere, 
contribute to the carbon cycle by returning 
carbon to the soil or atmosphere after the 
products made from these plants are used 

The term circular economy describes a 
regenerative system in which resource 
input and waste, emissions and energy 
leakage are minimized by slowing down, 
closing or narrowing material and energy 
loops. This can be achieved through long-
lasting design, maintenance, repair, reuse, 
remanufacture, refurbishment and recy-
cling (Geissdoerfer et al. 2018).
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and discarded (Carrez and Van Leeuwen 
2015).

It is not always possible to fully recycle 
many types of waste. Achieving endless recy-
cling (100% recycling) is often both economi-
cally unfeasible and technologically 
impractical (Fritsche et  al. 2020). Moreover, 
non-renewable resources, such as minerals, 
metals, and rare-earth elements, remain essen-
tial to our economic system, even with the 
most advanced technologies (e.g. in electron-
ics production). Biomass flows differ from 
those of minerals and metals due to the 

unique characteristics of biomass, such as 
biodegradability, which limits storage and 
reuse options and presents specific environ-
mental and societal challenges at the disposal 
stage. Biomass is valued for its diverse proper-
ties such as nutritional content, energy value, 
strength, water content, and sensory qualities 
which complicate its circular use.

Thermodynamic laws limit the potential 
for a perfectly closed-loop system. For exam-
ple, recycling processes often degrade materi-
als and consume energy, necessitating the 
addition of new resources to maintain the 
cycle (Corvellec et  al. 2022; Giampietro and 
Funtowicz 2020). This gradual degradation, 
known as ‘dissipative loss’, complicates efforts 
to achieve ideal circularity. Moreover, rebound 
effects, such as increased consumption result-
ing from resource efficiency gains, can offset 
environmental benefits (see Excursus 3.3).
Cascading resource use is a strategy that 
aligns closely with the principles of the circu-
lar bioeconomy. Cascading aims to optimize 
the value of biomass over time in terms of 
economic, environmental and social aspects, 
ideally addressing all three pillars of sustain-
ability.

For example, the European Commission 
prioritizes the cascading use of wood-based 
biomass, starting with high-value applications 
and ending with energy generation as the final 
step. They define the cascading use of wood-
based biomass with the following order of pri-

The term circular bioeconomy describes a 
framework for an economy that is restor-
ative and regenerative by design. The model 
combines the sustainable use of renewable 
biological resources with circularity princi-
ples to minimize the generation of waste 
while increasing resource-use efficiency. 
Preservation of biodiversity and regenera-
tion of materials is prioritized, and the reli-
ance of fossil fuels is reduced. By driving 
innovation in bio-based, recyclable and 
biodegradable solutions, the circular bio-
economy promotes closed-loop systems 
that combine economic growth with envi-
ronmental sustainability, addressing chal-
lenges such as climate change and resource 
scarcity.

�Excursus 3.3: Rebound Effect

The ‘rebound effect’ is an umbrella term for a 
variety of economic mechanisms that reduce 
the ‘energy savings’ from improved energy effi-
ciency (Lange et al. 2021).

The rebound effect in a circular economy 
refers to unintended consequences of improve-
ments in resource efficiency that lead to increased 

overall consumption. For example, cost savings 
from efficient practices may result in more pro-
duction or use of resources, offsetting the envi-
ronmental benefits. The two main rebound effects 
in circular economies are (Schultz et al. 2024):
1.	� Imperfect and/or insufficient substitution 

between virgin and recycled or reused materi-
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orities: ‘wood-based products; extending their 
service life; re-use; recycling; bioenergy; dis-
posal’. (European Commission 2022).

In a circular bioeconomy, the emphasis 
shifts toward the sustainable and resource-
efficient utilization of biomass through inte-
grated, multi-product systems, such as 

biorefineries (see 7  Chap. 17). This approach 
not only maximizes the value derived from 
biomass but also ensures the processing of 
residues and wastes, thereby closing material 
loops and enhancing sustainability.

These efforts are mainly driven by techno-
logical innovations in areas such as biotechnol-
ogy, precision agriculture and other innovative 
manufacturing technologies, while social, orga-
nizational and institutional innovations (e.g. 
waste use policy frameworks, new business 
models) complement efforts to achieve the 
minimization and utilization of residues. 
Cherubini (2010) and others have contributed 
to the definition of the biorefinery concept as 
an integrated production approach for the full 

utilization of biomass for the production of a 
wide spectrum of products and services, while 

minimizing waste and emissions from the 
processing and conversion of products (see 
7  Chap. 17).

This concept plays a key role in the optimi-
zation of biomass conversion to achieve the 
goals set for the bioeconomy concept (Ubando 
et al. 2020).

To ensure a sustainable regional biomass 
supply, address potential shortages, and opti-
mize resource use, bioeconomy policies 
emphasize advanced circularity models. These 
models prioritize resource efficiency, recy-
cling, the utilization of waste and side streams, 
and the promotion of sustainable consump-
tion practices. The EU Waste Framework 
Directive provides a foundation for these 
efforts, emphasizing the waste hierarchy as a 
guide for minimizing environmental impacts 
and maximizing resource efficiency.

The bio-products value pyramid further 
illustrates the importance of prioritizing high-
value uses for biomass. Lower-value applica-

Cascading resource use or simply cascad-
ing refers to the continuous use of 
resources for various purposes, optimally 
through different material reuse phases. 
The concept of  cascading is described as a 
strategy to preserve the ‘added value’ of 
products for the longest time possible. 
Similar to the circular bioeconomy, cas-
cading promotes the consecutive circula-
tion of  resources, thus increasing 
resource-use efficiency (Blomsma and 
Brennan 2017; Campbell-Johnston et  al. 
2020).

Biorefining is the sustainable processing of 
biomass into a spectrum of  marketable 
products (food, feed, materials and chemi-
cals) and energy (fuels, electricity and 
heat). A biorefinery is an infrastructure 
facility or cluster of  facilities where vari-
ous conversion technologies (physical or 
mechanical, thermochemical, biochemi-
cal, chemical) are integrated to produce 
sustainable bio-based products (e.g. biofu-
els, biochemicals, bio-based materials and 
other high-value products).

als: Rebound occurs when re-circulated prod-
ucts cannot effectively compete with primary 
production products, leading consumers to 
buy more disposable items, thereby increasing 
the overall environmental impact.

2.	� Re-spending or income effects: Rebound 
occurs when consumers purchase addi-

tional goods and services because the sub-
stitution of  costly resources lowers prices. 
This increase in purchasing power leads to 
a strong positive income effect that over-
compensates for the initial substitution 
effect.
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tions, such as combustion for energy, require 
large volumes of biomass but deliver limited 
benefits. Conversely, higher-value applica-
tions use smaller quantities of biomass while 
yielding greater economic and environmental 
gains. The cascading steps should therefore 
focus on maintaining resource quality by 
adhering to the bio-products value pyramid 
(see .  Fig. 3.6.) and, where appropriate, the 
waste hierarchy.

Circularity principles and the bioeconomy 
share a common vision of achieving sustain-
ability by combining economic, environmen-
tal and social goals. However, realizing this 

vision requires addressing challenges such as 
resource limitations, technological con-
straints, and rebound effects. By fostering 
innovation and promoting integrated strate-
gies such as cascading and biorefineries, the 
circular bioeconomy can become a corner-
stone of sustainable development, balancing 
the needs of a growing population with the 
imperative to conserve natural resources.

The waste hierarchy serves as a priority 
order in waste prevention and manage-
ment legislation and policy (see also 
7  Chap. 13). It is a fundamental element 
of  EU waste policies and laid down in the 
EU Waste Framework Directive (Direc-
tive 2008/98/EC). Its objectives are:
	1.	 To minimize the negative impacts of 

waste generation and management.
	2.	 To enhance resource efficiency.

       . Fig. 3.6  Bio-products value pyramid

�Excursus 3.4: Bio-Product Value Pyramid

The bio-products value pyramid 
(.  Fig. 3.6; see also 7  Chap. 17) illustrates 
the diverse value-added applications of bio-
mass along the production chain. The pyra-
mid is structured to show that lower-value 
uses are positioned at the base, with higher-
value products and applications located 
towards the top. At the base, biomass is 
used for combustion to generate heat and 
electricity, representing the lowest value. 
Moving up the pyramid, the value of prod-
ucts increases while the required biomass 
volume decreases, as higher-value applica-
tions involve smaller quantities of biomass 
but deliver greater economic and environ-
mental benefits (see also 7  Chap. 17).
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►	�Example: ‘KeRaus—Analysing the closed-
loop recycling of renewable raw materials 
from secondary urban sources’

To achieve the goal of closing loops within 
defined spatial boundaries, a screening of bio-
products obtained from biorefineries is crucial. 
In urban areas, there is a concentration of raw 
material and re-source flows to supply these 
very densely populated areas with resources, 
goods and products. Their consumption gen-
erates enormous amounts of biomass residues 
and waste products, including both solid and 
liquid waste, and wastewater. A bioeconomic 
coupling and cascading use of these residue and 
waste streams from urban areas for the produc-
tion of a wide range of bio-based materials and 
products (e.g. fertilizers) forms the basis of a 
circular and sustainable urban-rural resource 
metabolism in the sense of the circular economy 
(Trenkner et al. 2025).

The project ‘KeRaus—Analysing the 
closed-loop recycling of renewable raw materi-
als from secondary urban sources’ character-
izes and evaluates the practical implementation 
feasibility of fertilizers produced in biorefiner-
ies from organic waste, green waste and sew-
age sludge streams, operating within a 100-km 
radius of the city of Stuttgart. In Stuttgart, 
64,000 t of organic waste and green waste, and 
15,000 t of sewage sludge (dry matter) are pro-
duced every year. These biomass waste streams 
contain many untapped valuable residues (such 
as minerals for plant nutrition), which could 
potentially be processed and recycled. Recycling 
the nutrient-rich waste streams through bio-
economic conversion pathways and technolo-
gies to produce fertilizers could benefit both 
the urban and rural areas. Agricultural produc-
ers and stakeholders are supported through a 
continuous supply of fertilizer, food security 
is ensured sustainably, and environmental 
impacts of fertilizer production are minimized. 
By providing new bioeconomic value chains for 
the use of biomass residue and waste streams, 
the urban and rural areas of Stuttgart can 
be optimally linked. The attributes re-quired 
of the fertilizers produced in the biorefiner-
ies (quantity, properties, quality criteria and 
com-position) are identified and determined 
based on demand from agricultural stakehold-
ers. The project provides recommendations for 

action to improve processes within the biore-
fineries in order to develop valuable products. 
Finally, optimal bioeconomic pathways for the 
valorization of municipal waste as recycled fer-
tilizer (see 7  Chap. 14) for use in agricultural 
processes are demonstrated. This closes the 
resource loop between rural and urban areas in 
terms of important plant nutrients.

Overall, KeRaus provides a clear answer 
on how much fertilizer is currently needed and 
how much can be replaced by recycled fertilizer, 
and a clear analysis of the potential for utiliz-
ing urban waste from Stuttgart. .  Figure 3.7 
graphically illustrates the structure and goals 
of this research project. Rural and urban areas 
are shown separately: the rural areas focus 
on agricultural production, resulting in food 
streams that supply the urban areas. The urban 
areas are characterized by food consumption, 
generating waste streams. By recycling waste to 
produce recycling fertilizer, the nutrient loop 
between the two areas can be closed. ◄

	z Practical implications:
	5 Advance the efficient and circular use of 

biological resources
	5 Set spatial boundaries

	– Identify input and output streams to set 
spatial boundaries

	– Characterize waste and residue streams 
for the identification of valorisation 
pathways

	– Identify demand for bio-based products 
to guide the choice of applications with 
high-added value

	5 Screen and develop biorefinery technolo-
gies for the production of products from 
waste and residue inputs, for which there is 
demand

	5 Evaluate outputs and give recommenda-
tions for the implementation of bio-based 
products derived from secondary resources

3.4  �Inter- and Transdisciplinarity

A bioeconomy is based on the collaboration 
of agricultural, natural, economic and social 
sciences, among others, and encompasses a 
wide range of activities along a multitude of 

61
Guiding Principles of a Bioeconomy



3

       . Fig. 3.7  Schematic illustration of  the closed loop of  agricultural waste and residue streams to produce recycling 
fertilizer for agricultural processes in urban and rural areas. (© Marielle Trenkner)

diverse value chains (Hasenheit et  al. 2016; 
FAO 2018; Lewandowski 2018). A societal 
transition to a more sustainable form of pro-
duction and resource use within the bioecon-
omy paradigm requires the successful 
integration of scientific and practical knowl-
edge, as well as the cooperation of a numerous 
actors from various societal subsystems. The 
bioeconomy combines multiple sectors such 
as agriculture, forestry and biotechnology as 
well as different actors (e.g. farmers, proces-
sors, public sector, NGOs, civil society). The 
interplay between these sectors and intercon-
nected actors can be understood as the gover-
nance system (See 7  Sect. 29.1) of the 
bioeconomy, a network in which all intercon-
nections shape, and can change with, the 
development of a bioeconomy.

The bioeconomy aims to address so-
called ‘wicked problems’, which refer to 
social-ecological challenges of  very high 
complexity (See 7  Sect. 38.1). The bioecon-
omy operates at the interface of  science and 
society. It requires the integration of  a plu-

rality of  different types of  knowledge (e.g. 
scientific, traditional, systems, normative 
and transformative) and expertise, while 
being dispersed across different institutions, 
locations and disciplines. The bioeconomy 
research community therefore recognizes 
the need for inter- and transdisciplinary 
approaches to support the transition to a 
sustainable bioeconomy (e.g. Friedrich et al. 
2021).

Interdisciplinarity in the bioeconomy 
means an interchange and dialogue between 
academic disciplines, whereas transdiscipli-
narity aims at contextualization and integra-
tion of different perspectives within a broader 
context (Knierim et al. 2018; Zeug et al. 2020).

Despite the difficulties, an inter- and trans-
disciplinary approach can help maintain a 
systemic view and look at problems from a 
range of perspectives. For a bioeconomy, 
inter- and transdisciplinary research can 
therefore be a starting point to gain a better 
understanding of social-ecological problems 
and contribute to their solution (Zeug et  al. 
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2021). This entails an understanding of the 
system, its components and interrelationships 
that lead to today’s challenges and outcomes 
(positive and negative), and also the desired 
state of the system, as framed by society and 
embedded in a larger ecological system. The 
definition of the desired or target state requires 
the integration of stakeholder expectations 
and needs, as well as a comprehensive view 
based on different research perspectives and 
disciplinary angles.

In the context of the bioeconomy, 
approaching research and development 
through inter- and transdisciplinary collabo-
ration is crucial for generating knowledge that 
addresses complex, real-world challenges. To 
develop practical and implementable solu-
tions—such as innovations that promote sus-
tainable resource use and circular economy 
models—it is necessary to move beyond tradi-
tional disciplinary boundaries. This involves 
integrating knowledge from diverse fields such 
as biology, economics and engineering, as well 
as engaging non-scientific perspectives, 
including insights from industry stakeholders, 
policymakers and local communities. By 
involving societal stakeholders, research can 
be more effectively directed towards solving 
real-world problems, such as reducing waste, 
increasing biomass production and ensuring 
long-term ecological sustainability. Ultimately, 
the integration of these diverse perspectives 
ensures that bioeconomic solutions are both 
scientifically sound and socially relevant.

7  Chapter 37 provides an in-depth explo-
ration of interdisciplinarity and transdiscipli-
narity, explaining how these concepts 
transcend traditional academic boundaries. 
This chapter focuses on the justification for 
inter- and transdisciplinary research in bio-
economics (7  Sect. 37.1), the characteristics 
of the inter- and transdisciplinary research 
process (7  Sect. 37.2), and methods and tools 
to make collaboration effective and efficient 
(7  Sect. 37.3). It also highlights the roles and 
responsibilities that researchers have when 
engaging in inter- and transdisciplinary 
research (7  Sect. 37.4).

	z Practical Implications:
	5 Being inclusive and equitable in bioecon-

omy transformation by upholding the 
rights of all people and promoting gender 
equality and the active participation of 
stakeholders involved are key principles

	5 For interdisciplinary cooperation, engage 
with research colleagues so that disciplin-
ary perspectives are mutually considered 
and knowledge is jointly created and inte-
grated

	5 To practice transdisciplinarity, include all 
societal actors when

Interdisciplinarity refers to the integration 
and synthesis of ideas, methods and 
approaches from different academic disci-
plines to address complex issues, solve prob-
lems, or create new understanding that would 
be difficult or impossible to achieve within 
the confines of a single discipline. 
Interdisciplinarity involves different disciplin-
ary approaches to research in a conceptually 
coordinated way, where the disciplinarily 
guiding assumptions and research concepts 
(‘worldviews’) are made explicit and interre-
lated. In an interdisciplinary approach, the 
‘facts and findings’ of each discipline are 
critically evaluated in the light of the ‘facts’ of 
the other disciplines, and an attempt is made 
to integrate discipline-specific knowledge 
into a larger whole (Schmidt 2008).

Transdisciplinarity expands the scope of 
research into another dimension of study. 
In addition to focusing on real-life prob-
lems, it seeks to integrate lay or non-aca-
demic knowledge with scientific knowledge. 
Transdisciplinarity is a specific form of 
interdisciplinarity in which the boundaries 
between and across disciplines are tran-
scended and knowledge and perspectives 
from different scien-tific fields as well as 
from non-scientific sources are integrated 
(Hirsch Hadorn and Pohl 2010). Trans-
disciplinary research aims to go beyond 
disciplinary worldviews to include non-
academic perspectives and expertise from 
various stakeholders (Pohl et al. 2021).
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	– aligning goals and perspectives
	– developing new solutions
	– implementing and evaluating solutions.

Be aware that participation of actors can be 
achieved through different formats and 
means.

3.5  �A Holistic Systems Thinking 
Approach in the Bioeconomy

A bioeconomy involves processes and rela-
tionship along the production, supply and 
conversion of biomass into a wide range of 
products and services. A variety of natural 
and societal elements are part of the socio-
economic and environmental systems in which 
the bioeconomy operates. Accordingly, a bio-
economy can be described as a social–ecologi-
cal systems that combines people, technology, 
biological processes and ecological systems 
and their services to satisfy the needs of peo-
ple in a specific geographical territory 
(Wohlfahrt et  al. 2019; Vargas-Carpintero 
2025; Schlecht et al. 2025).

System concepts have many fold applica-
tions in the bioeconomy e.g.:

	5 the production system of a bio-based 
resource (see e.g. 7  Chaps. 5, 6, 7, 8, and 
9)

	5 the value chain system of actors involved 
in producing, processing, marketing and 
consuming bio-based products (see 
7  Chap. 4)

	5 the innovation system for supporting 
change and transformation trough tar-
geted ideas and activities.

	> Do you want to learn more about system 
thinking? Take a look at .  Supplementary 
Video 3.3, a video from our MOOC 
‘Concepts of  Sustainable Bioeconomy’ 
(2021), where systems theory is explained 
in more detail.

The systems we consider tend to be pro-
duction systems or supply networks. In a bio-
economy system, the value creation can be 
represented in a simplified value chain, which 
can be seen as a micro-level system of analysis: 
from raw material production, through pro-
cessing, to products (see 7  Chap. 4). At first 
sight, the components of a bio-based value 
chain are generic to other production systems 
such as those based on fossil resources. 
However, in contrast to fossil fuels, biomass 
cannot be ‘simply’ harvested or conveyed. 
Biomass production is distributed globally, 
subject to different biophysical conditions (e.g. 
climate, soil, water availability) and results in a 
wide variety of biomass (e.g. plants species). 
Our current linear models (‘take-make-waste’) 
focus on investigating specific components or 
details by isolating the objects of investiga-
tion. However, by ignoring dynamic interac-
tions and the non-linear, complex context, we 
rely mainly on linear thinking and single 
knowledge areas (e.g. techno-economic knowl-
edge), even though we are confronted with 
complex systems (Onyeali et al. 2023).

Systems theory is a cross-disciplinary 
idea for the study of  the abstract organi-
zation of  phenomena, regardless of  their 
substance, type, or spatial and temporal 
scale of  existence. It investigates both the 
principles common to all complex enti-
ties and the (usually mathematical) mod-
els that can be used to describe them 
(Pohl et al. 2021).

The core components of a system are: (i) ele-
ments that are connected by (ii) relation-
ships and separated by (iii) boundaries from 
its (iv) environment; systems are not bound 
to a scale but they can be nested, so that sys-
tems may contain (v) subsystems or be part 
of an overarching system of systems (Schiere 
et al. 2004). Furthermore, a system is a men-
tal model that can provide analytical guid-
ance when tailored and configurated to a 
particular situation (Ison 2012).
For a comprehensive overview of  the con-
cept of  systems thinking, see the first edi-
tion of  the bioeconomy book (7  Sect. 4.3 
in Knierim et al. 2018).
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Systems thinking has proven its usefulness 
as an approach that seeks to depart from lin-
ear thinking in order to model complexity. 
Initially, it extends the model of simple causa-
tion (cause-effect) by introducing feedback 
loops (reciprocity), and linkages to other enti-
ties. Feedback loops and linkages between 
several elements are necessary, but not suffi-
cient to characterize a group of elements as a 
system. In systems, the elements interact in 
such a way that new collective patterns and 
regularities emerge, and larger entities have 
properties that the individual elements do not 
(‘the system is more than the sum of its parts’).

Bioeconomy systems are multi-level, shap-
ing and being shaped by social and ecological 
systems at local (e.g. landscape transforma-
tion) and global (e.g. greenhouse gas emis-
sions) scales (Wohlfahrt et al. 2019). Biomass 
comprises diverse components (e.g. lignocel-
lulose, proteins, sugars, starches, oils), which 
are fractionated during processing for various 
uses (Kircher 2021). The spatial dispersion, 
temporal dependencies, and interplay between 
sectors and actors (farmers, industries, policy-
makers, researchers and consumers) add to 
the bioeconomy’s complexity. These actors 
operate within and influence interconnected 
systems, from local communities to global 
markets. In addition to the material needs that 
a bioeconomy system aims to satisfy, other 
goals and functions include the replacing non-
renewable resources with locally available bio-
mass, closing material and energy loops (i.e. 
circularity) and increasing biomass use effi-
ciency (i.e. cascading biomass use, biorefinery 
approach) (Diaz-Chavez et al. 2020; Kardung 
et al. 2021; Wohlfahrt et al. 2019).

As explained in 7  Sect. 3.3, the conditions 
governing the circularity of biomass flows are 
different from those of metal and mineral 
flows. Biodegradability imposes limits on the 
storage and reuse of bio-based materials, and 
the disposal or landfilling of biodegradable 
waste poses different environmental and soci-
etal problems than the landfilling of minerals 
and metals. The trade and deployment of bio-
mass is also based on other functional con-
tents: for example, nutritional value, energy 
value, structural strength, water content, and 
unquantifiable properties such as taste, smell, 

and appearance. The interaction of these con-
ditions has led to a wealth of circular bio-
economy practices, including nutrient 
recovery from wastewater treatment, paper 
recycling, and energy provision from biogas 
and sawmill residues. These practices inte-
grate multiple systems (i.e. couple different 
sectors), including water and sanitation, food 
provision, and wood-based construction sec-
tors. Consequently, system integration, also 
referred to as multisector coupling, is a funda-
mental component of the bioeconomy 
(Schipfer et al. 2024).

System complexity arises from the attri-
butes of its elements, their interrelationships, 
and the system’s interactions with its context. 
Bioeconomy systems, embedded in  local eco-
systems and the broader natural environment 
and social context, require a systems perspec-
tive to understand their elements, relationships 
and outcomes (Vargas-Hernandez et al. 2018; 
Schlaile et al. 2025; Vargas-Carpintero 2025).

	> Due to the disciplinary diversity of  systems 
theories, there are many ways to differenti-
ate the systems concept. 7  Chapter 37 
presents a number of  attributes that are 
commonly applied to differentiate between 
systems that are useful in the context of 
inter- and transdisciplinary research, 
namely openness, goals and functions, and 
system assessment.

When identifying and studying solutions 
in the bioeconomy system, we need to recog-
nize all the different parts of these complex 
systems. A systems approach is necessary to 
understand the respective context, see multi-
ple perspectives and allow different solutions 
to emerge. .  Table 3.1 shows some exemplary 
factors and characteristics of a bioeconomy 
system.

A holistic systems approach aims to under-
stand and optimize the complex relationships 
and feedback loops between various actors 
and elements, such as natural resources, pro-
duction processes, consumption patterns, 
waste management, and socio-economic fac-
tors in the regional context (.  Fig. 3.8).

A holistic understanding of these relation-
ships can help identify strategies to promote 
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change towards more resilient systems. 
Systems thinking thus has immense potential 
to enhance our understanding of complex 
situations, recognize interdependencies and 
relationships, and to relate our own percep-
tions and judgements to those of others in an 
engaged way. For this to happen, it is neces-
sary to consider how novel innovations in the 
bioeconomy can be assembled, rather than 
focusing on individual elements, reflecting on 
the current system status and its drivers 

(Darnhofer 2021).
Applying a holistic systems perspective to 

the analysis of bioeconomy systems also 
implies taking a multi-level approach that 
considers relationships at different levels, 
from micro (i.e. farming system, value chain), 
meso (i.e. landscape, region, value web) to 
macro (i.e. national and global level). Current 

approaches and projects tend to be based on a 
limited view of a bioeconomy, for example, 
focus on individual bio-based value chains, 
and thus fail to provide an integrated approach 
to the bioeconomy system under review. This 
narrow perspective can lead to oversimplifica-
tion, which can generate controversies that 
discredit the potential or neglect potential 
risks of interventions aimed at promoting the 
bioeconomy.

Rather than focusing on individual com-
ponents (e.g. biomass production), a systems 
thinking perspective examines the intercon-
nectedness and interdependencies within the 
bio-based value chain. Holistic system think-
ing means that a sustainable bioeconomy sys-
tem considers not only the basic components 
and the technological perspective (biomass 
production, processing, products and end-
use), but also local socio-economic and eco-
logical factors and the overall context 
(Vargas-Carpintero 2025; Schlecht et al. 2024) 
(see 7  Chap. 4). For example, rather than see-
ing agricultural systems purely as biomass 
suppliers in a value chain, the analysis and 
design of the sub-systems of bio-based value 
chains requires the consideration of the rela-
tionships within them (at farm, landscape and 

       . Table 3.1  Exemplary factors and characteristics influencing a bioeconomy system

Time scale dependencies The timescales of biomass feedstock production and natural cycles can be very 
different, leading to a diversity of production cycles: for example, annual or 
perennial crops in agriculture; 10–100 years in forestry systems.

Spatial distribution Fossil resources are unevenly distributed globally. In contrast, biological 
resources are found all over the world. Biomass production is globally dispersed 
due to the interaction of regionally specific biophysical factors that influence 
productivity (e.g. soil, climate).

Geographical conditions The bioeconomy is based on varying geographical conditions. This regionality 
can be seen, for example, in biomass production. It depends on agricultural 
practices, workforce, biophysical conditions such as soil-related factors (water 
and nutrient availability) and climate, which differ from region to region. 
Territorial-scale logistical issues such as the location of water supplies or roads 
also have an impact.

Diversity and variability Alternative resources and process flexibility are important characteristics of 
bioeconomy systems. The same feedstock can be used for multiple products 
(biorefinery approach), providing multiple functions.

Interactions Connection and relations between different elements of biophysical, technologi-
cal, socio-economic and institutional systems as well as between sectors and 
actors (e.g. farmers, foresters, energy producers, policymakers, scientists and local 
communities) influence the Bioeconomy system.

Holistic systems thinking in the bioecon-
omy refers to an integrative approach that 
considers the entire system of  biological, 
economic and social interactions.
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       . Fig. 3.8  Bioeconomy systems are embedded in a larger (regionally specific) context: a on a global scale via dis-
persed biomass production systems, and b at the local level through value chain components and actors

regional levels) and their context (off-farm 
activities, natural environment, biomass use, 
processing and consumption) (Darnhofer 
2021).

	z Practical implications:
	5 Use systems thinking to empower change 

and foster transformation processes
	5 Understand the system, its components 

the actors involved within and outside the 
production system

	– Biomass production
	– Biomass processing
	– Bio-based products
	– Contextual factors, elements and actors 

	5 Identify and define common ground: goals 
and objectives integrating different per-
spectives

	5 Identify multiple possibilities and strate-
gies simultaneously

	5 Evaluate options to identify (regionally) 
specific solutions

	– Use a comprehensive set of indicators 
(number and quality), aimed at meeting 
sustainability and circularity require-
ments in the local context

	– A bioeconomy system analysis should 
be based on the biological, ecological, 
social, economic, institutional and tech-
nological systems

	– Use tools like life-cycle thinking in the 
analysis and design of bioeconomy sys-
tems (see 7  Sect. 41.1).

?	Questions
	1.	 What role does systems thinking play in 

the bioeconomy, and why is it necessary 
to move beyond linear models?

	2.	 What are the potential environmental 
trade-offs of  transitioning to a bio-
economy?

	3.	 How does the bioeconomy align with 
resilience principles, and in what ways 
can it contribute to both climate miti-
gation and adaptation?

	4.	 What is the primary goal of  circularity 
within the circular economy, and how 
is this concept aligned with the objec-
tives of  a bioeconomy?

	5.	 How do biorefineries contribute to the 
goals of  a circular bioeconomy, and 
what are their main benefits for sus-
tainable resource management?

	6.	 Why is the integration of  multiple sci-
entific disciplines and types of  knowl-
edge critical for the development of  a 
sustainable bioeconomy?

	v Answers
	1.	 Systems thinking is crucial in the bio-

economy because it enables us to 
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understand and model the complexity 
of  interrelated processes and actors in 
ecological, social and technological 
contexts. Unlike linear models, which 
focus on isolated cause-and-effect rela-
tionships, systems thinking incorpo-
rates feedback loops, linkages and 
emergent properties, helping to reveal 
how interactions between components 
produce collective patterns that indi-
vidual elements alone do not exhibit. 
This approach is essential for 
understanding and managing the 
multi-level impacts of  the bioeconomy, 
such as landscape transformation and 
greenhouse gas emissions, which oper-
ate at both local and global scales.

	2.	 The transition to a bio-based economy 
can reduce reliance on fossil fuels, but it 
also poses environmental trade-offs, such 
as increased land and water use for bio-
mass production, potential habitat loss, 
and impacts on biodiversity. Additionally, 
large-scale agriculture for bio-based 
materials can lead to soil degradation, 
water pollution, and greenhouse gas 
emissions if  not managed sustainably. 
Balancing these factors is crucial to 
ensure that the environmental benefits 
outweigh the potential downsides.

	3.	 The bioeconomy is in line with the prin-
ciples of  resilience through the promo-
tion of  systems that are regenerative, 
diverse, and adaptable to shocks—key 
characteristics of  resilience. It con-
tributes to climate change mitigation 
through carbon sequestration, clean 
energy production, and the creation of 
carbon sinks, such as afforestation. With 
respect to climate change adaptation, 
the bioeconomy promotes climate-
resilient agricultural practices, such as 
conservation agriculture, agroforestry 
and organic farming, which help ecosys-
tems and communities withstand cli-
mate change. By integrating these 
strategies, the bioeconomy supports 
both environmental stability and sus-
tainable development in the face of 
socio-economic and climatic shifts.

	4.	 The main goal of circularity in a circular 
economy is to minimize resource input 
and waste generation by slowing down, 
closing and narrowing material and 
energy loops through pro-cesses such as 
recycling, reuse and eco-design. This 
approach is regenerative and aims to 
reduce environmental impacts and pre-
serve the value of materials. Circularity is 
well aligned with the bioeconomy through 
its promotion of efficient biomass use 
and conversion of waste into new 
resources, thus maximizing the sustain-
ability of biological materials. This syn-
ergy between circularity and the 
bioeconomy, referred to as the ‘circular 
bioeconomy’, emphasizes the more effec-
tive use of natural resources and the cre-
ation of value from waste, contributing to 
the sustainable transition of eco-nomic 
systems.

	5.	 Biorefineries are essential for a circular 
bioeconomy, as they convert biomass 
(including agricultural residues and 
waste streams) into valuable bioprod-
ucts such as biofuels, biochemicals, and 
bioenergy. Using integrated technolo-
gies, biorefineries maximize the use of 
biomass and minimize waste, thus sup-
porting sustainable resource manage-
ment. In the circular bioeconomy, 
biorefineries help close loops by trans-
forming waste into resources, such as 
bio-based fertilizers that sup-port agri-
culture. By utilizing local biomass, bio-
refineries reduce reliance on fossil fuels 
and foster regional resource security, 
creating economic, environmental and 
social benefits that are critical to sus-
tainability goals.

	6.	 The sustainable development of  a bio-
economy requires the integration of 
multiple scientific disciplines because it 
addresses complex ‘wicked problems’ 
that involve interdependent social, eco-
logical and economic factors. For exam-
ple, agricultural science contributes 
knowledge on sustainable farming prac-
tices, while economics provides insights 
into market dynamics and resource allo-
cation. The integration of  scientific, tra-
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ditional, normative and transformative 
knowledge from diverse fields enables a 
more comprehensive understanding of 
the challenges of  the bioeconomy, con-
tributing to the development of  sustain-
able solutions and facilitating effective 
cooperation among a variety of  actors.
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The transition to a sustainable bioeconomy 
entails the transformation of  production 
towards the creation of  environmental, social 
and economic value. Production activities in 
economic sectors are framed in value chains, 
in which value is generated through a 
sequence of  processes for delivering goods to 
consumers. In the context of  the bioeconomy, 
production systems utilise biomass as the 
main renewable raw material, convert it 
through a variety of  technological options 
and deliver bio-based products and services. 
Through these value-adding activities, eco-
nomic value is generated. Aiming to shape 
multi-functional production systems, bio-
based value chains and webs should have a 
positive impact on the environment and soci-
ety. In this chapter, the concepts of  bio-based 
value chain and web are introduced as inte-
grative frameworks to link biomass supply, 
processing, products and markets. By means 
of  examples of  emerging bio-based value 
chains and webs, key characteristics of  these 
systems will be explained. This chapter 
emphasises that bio-based value chains and 
webs require both technical and organisa-
tional as well as governance dimensions for 
their sustainable development and perfor-
mance.

	n Learning Objectives
After studying this chapter, you will…

	5 …be able to describe the bio-based 
value chain and web concepts and 
identify their main  components from 
primary production of  biomass to 
final products (see 7  Sects. 4.1, 4.2 
and 4.3).

	5 …be able to describe common charac-
teristics of bio-based value chains and 
webs as part of bioeconomy systems 
(see 7  Sect. 4.4).

	5 …be able to apply the bio-based value 
chain and web as operational frame-
works to enable multi-actor collabora-
tion, inter and transdisciplinarity and 
systems thinking in the bioeconomy 
(see 7  Sect. 4.5).

4.1  �The Bio-Based Value Chain 
as an Integrative Framework: 
An Introduction

Bio-based value chains and webs can be seen 
as the operative side of the bioeconomy, the 
cell of a larger organism called ‘bioeconomy 
system’. This ‘cell’ is complex and builds on 
biological resources, processes and interre-
lated actors and stakeholders to produce bio-
based products and services. As in the case of 
muscle or brain cells, value chains and webs 
need to be adapted to specific contexts and for 
the delivery of specific needs, with the impera-
tive to contribute to social wellbeing and envi-
ronmental regeneration.

4.1.1  �Relevance and Utility 
of the Concept

Bioeconomy strategies worldwide and their 
action plans seek to promote new economic 
activities based on the use of renewable 
resources to pursue sustainability goals at 
regional, national, and supranational levels 
(see 7  Chap. 2). Unlocking the potential of 
the bioeconomy, from a bioresource vision 
perspective (see 7  Sect. 2.3) requires setting 
up production systems (i.e. value chains) able 
to create value by producing, supplying and 
transforming biomass into final products and 
services (Bugge et al. 2016; Viaggi 2018).

According to Ronzon et al. (2022), value 
chains of the European bioeconomy generate 
657 billion euros of value added, from which 
29% is represented by agriculture and 36% by 
food, beverages and other agro-manufacturing 
products. These value chains contribute 4.7% 
of the EU GDP and employ 8.3% of the 
labour force, making it a key socio-economic 
sector. This shows that bio-based value chains 
are already established to produce food, 
energy, chemicals, pharma and bio-based 
materials, and new ones are being developed 
globally (Kircher 2021). Bioeconomy strate-
gies at supranational, national and regional 
levels aim to generate economic value, create 
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jobs and improve environmental performance. 
Here, the deployment of sustainable bio-
based value chains and webs plays a key role.

In bioeconomy, value chains are built on 
biological resources and therefore called ‘bio-
based’. The term is commonly used to illus-
trate and describe economic activities (i.e. 
adding value) within the bioeconomy. They 
are essential to the operationalisation and 
implementation of the bioeconomy, as they 
integrate the inherently interconnected pro-
cesses of natural resource use and manage-
ment related to the production of biomass, 
but also its processing and utilisation.

The bio-based value chain provides an 
operational framework that represents, fosters 
and enables (Zörb et  al. 2018; Viaggi 2018; 
Kircher 2021):

	– The connection between primary produc-
tion of biomass, processing, bio-based 
products and services, and markets

	– The economic activity performed by mani-
fold coordinated actors and organisations 
for the production and use of biomass

	– The uptake and articulation of innovation 
stemming from scientific research and 
ranging from bioprospecting to novel 
products, sustainable management, and 
new business models

	– Systems thinking and life-cycle thinking for 
value chain design, development, analysis 
and impact improvement (see 7  Chap. 3).

	– A micro-level bioeconomy system analysis 
for improving value creation, logistics, cost 
structure, actor relations, and sustainable 
performance.

	– A meso- and macro-level bioeconomy sys-
tem analysis to understand the relations 
between single value chains at sectorial, 
regional, national, and global levels.

4.1.2  �Concept of Bio-Based Value 
Chain

Production activities in economic sectors are 
based on interdependent relationships between 
economic agents. The linkages among actors, 
the flow of materials and goods from the extrac-
tion of raw materials to the distribution and 

marketing of final products, as well as the flows 
of information and trade interactions result in 
complex systems. These systems are known as 
value chains, in which actors are connected and 
create value along a set of production processes 
that result in a final product and/or service. In 
the context of the bioeconomy, these produc-
tion systems are known as ‘bio-based value 
chains’. Let’s explore what this means.

The term value chain describes the full 
range of  activities which are required to 
bring a product or service from concep-
tion, through the different phases of  pro-
duction (involving a combination of 
physical transformation and the input of 
various producer services), delivery to 
final consumers and final disposal after 
use. A value chain is based on actors (e.g. 
firms), their relationships, and coordina-
tion mechanisms (Kaplinsky and Morris 
2002; Gereffi et al. 2005).

Bio-based value chains consist of actors 
that perform adding value processes and eco-
nomic activities using biomass as resource 
base. In these production  systems, farmers, 
processors, and distributors interact and 
directly add value in a coordinated form 
(Gereffi et  al. 2005). Indirect actors  such as 
input and service providers, researchers and 
regulatory bodies support the system and pro-
vide  an enabling environment among them 
(Gereffi et al. 2005). In addition to direct and 
indirect value chain actors, key stakeholders in 
bio-based value chains  include workers, local 
community, consumers  and  society  (Marting 
Vidaurre et  al. 2020).  The bio-based value 
chain is described as the ‘sequence of processes 
from biomass production to bioproduct along 
with its opportunities for value generation, 
including economic, social and ecological val-
ues’ (Lewandowski 2015). The simplified 
structure of the bio-based value chain consists 
of three main components or building blocks: 
biomass production, biomass processing, and 
bio-based products (Zörb et  al. 2018), sup-
ported by ecosystem services and value chain 
actors, as illustrated in .  Fig. 4.1.
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       . Fig. 4.1  Simplified structure of  a bio-based value chain with its main components (Adapted from Iffland et al. 
2015 and Abdulsamad et al. 2013)

Bio-based value chains are based on the 
combination of natural resources (e.g. bio-
logical organisms, soil, light, water, ecosystem 
services,  minerals, etc.), technological inputs 
(e.g. crops, cropping systems, harvesting and 
post-harvesting  techniques, processing tech-
nologies, biorefining, transport, etc.), direct 
and undirect  value chain  actors (organised 
and coordinated  through  value-chain gover-
nance structures) and supporting services (i.e. 
knowledge,  regulations, funding, certifica-
tions, etc.).

A bio-based value chain is a linked sequence 
of  value-adding processes performed by 
coordinated actors from biomass produc-
tion to final bio-based product or service, 
including disposal/recycling, for the gen-
eration of  environmental, social and eco-
nomic value (Kaplinsky and Morris 2002; 
Gereffi et al. 2005; Lewandowski 2015).

The concept of the bio-based value chain 
is relevant as it describes the supply side of the 
bioeconomy  and  value-adding processes 
(Viaggi 2018). It provides a general and multi-
dimensional framework focused on the cre-
ation of value, involving input and product 
flows, actors, governance arrangements as 
well as different processes, from logistics to 
sustainability management. In bio-based 
value chains there are flows of materials (e.g. 
biomass) from primary production to end 
products, with possible returns due to recy-
cling  and circularity. Information flows are 
also a feature of bio-based value chains, pri-
marily regarding sustainability performance, 
but also market information such as price, 
offer,  demand and monetary flows. 
.  Figure 4.2 depicts a more detailed view of 
the bio-based value chain.

Complementary concepts, such as supply 
chain, process chain and global chain are use-
ful to zoom in and out in the bio-based value 
chain. For instance, biomass or bio-based 
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       . Fig. 4.2  Detailed view of  a bio-based value chain indicating processes, value addition and flows. (Adapted 
Iffland et al. 2015; Abdulsamad et al. 2013; Zörb et al. 2018)

product supply chains (e.g. wood supply 
chain, biogas supply chain) focus on the logis-
tics and operational perspective of material 
and information flows (Clay and Feeney 
2019). Process chains describe the processes, 
activities, and operations required in the com-
plete value chain or at a specific segment of it 
(e.g. pre-treatment, biorefining and down-
stream processes as part of the biomass pro-
cessing segment), as shown in .  Fig.  4.2 
(Zörb et al. 2018). Global commodity chains 
and networks (e.g. palm oil chain) help to 
explain the organisation of global bio-based 
industries (Gereffi et al. 2005).

4.2  �The Origins of the Bio-Based 
Value Chain Concept

But is the bio-based value chain a new con-
cept? The term value chain has its roots in the 
concept of filière, a French term originated 
from economics and introduced in the 1970s 
as an analytical framework for the vertical 
structuring of production systems and coor-
dination between actors to produce goods 
(Biénabe et al. 2017).

In essence, this concept refers to the linked 
sequence of technical, logistical and commer-
cial operations in agricultural production sys-
tems for the production and distribution of 
products such as food, from production to 
consumption (Lançon et al. 2017). The filière 
allows a sub-division of production systems 
and the interdisciplinary analysis of input-

output relationships (technical perspective) as 
well as organisation of economic agents and 
the forms of exchanges (social and economic 
perspectives) (Biénabe et  al. 2017; Lançon 
et al. 2017). This framework has been primar-
ily used in the context of agricultural produc-
tion systems and rural development as a 
diagnostic tool to analyse the performance, 
organisation and relations between farmers 
and processors and improve the competitive-
ness of agricultural value chains (Biénabe 
et  al. 2017; Zörb et  al. 2018 cited Nang’ole 
et al. 2011).

In fact, agricultural value chains and simi-
lar concepts such as agri-business and agro-
industrial value chains are closely related to 
bio-based value chains because of the resource 
base they are built on: biomass. However, in 
the case of bio-based value chains, other 
forms and sources of biomass are considered, 
encompassing both traditional and new bio-
mass types. These include biomass from con-
ventional agriculture (i.e. crops and livestock 
production) but also aquaculture, forestry, 
microorganisms, algae cultivation, insect 
farming and residual  biomass generated at 
primary production, industry or consumer 
level.

A filière is a linked sequence of  technical, 
logistical, and commercial operations nec-
essary to produce and distribute food or 
agro-industrial products, from production 
to consumption (Lançon et al. 2017).
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An extension in the scope of the filière, 
given the need to understand global value 
chains, led to the introduction of the ‘global 
commodity chain’ concept in the mid-1990s to 
analyse the coordination of large value chains 
(Kaplinsky und Morris 2002). These systems 
are characterised by globally distributed and 
linked actors and processes for adding value 
from the raw material extraction to the final 
product (Gereffi et  al. 2005; Kaplinsky and 
Morris 2002; Viaggi 2018). The characteristics 
of these production systems can also be iden-
tified in large bio-based value chains with a 
global distribution of activities, as is the case 
in the food system. Thus, the ‘global com-
modity chain’ or ‘global value chain’ concepts 
set a baseline to understand the structure, 
operation and coordination of more complex 
bio-based value chains that operate with or to 
produce bio-based resources and products at 
a global scale.

	> In the 1980s, Michael Porter introduced 
the value chain concept as an enterprise-
level and management tool for analysing a 
firm’s competitive advantage, based on the 
primary and support activities within the 
firm that result in value creation (Zörb 
et  al. 2018 cited Porter 1985). It can be 
understood as a zoom-in on every firm’s 
operation that is part of  a larger value 
chain, in which multiple firms and various 
actors interact, from raw material produc-
tion to final product. It can be the case, 
however, that if  a firm’s strategy is based 
on a complete vertical integration, the 
same firm fulfils all value chain processes.

4.3  �The Bio-Based Value Web: 
Beyond Linear Thinking

The simplicity of the value chain and its linear 
representation contrasts with the complex 
reality of production systems. Multiple inputs, 
biomass and supporting service providers, as 
well as a variety of intermediate and final 
products and distribution channels, result in 
interlinked value chains, creating value webs 

or networks (Kaplinsky and Morris 2002; 
Zörb et al. 2018). An example is the elabora-
tion of a final product that requires different 
components and depends on various bio-
based value chains, such as a car that operates 
on renewable energy and is built with bio-
based materials (.  Fig. 4.3). 

 The concept of biomass-based value web 
(or bio-based value web) was introduced by 
Virchow et al. (2016) as a systems approach to 
account for the linkages between single value 
chains, capture  the variety of biomass path-
ways and explore synergies for sustainability 
and productivity. 

Bio-based value webs integrate multiple 
bio-based value chains into a cohesive net-
work, expanding beyond the focus of  a single 
product or value chain (Virchow et al. 2016). 
These webs enable the incorporation of 
diverse biomass-to-product pathways, link-
ing various stakeholders and fostering col-
laboration across different sectors (Virchow 
et  al. 2016;  Vargas-Carpintero et  al. 2022; 
Zörb et al. 2018). This approach provides a 
holistic view of  complex production systems 
and processes. It facilitates a ‘web perspec-
tive’ to understand the multiple uses of  bio-
mass, the connections between value chains, 
how these are governed and how actors are 
linked (Virchow et  al. 2016; Viaggi 2018). 
Multiple products from a single biomass type 
(e.g. multi-purpose crops that can serve mul-
tiple functions and flex crops with inter-
changeable uses  for food, feed, energy and 
materials), multi-feedstock systems and the 
product mix at farm level can be analysed 
from a value web perspective (Virchow et al. 
2016; Viaggi 2018; Bastos Lima 2018; Birner 
2018; Scheiterle et al. 2018). An example of 
the manifold uses of  sugar cane in a value 
web is illustrated in .  Fig. 4.4. The value web 
approach is helpful in identifying synergies 
between value chains, innovation opportuni-
ties, increasing resource efficiency through 
the cascading use of  biomass and circularity 
principles, assessing the system’s sustainabil-
ity and value creation, developing production 
scenarios, and formulating upgrading strate-
gies (Zörb et al. 2018).
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       . Fig. 4.3  Value web or network of  a car operated with bio-methane and built with bio-based plastic parts. Mul-
tiple value chains are integrated, consisting of  feedstock (biomass), platforms or building blocks, intermediate prod-
ucts and final material and energetic products. (Adapted from BIOPRO in Zörb et al. 2018)

A biomass-based value web represents an 
extension of  the value chain concept used 
to analyse the manifold uses of  biomass in 
the bioeconomy. A biomass-based value 
web approach utilises the ‘web perspec-
tive’ as a multi-dimensional framework to 
understand the interrelation and linkages 
between several value chains and how they 
are governed (Virchow et al. 2016; Scheit-
erle et al. 2018; Birner 2018).

	> Do you want to learn more about the con-
cepts of  bio-based value chains and webs? 
Take a look at .  Supplementary Video 

4.1, a video from our MOOC “Concepts 
of  Sustainable Bioeconomy” (2021).

4.4  �Characteristics of Bio-Based 
Value Chains and Webs

Bio-based value chains and webs are at the 
heart of the bioeconomy, offering a sustain-
able alternative to traditional, fossil-based 
systems. These systems are unique in their 
reliance on renewable biological resources, 
their integration of diverse stakeholders, and 
their focus on environmental, economic and 
social sustainability. The following section 
explores their defining characteristics, high-
lighting their role in fostering innovation and 
resilience within a sustainable bioeconomy.
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       . Fig. 4.4  Sugar cane value web in Brazil showing the manifold uses of  a single crop (Scheiterle et al. 2018 in 
Birner 2018)

4.4.1  Biomass Dependency

The availability of biomass is essential for the 
implementation of bio-based value chains and 
webs. Ensuring a sustainable production of 
biomass is crucial, without negatively impact-
ing food supply, ecosystem functioning and 
natural resources, such as land and water. 
Strategies to achieve this include improving 
biomass production efficiency  through sus-
tainable intensification, using waste materials, 
and developing systems that require smaller 
amounts of biomass (Lewandowski 2017; 
MacClay and Sellare 2022). New sources of 
biomass such as second-generation feedstocks 
(e.g. residual biomass, non-edible crops and 
lignocellulosic plants), third-generation feed-
stocks (e.g. microalgae) and fourth-generation 
inputs (e.g. genetically modified microorgan-
isms), can contribute to the production of bio-
based energy and material products  without 
competing with food production. These bio-
mass sources aim to reduce direct and indirect 
land use change by, for example, cultivating 
multipurpose crops on marginal lands while 
contributing to land restoration and carbon 
sequestration. Residual biomass from bio-

based industries is another important resource, 
which can create new business models and link 
bio-based and non-bio-based sectors (Carra-
resi et  al. 2018; MacClay and Sellare 2022). 
Novel multi-purpose crops that can serve dif-
ferent applications  for food and non-food 
uses are pivotal for the diversification of bio-
based resources and products (Virchow et al. 
2016) (see example in 7Excursus 4.1).

	> Do you want to learn more about emerg-
ing bio-based value chains and webs for 
producing bioplastics, chemicals, bioen-
ergy/biogas and providing ecosystem 
services from the lignocellulosic crop mis-
canthus? Take a look at .  Supplementary 
Video 4.2, a video from our MOOC 
“Concepts of  Sustainable Bioeconomy” 
(2021).

4.4.2  Biomass Complexity

Unlike fossil-based resources like oil, biomass 
is a biological carbon source heterogeneous in 
its composition, with limited shelf  life, spa-
tially dispersed, seasonal and with low energy 
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�Excursus 4.1: Macaúba Palm for Emerging Bio-Based Value Webs

The macaúba palm (Acrocomia aculeata), native 
to Latin America, is an alternative oil crop for 
the food and feed, cosmetic, chemical and 
bioenergy sectors by the full use of the fruits 

(.  Fig. 4.5). Value chains and webs from this 
plant are being established driven by the domes-
tication of the palm and its initial cultivation in 
Brazil (Vargas-Carpintero et al. 2021, 2022).

       . Fig. 4.5  Acrocomia value web concept depicting integrated land use systems for the cultivation the 
macaúba palm (Acrocomia aculeata) and other palms of  the genus Acrocomia, the integral use of  fruits as 
main plant product and the range of  bioeconomy sectors for macaúba-based products and oils, along with 
key actors that shape the value chains, such as farmers, processors, researchers, institutions and consumers. 
(Adapted from Vargas-Carpintero et  al. 2022 licensed under CC BY 4.0. 7  https://creativecommons.org/
licenses/by/4.0/)

and carbon density (Kircher 2021; Aristizábal-
Marulanda and Cardona 2019; Cardona et al. 
2019). Biomass can be very diverse in its com-
position, forms, and properties. In addition, 
biomass production requires inputs such as 
seeds and fertilisers, and natural resources, 
different than oil that is available for its extrac-
tion (Kircher 2021). These characteristics of 
raw materials make bio-based value chains 
distinct in their configuration and operation. 
For example, decentralised biorefineries with 
smaller processing capacity than conventional 
oil refineries are closely located to biomass 
production areas (Kircher 2021). Flexibility 
strategies can also be considered in integrated 
biorefineries that use flexible processing path-
ways for the conversion of multiple biomass 
types into manifold products, as a measure to 

overcome biomass seasonality, reduce risks 
and diversify the market (Espinoza Perez et al. 
2017; Zörb et al. 2018) (see 7  Chap. 17).

4.4.3  Multiple Biomass Uses

Biomass derived from living organisms has 
different applications such as source of food, 
feed, energy, construction materials, fibres, 
cosmetics, pharmaceuticals and other bio-
based products. Value chains encompassing 
these uses and sectors are part of what we call 
today bio-based value chains and webs. 
Although in the emergence of the bioecon-
omy concept bio-based value chains were 
rather dedicated to energy production, today 
multiple sectors and biomass uses are consid-
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ered within the bioeconomy (see also 7  Sect. 
3.2). Deciding on biomass uses, such as food, 
energy or material uses, is a fundamental step 
that requires to prioritise the value of the 
product (economic but also socially and envi-
ronmentally). The possibility of simultane-
ously deliver different products can be 
achieved using multi-purpose biomass 
sources, integrated processing technologies 
and through linkages between different value 
chains.

4.4.4  Integrated Processing and 
Multi-product System

Using the biomass as efficiently as possible is 
one of the main operating principles of bio-
based value chains and webs. The cascading 
use of biomass, introduced in 7  Chap. 3, is a 
concept to represent the extension of the life-
cycle of resources (e.g. paper recycling) as 
well as a strategy to make full use of biomass 
components and by-products (.  Fig.  4.6) 
(Zörb et al. 2018). For instance, in biorefiner-
ies (see 7  Chap. 17) biomass can be fully pro-
cessed through its fractionation into 
functional components through the combina-
tion of mechanical, biological, chemical and 
thermo-chemical processes for the conversion 
of biomass into a large set of  intermediate 
and final bio-based products (Zörb et  al. 
2018; Kircher 2021). The concept of cascad-

ing use of biomass is complemented by circu-
larity  for  closing material and energy flows 
(see 7  Chaps. 3 and 17), by, for example, 
recycling nutrients that can be used in agricul-
ture, valorising by-products, recovering 
energy, and capturing carbon (Zörb et  al. 
2018; Kircher 2021).

4.4.5  Multi-sectoriality and 
Involvement of Multiple 
Stakeholders

In bio-based value chains and webs, multiple 
economic sectors are involved. Both established 
and new biomass producing sectors including 
agriculture, forestry, fisheries, marine 
sources,  the biotechnology industry and 
even  waste management  sectors  provide bio-
based resources to a range of established and 
novel bio-based sectors encompassing food and 
feed, energy and bio-based industries (chemical, 
pharma, cosmetics, textiles and biomaterials) 
(Kircher 2021; Viaggi 2018). Bio-based value 
webs from a single crop, such as sugar cane, can 
deliver several products for different sec-
tors  (.  Fig. 4.4). The valorisation of residual 
biomass can also lead to new synergies between 
companies from different sectors (Carraresi 
et al. 2018) (see example in 7Excursus 4.2). The 
connection between established and novel bio-
based sectors is key for the integration of emerg-
ing bio-based value chains and webs (Zörb et al. 

       . Fig. 4.6  Cascading use of  biomass (Zörb et al. 2018)
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�Excursus 4.2: Interlinking Bio-Based Value Chains and Non-traditional Bio-Based Value Chains

The valorisation of  residual biomass can 
result in novel value chains and the creation 
of  bio-based value webs that interlink dif-
ferent sectors of  the economy. One example 
shown in .  Fig. 4.7 looks at the use of  resid-
ual press cake from vegetable oil extraction 

for phosphate recovery and its use as input in 
a mineral fertiliser value chain. This is pos-
sible by using enzymes in a biotechnological 
process that also generates press cake low in 
phosphate to be used in mixed feed (Carraresi 
et al. 2018).

       . Fig. 4.7  Multi-sectoriality in emerging bio-based value chains and webs. An example is the phosphorus 
recovery from agricultural by-products such as oil press cakes from rapeseed to produce fertilizer and the use 
of press cake low in phosphate as animal feeding. (Adapted from Carraresi et al. 2018)

2018). Suppliers of biomass, farmers, transport-
ers, handlers, primary and secondary proces-
sors, distributors and consumers are among 
value chain actors connected in these systems. 
But also policy makers, investors, scientists, cer-
tifying bodies, service and inputs providers 
(from upstream or downstream value chains, 
such as seed production), consulting and train-
ing services, and further stakeholders such as 
local communities and society interact.

4.4.6  Territoriality or Regionality

Bio-based value chains and webs are anchored 
to the place where biomass is produced. For 
instance, agricultural and forestry systems are 
spatially dispersed which affects transporta-
tion costs and indicates, among other reasons 
such as biomass composition and quality 
assurance, the need for decentralised value 

chain processes at regional level (Viaggi 2018; 
Kircher 2021). The approach of using avail-
able bio-based resources, adding value locally, 
operating in close proximity to the market, 
and contributing to rural economies, in addi-
tion to the geographical distribution of bio-
mass, highlights the regional or territorial 
perspective of bio-based value chains and 
webs. Their presence in specific spaces forms 
in ‘territorial bioeconomy systems’ 
(.  Fig. 4.8), in which value chains are rooted 
in the local context regarding natural 
resources, stakeholders, material flows and 
operation, as in territorial or rural biorefiner-
ies (Wohlfahrt et  al. 2019; Lucian Ceapraz 
et al. 2016). Regardless of the location of pro-
cesses, a regional perspective is necessary 
along value-adding processes, from biomass 
production to product use, as processes inter-
act with the local biophysical, economic and 
social context.
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       . Fig. 4.8  Territorial embeddedness of  bio-based value chains and webs. (Vargas-Carpintero 2025 licensed under 
CC BY 4.0. 7  https://creativecommons.org/licenses/by/4.0/)

       . Fig. 4.9  Bio-based value chains and webs as embed-
ded bio-based production systems in larger environmen-
tal, social and economic systems. (Adapted from 
Budzianowski and Postawa 2016)

4.4.7  Context Dependency and 
Multi-dimensionality

Bio-based value chains and webs belong to 
bioeconomy systems, and as such, they are 
embedded in a biophysical, social, technical, 
economic and institutional context and oper-
ate within geographical boundaries 
(.  Fig. 4.9) (Wohlfahrt et al. 2019; Ge et al. 
2016). Along bio-based value chains and 
webs’ processes, value chain actors and other 
stakeholders utilise natural resources by 
employing technologies for biomass produc-
tion, supply, transformation, and use (Wohl-
fahrt et  al. 2019). Thus, interactions within 
and between biophysical or environmental, 
social and technical elements occur, particu-
larly in agricultural systems and derived 
value chains (Lewandowski et al. 2024). For 
example, soil-plant relations determine bio-
mass production, which can be influenced 
using fertilisers, whose application requires 
farmer’s training. Thus, bio-based value 
chains and webs, from a social-ecological sys-

tems (SES) perspective, exert influence in 
their social and biophysical context, while 
also being shaped by them (Wohlfahrt et al. 
2019; Ge et al. 2016; Viaggi 2018). The con-
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cept of  bio-based value web, because of  its 
holistic principle, can be helpful to account 
for these interactions with the context. Fur-
ther integration of  multi-dimensionality in 
analytical frameworks adapted to the bio-
economy can help to understand system 
interactions, as proposed by Viaggi (2018) in 
the concept of  ‘socio-ecological-technological 
value web’.

4.4.8  Sustainability Orientation

In bio-based value chains and webs the aim is 
to have a positive performance in environ-
mental, social, and economic terms (Lewan-
dowski 2015). These systems are required to 
operate within planetary boundaries and their 
sustainability depends on the functioning of 
natural, technological, and governance pro-
cesses (Ge et al. 2016; Wohlfahrt et al. 2019; 
Diaz-Chavez and van Dam 2020). The use of 
sustainably produced biogenic carbon from 
biomass aims to substitute and reduce the use 
of fossil carbon in the economy and in this 
way, mitigate climate change. In view of the 
degradation of ecosystems and their func-
tions, bio-based value chains and webs, as the 
supply side of the bioeconomy, are required to 
be shaped in a way that the production of bio-
mass and its use avoid land and food use com-
petition, reduce greenhouse gas emissions, use 
fewer inputs, ensure the circulation of materi-
als and energy, minimise waste, foster ecosys-
tem services and restore degraded ecosystems 
(Lewandowski 2015; Lewandowski 2017; 
Viaggi 2018). In addition, social wellbeing, 
equality and inclusion are elemental goals 
(Palmeros  Parada et  al. 2020;  Cerca et  al. 
2022; Marting-Vidaurre et  al.  2020). Thus, 
along the design, development and operation 
of bio-based value chains and webs, the con-
tinuous consideration, evaluation and accom-
plishment of sustainability criteria from 
biomass production to final product, use, and 
disposal is essential to guarantee their positive 

performance and continuous improvement 
(Vargas-Carpintero 2025; Lago-Olveira et al. 
2024).

4.4.9  Knowledge Base and 
Systemic Innovations

Research, development and innovation 
(RD&I) play a substantial role in the bioecon-
omy, commonly referred to as the ‘knowledge-
based bioeconomy’ (Pyka 2017). The 
introduction of new crops, cropping systems, 
processing technologies, and products, as well 
as the adaptation of converging technologies 
such as digitalisation and artificial intelligence 
in bio-based value chain and web processes, 
requires RD&I.  More sustainable biomass 
production practices (e.g. climate-resilient 
crop varieties, agroforestry systems, biological 
crop protection), more efficient and clean pro-
cessing, as well as organisational innovations, 
constitute the knowledge base for the devel-
opment and upgrading of bio-based value 
chains and webs. Bioeconomy innovations are 
systemic in the sense that these affect  the 
whole value chain. Common challenges of 
bioeconomy innovations are  related to com-
mercialisation, diffusion, adoption, knowl-
edge gaps between disciplines, acceptance 
and regulatory aspects, as well as high invest-
ment costs  and long development time-
lines  (Bröring et  al. 2020). Addressing these 
challenges and reducing risks along the R&D 
development process requires of partnerships 
between actors of innovation systems (Mac-
Clay and Sellare 2022; Bröring et al. 2020; Van 
Lancker et al. 2016). In addition, the facilita-
tion of value chain and web building processes 
through platforms that enable the connection 
between actors and collaborative environ-
ments can help to speed up the knowledge 
transfer and innovation adoption process 
(MacClay and Sellare 2022; Zörb et al. 2018; 
Vargas-Carpintero et  al. 2022; Van Lancker 
et al. 2016).
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�Excursus 4.3: BiographieBW

The Federal State of Baden-Württemberg (Ger-
many) is a pioneer case of regional bioecono-
mies. As part of the state’s bioeconomy strategy, 
the formation of novel and advanced bio-based 
value chains and webs is a priority, based on 

research, development and innovation. The 
.  Fig.  4.10 displays an infographic where you 
can have an overview of the bioeconomy research 
program that has been implemented to advance 
the knowledge base of the state’s bioeconomy.

       . Fig. 4.10  Regional approach to R&D research in bioeconomy: the case of  Baden-Württemberg 
7  https://biographiebw.uni-hohenheim.de/ © Universität Hohenheim

4.5  �Design and Development 
of Bio-Based Value Chains 
and Webs

The design and development of bio-based 
value chains and webs is a complex process 
that requires a system perspective, integrating 
both technical and non-technical aspects 
(.  Fig.  4.11). Technical aspects refer to the 
design and optimisation of production sys-
tems through the integration of processes and 
technologies for biomass production and con-
version into products. Non-technical aspects 
refer to actor’ organisation, relationships, 
coordination and governance dimensions. 
Business model development, management 
and business strategies are at the interface of 
technical and organisational aspects.

In the design and development of bio-
based value chains and webs, different levels 
of decision making are interlinked, from stra-
tegic level (i.e. long-term decisions), tactic 
level (i.e. mid-term decisions) to operative 
level (i.e. short-term decisions) (Espinoza-

Pérez et  al. 2017; Butemann and 
Schimmelpfeng 2017). Strategic decision-
making plays a crucial role, addressing effi-
ciency, innovation, and implementability of 
bio-based value chains and webs (.  Fig. 4.12) 
(Mertens et  al. 2019; Bezama et  al. 2019). 
Additionally, the design must account for the 
territorial context, recognising the importance 
of local conditions and resources, while main-
taining a strong focus on sustainability. By 
considering environmental, social, and eco-
nomic goals (Palmeros Parada et  al. 2020; 
Wohlfahrt et al. 2019; Cardona et al. 2019), a 
system perspective ensures that bio-based 
value chains and webs are cohesive, contextu-
ally relevant and future-ready.

In the process of designing and developing 
bio-based value chains and webs, the large 
variety of combinations between biomass 
types, processing technologies, and potential 
products (i.e. biomass-to-products pathways) 
add complexity for taking strategic decisions 
such as the selection of regionally imple-
mentable value chains. To ensure the imple-
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       . Fig. 4.12  Common strategic questions faced by decision-makers in the design and development of  bio-based 
value chains and webs

       . Fig. 4.11  Technical and non-technical aspects that are considered in the design and development of  bio-based 
value chains and webs

mentation of emerging value chains, it is 
essential to conduct a multidimensional and 
holistic assessment early in the design and 
development process, from biomass sourcing 
to bio-based products. This holistic approach 
needs to consider territorial/regional condi-
tions (e.g. biomass availability, biophysical 
constraints, infrastructure, labour, markets, 
social needs) and properties of processing 
technologies (e.g. technology readiness level, 
investment costs, infrastructure requirements 

and processing capacity) to check the compat-
ibility of the value chain in the region (Vargas-
Carpintero 2025; Schlecht et al. 2025). In this 
way, the integration of technologies and their 
transformation into practical, implementable 
solutions can be fostered. As highlighted by 
Lokesh et  al. (2018), once value chains are 
identified, it is crucial to develop business 
models that anticipate the interactions among 
processes, stakeholders and the dynamic 
nature of the bioeconomy.
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	> Do you want to learn more about the 
design of  bio-based value chains and 
webs? Take a look at .  Supplementary 
Video 4.3, a video from our MOOC 
“Concepts of  Sustainable Bioeconomy” 
(2021).

4.5.1  �Design and Development 
Approaches

By applying a value chain and web frame-
work, it becomes possible to uncover the 
socio-economic, biophysical and institutional 
factors (i.e. territorial/regional context) that 
influence the performance of these systems, 
providing a more comprehensive understand-
ing of their dynamics (Virchow et  al. 2016; 
Scheiterle et al. 2018).

A variety of  methodologies assist the 
design and development of bio-based  value 
chains and webs (.  Fig.  4.13). Conceptual 
design frameworks and optimisation 
approaches primarily originated from chemi-
cal process design and mainly focused on bio-
refinery process design (Moncada et al. 2016). 
They allow for the assessment of raw materi-
als, technologies, products, processing routes 
through technical, economic, environmental 
and energy analysis to obtain the best config-

uration of a biomass-to-product pathway at 
different stages of development (conceptual 
design, up-scaling and implementation). 
Sustainability assessment approaches are also 
used in bio-based value chain design by apply-
ing multi-criteria analysis and comparing dif-
ferent biomass-to-product pathways. 
Additionally, participatory approaches allow 
for the involvement of stakeholders in the 
design process (Vargas-Carpintero 2025; 
Palmeros Parada et al. 2020). In the practice, 
researchers and practitioners combine differ-
ent elements of these methodologies to sup-
port the design and development process of 
bio-based value chains and webs.

The conceptual design approaches involve 
identifying potential biomass-to-product 
pathways with techno-economic potential, 
considering factors, such as the technology 
and processes required, as well as the stake-
holders involved. Techniques like 
superstructure-based (i.e. combination of 
alternative biomass-to-product pathways con-
necting biomass, processes and products) 
design and mathematical modelling help 
assess raw materials, processing routes and 
technologies to determine the optimal config-
uration of biorefineries, while also incorporat-
ing primarily technical, economic, 
environmental and energy aspects (Moncada 
et al. 2016; Cardona Alzate et al. 2023).

       . Fig. 4.13  Existing design frameworks and methods in the context of  bio-based value chains and webs. (Adapted 
from Based on Espinoza Pérez et al. 2017; Palmeros Parada et al. 2017, 2020; Aristizábal-Marulanda and Cardona 
2019; Benali et al. 2018; Vargas-Carpintero 2025)
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Optimisation methodologies focus on 
improving the performance by employing 
tools such as linear programming (LP), multi-
objective programming (MO), mixed integer 
linear programming (MILP) and superstruc-
ture models to enhance decision-making 
regarding processing network as well as sup-
ply chain optimization. For example, studies 
have used multi-scale superstructure models 
to manage biomass pyrolysis supply chains 
(Sharifzadeh et  al. 2015), while others have 
focused on optimising the economic perfor-
mance of waste biomass systems (Balaman 
et al. 2018) or maximising profit in biomass-
to-bioproduct supply chains (Abdul Razik 
et al. 2019).

Early-stage approaches, such as process 
synthesis methods, allow for quick compari-
sons of bio-based processes, helping to iden-
tify promising biomass feedstocks, processing 
routes and product portfolios. Similarly, sus-
tainability assessments in early-stage design 
use multi-criteria approaches to evaluate the 
environmental, economic, and social impacts 
of biorefinery systems compared to conven-
tional petrochemical processes, with indica-
tors like economic constraints, environmental 
impacts, and health and safety risks (Patel 
et al. 2012, 2013; Posada et al. 2013).

Sustainability assessment approaches usu-
ally integrate tools for a multidimensional 
appraisal of a set of biomass-to-product 
pathways at ex-ante level or early-stage design 
but also at implementation level of bio-based 
value chains (see 7  Chap. 41). At early stages 
of design, these methods aim to select those 
biomass-to-product pathways with best 
sustainability potential. For this, these meth-
ods apply and combine sustainability indica-
tors in multi-criteria decision-making analysis 
(MCDA). Indicators used are typically related 
to environmental and technical aspects from 
holistic assessments such as Life-Cycle 
Analysis and Techno-Economic Analysis. 

Considering the need of contextualizing 
the design and development process and 
advancing the integration of social aspects in 
the design process, bottom-up approaches are 
being increasingly developed and applied. This 
is the case of participatory design approaches, 

which allow for an active involvement of stake-
holders in the design process, in the definition 
of objectives of a bio-based value chain project 
and in the incorporation of local stakeholders’ 
interests and values (Palmeros Parada et  al. 
2020). These methods can increase the social 
acceptability of novel bio-based value chains 
while being steered towards the actual needs 
and conditions at the local level.

4.5.2  �Integrating Design 
and Development Tools 
with a Territorial Approach

Existing methods for technical design of bio-
refinery systems provide a suitable set of tools 
for the planning of bio-based value chains 
and webs. Combining these methods with 
participatory approaches can favour the 
design and development process by including 
stakeholder’s visions and perspectives, which 
adds a relevant layer of reality conditions for 
developing a value chain project. The need of 
more inter- and transdisciplinarity for setting 
value chains becomes imperative, considering 
that value chain design and development are 
tasks that involve technical knowledge but 
also actors’ organisation and the acceptance 
of stakeholders to get involved. The regional 
implementation potential of these systems 
largely depends on local actors, and incorpo-
rating their perspectives and needs into the 
design process is crucial for ensuring the prac-
tical implementation and success of bio-based 
value chains.

Research in new biomass production sys-
tems, processing technologies and products 
set a portfolio of options with technological 
potential to set new value chains. But are all 
these solutions implementable? What could be 
needed for these technologies and value chains 
to be implemented in economic sectors? 
Adaptive and reflexive processes for the design 
and development of bio-based value chains 
help to continuously consider conditions and 
criteria to jump from ‘technological potential’ 
to ‘implementation potential’. A framework 
conceptualised by Vargas-Carpintero (2025) 
contributes to this challenge by integrating 
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       . Fig. 4.14  Integrated approach for bio-based value chain and web design. (Vargas-Carpintero 2025 licensed 
under CC BY 4.0. 7  https://creativecommons.org/licenses/by/4.0/)

key generic steps in the design process based 
on existing approaches—(i) definition of 
design challenge and objectives; (ii) identifica-
tion of biomass-to-product pathways; (iii) 
screening biomass-to-product pathways, using 
a multi-criteria set (.  Fig. 4.14).

For a bio-based value chain and web con-
figuration (i.e. biomass-to-product pathway) to 
be implementable, it is necessary to check its 
compatibility with the surrounding context 
(external view) and within the production sys-
tem (internal view). For this purpose, three per-
formance assessment dimensions are defined, 
following the rationale of design thinking and 
system analysis (Giampietro 2023; Bocken 
et al. 2022): (i) feasibility, to check the compat-
ibility of the bio-based value chain with the 
biophysical context (is it environmentally fea-
sible?); (ii) viability, to check its compatibility 
with techno-economic constraints (is it techno-
economically viable?); and (iii) desirability, to 
check its compatibility with societal norms, 
values and institutions (is it socially desirable?).

The first dimension, feasibility, encom-
passes aspects related to the availability of 
natural resources, ecosystem services and eco-
logical boundaries of the biosphere. The sec-
ond dimension, viability, covers aspects 
associated to technical potential such as tech-
nology readiness and technology perfor-
mance, as well as economic factors  such as 

production costs and market access. The third 
dimension, desirability, explores the social 
acceptability and the suitability of the system 
with the institutional and regulatory frame-
work, encompassing aspects such as social 
acceptance, regulatory compliance and food 
security  (see  7  multi-criteria set, https://ars.
e l s - c d n . c o m / c o n t e n t / i m a g e / 1 - s 2 . 0 -
S0926669024020818-gr7_lrg.jpg). The appli-
cation of  the  integrated framework in value 
chain R&D projects  strengthens bio-based 
value chain and web design by combining pro-
cess engineering, territorial context, and 
multi-actor approaches to evaluate feasibility, 
viability, and desirability  (Vargas-Carpintero 
2025; Schlecht et al. 2025). Its operationalisa-
tion requires the incorporation of measurable 
indicators associated  to the multi-criteria set 
and regionalised analyses, enabling more 
comprehensive and comparable assessments 
of implementation potential across different 
biomass-to-product  pathways, as illustrated 
in Schlecht et al. (2025) for value chains from 
novel crops grown  on marginal lands for 
industrial purposes in Europe.  In order to 
facilitate the usability of the framework, a set 
of check questions for each of these dimen-
sions is presented in .  Fig. 4.15, derived from 
the multi-criteria set. These exemplary ques-
tions serve as a checking tool for researchers 
and practitioners in the assessment of 
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       . Fig. 4.15  Exemplary check questions to assess the implementation potential of  bio-based value chains and 
webs from plant-based biomass. (Based on Vargas-Carpintero 2025)

biomass-to-product pathways and the 
improvement of the implementation potential 
(Vargas-Carpintero 2025; Schlecht et  al. 
2025).  The questions are defined for plant-
based biomass (e.g. novel crops) and can be 
adapted to other biomass types and cases.

In the following chapters, a variety of tech-
nological approaches and concepts related to 
biomass production and supply, processing 
and products are introduced. These are the 
key building blocks for the creation of new 
bio-based value chains and webs. Along these 

chapters, we encourage you to reflect on the 
concepts and methodological approaches pre-
sented in this chapter, the characteristics of 
bio-based production systems and the variety 
of aspects, technological and organisa-
tional, as well as stakeholders that need to be 
considered in the process of designing and 
developing these systems to ensure their sus-
tainable implementation. The value chain 
concept serves in this process as an appropri-
ate framework to connect the pieces of the 
large puzzle of the bioeconomy system.
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?	Questions
	1.	 What are the building blocks of  bio-

based value chains and webs?
	2.	 What are the advantages of  extending 

the concept of  bio-based value chain to 
value webs?

	3.	 What are key characteristics of  bio-
based value chains and webs?

	4.	 What examples of  strategic questions 
in the design of  bio-based value chains 
and webs can be mentioned?

	v Answers
	1.	 The main building blocks or parts that 

make up bio-based value chains and 
webs are biomass production, biomass 
processing, and bio-based products 
and markets, along with actors, pro-
cesses, inputs and outputs, supported 
by ecosystem services, institutions and 
further value chain actors.

	2.	 The bio-based-value web allows to anal-
yse the interrelation, linkages and syner-
gies opportunities between several value 
chains, to account for the variety of  bio-
mass valorisation pathways and identify 
possibilities for increasing productivity 
while contributing to sustainability.

	3.	 Bio-based value chains and webs rely on 
biomass as renewable resource for their 
operation, are highly complex due to 
intrinsic characteristics of  biomass (e.g. 
seasonality, composition, geographic 
distribution), account for multiple bio-
mass uses, are multi-product systems 
suitable to integrated processing (e.g. 
biorefinery), are embedded in territories 
and are shaped by contextual factors, 
involve multiple stakeholders, sectors 
and  multi-dimensional aspects (e.g. 
environmental, socio-economic, institu-
tional, cultural), pursuit sustainability 
performance by design and demand a 
strong knowledge base and innovation 
processes.

	4.	 Examples of  strategic questions include: 
what type of  biomass to select?; where is 
the biomass supply from?; what process-
ing scale should be considered?; what 

type of  processing technology to select?; 
which markets to target?; what product 
portfolio to offer?; who will be the stake-
holders?; what sustainability impacts 
would be created?; and where to locate 
the value chain processes?
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