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Editorial

The transformation of our economic systems towards a knowledge-based bioecon-
omy has become an important vision at the beginning of the twenty-first century in
order to strive for sustainability. New food and feed, energy from residual material,
chemicals and plastics from plants and algae: bioeconomy opens new paths to
new products, to new production processes and to a modern economy which no
longer challenges the planetary boundaries. Its raw materials are bio-based, and
it is supposed to overcome the heritage of the early industrial revolution in the
nineteenth and twentieth century, namely the lock-in into a carbon-based economy.
In a bioeconomy, resources come from plants, animals, or microorganisms. In
production, it also uses biological processes for a more sustainable production that
conserves energy and resources. Together with digitalization, robotics and changes
in consumption behaviour, this transformation is supposed to fundamentally change
the organization of the economy towards conserving the natural resources and at the
same time performing cleaner production, decreasing energy usage and developing
towards higher quality consumption—in short, towards sustainability.

To substantiate this vision, the bioeconomy needs a great deal of research,
innovation and a fundamental change in the economy and society. Bioeconomy
gives food security and adequate nutrition the highest priority. Climate change
mitigation, health and species diversity are also important aspects. The University of
Hohenheim has made bioeconomy the focus of its research and teaching. Unique in
Germany, it has the comprehensive expertise necessary to cover the entire bio-based
value chain. It covers every topic from plant and animal production to new technical
processes to the necessary change processes in the economy and society. In this,
agricultural, nutritional and food scientists work hand in hand with biologists and
biotechnologists as well as economists and social scientists.

Obviously, the transformation to bioeconomy is not a national task. It can only
succeed in its goals as a global project which exploits the synergies and commonal-
ities among different geographical regions as well as socio-economic environments.
Furthermore, by acknowledging the heterogeneity and variety of development paths,
it becomes clear that there exists neither a unique nor an optimal strategy for a
growing global bioeconomy. The University of Hohenheim has a long history of
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vi Editorial

international cooperation in knowledge generation and diffusion which forms an
important part of its bioeconomy focus. The Strategic Network Bio-based Economy
(BECY) coordinated by the University of Hohenheim is a strategic network of six
leading universities in the emerging research field of bio-based economy and related
disciplines. Besides the University of Hohenheim, the members of this DAAD-
funded network are the University of São Paulo (USP), São Paulo State University
(UNESP, both Brazil), the Metropolitan Autonomous University (UAM, Mexico),
the University of Guelph (UoG, Canada) and the University of Copenhagen (KU,
Denmark). The aim of BECY is to set up sustainable cooperation in mutual and
complementing areas of bio-based economy in order to strengthen excellence in the
quality of research and teaching.

In October 2015, BECY organized a conference entitled “Strategies for
Knowledge-Driven Developments in the Bioeconomy” where besides the BECY
partners also external participants from Australia, Costa Rica, France, Italy, the
Netherlands and Malaysia were invited to broaden the international cooperation and
to provide a global perspective. During the three conference days, more than 50
participants exchanged their views on topics covering strategies for the bioeconomy
implementation as well as biomass production, biomaterials, sustainable food
processing and socio-economic approaches for the transformation towards a
knowledge-based bioeconomy. The conference contributions are the basis for the
book at hand. After the discussions at the conference, we started an editorial process
to select the various chapters of this book which were written to document the state
of the discussion and to outline potential future directions of collaborative research.
Due to its global and interdisciplinary orientation, this book can be considered a
manifesto for moving ahead in the implementation of the vision to transform our
socio-economic systems towards a knowledge-based bioeconomy.

The first part of the volume, Bioeconomy systems: Theoretical underpinnings,
approaches the knowledge-based bioeconomy from a systemic perspective. In his
chapter “Transformation of Economic Systems: The Bio-economy Case”, Andreas
Pyka (University of Hohenheim, Germany) explains why the introduction of a
knowledge-based bioeconomy will require a radical and qualitative transformation.
From a modern innovation economic perspective, the establishment of a sustainable
and inclusive bioeconomy will not be achieved by the substitution of one or more
technologies, but will require a whole package of mutually dependent technologies,
infrastructural developments, behavioural adaptations and institutional changes.
The nature of such structural change and the necessary contribution of new
knowledge are explored in the following chapter by Pier Paolo Saviotti (Utrecht
University, Netherlands). In his contribution “Structural Change, Knowledge and
the Bioeconomy”, he demonstrates what changes in the economic structure (e.g. the
composition of economic sectors) as well as in the knowledge structure (e.g. through
the emergence of new fields of knowledge such as molecular biology) are currently
observed and can be expected in the future. In his chapter “Some Thoughts about
the Bio-economy as Intelligently Navigated Complex Adaptive System”, Hugo de
Vries (University of Montpellier, France) sets out to solve the observed paradox
between the general upscaling and homogenization of production processes and
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the necessity to balance economic growth with social and environmental goals. By
understanding the knowledge-based bioeconomy as a complex adaptive system, the
author derives quite concrete principles to guide future bioeconomy research with
the goal to improve the efficiency of innovations in terms of their contribution to the
bioeconomy.

Part two, Framing the Bioeconomy: Regional and National Approaches,
presents cases of bioeconomies observed around the world illustrating a diver-
sity of implementation approaches of the bioeconomy from nation to nation. In
their paper “Varieties of Knowledge-Based Bioeconomies”, Sophie Urmetzer and
Andreas Pyka (University of Hohenheim, Germany) portray national pathways of
the European Union member states towards a knowledge-based bioeconomy. By
compiling and analysing economic, environmental and social indicators of each
member state, they show regional and national differences as well as similarities
of national innovation systems, thus presenting a basis for policy learning and
the improvement of innovation systems. The following paper, “International Bioe-
conomy Innovations in Central America” written by Mercedes Montero Vega and
Olman Quiros Madrigal (University of Costa Rica), gives an overview of current
bioeconomy policy and research in Latin America. According to the authors, the
great bioeconomic potential of this species-rich and climatically favoured region
should be exploited more effectively and sustainably in order to trigger economic
growth while protecting the environment and improving the lives of the rural
population.

The remaining contributions of this part present four cases of bioeconomy
potential and strategies on the national level. The authors Alcides L. Leao, Ivana
Cesarino (both São Paulo State University, Brazil), Suresh Narine (Trent University,
Canada) and Mohini Sain (University of Toronto, Canada) examine the state
of the art and the possible future of the Brazilian bioeconomy in their chapter
“Potentials for the Brazilian Bioeconomy Innovation System”. It is argued that
due to a tendency towards deindustrialization and a lack of innovation incentives
Brazil currently underachieves its enormous agricultural productivity. Just like in
Brazil, agriculture makes up for quite a high share in the national economy of
the Australian island state of Tasmania. In “Tasmania’s Bioeconomy: Using All
Capitals to Sustain Innovative and Entrepreneurial Agrifood Value Chains”, Holger
Meinke, Laurie Bonney, Katherine Evans (University of Tasmania, Australia) and
Morgan Miles (University of Canterbury, New Zealand) take a critical look at
the national policies to strengthen the country’s agricultural sector. In order to
tap Tasmania’s full agricultural potential to move towards a knowledge-based
bioeconomy, the government has to concentrate on investing in research, knowledge
creation, marketing, value chain innovations and capability development instead of
just improving the technical conditions for agriculture. The authors of “Agricultural
Biomass Utilisation as a Key Driver for Malaysian Bioeconomy”, Ismael Norli,
Arfifin Fazilah (University of Sains, Malaysia) and I. Mohamad Pazli (Northern
Skills Development Centre Sdn. Bhd. Penang, Malaysia), present the Malaysian
government’s quite detailed plans to foster bioeconomic research and development
in this agriculturally strong country. Quite different from the previous examples,
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the Danish case is illustrated by K.E. Markedal, J.C. Sørensen and S. Sørensen
(University of Copenhagen, Denmark) in their contribution “University-Industry
Relationships in the Bioeconomy Innovation System of Denmark”. In this highly
developed and densely populated country, the authors expect potential for improving
bioeconomic performance in extending product portfolios and optimizing value
chains. The focus of the national bioeconomic development should thus be put on
strengthening the collaboration among enterprises up- and downstream and between
enterprises and academia for facilitating the creation, diffusion and absorption of
new knowledge critical for bioeconomic applications and processes.

The last two parts of the volume deal with the more practical aspects of the
bioeconomy: the challenge of producing the required raw material in a sustainable
way and the question of optimal processes and supply chains. The third part,
Resources of the Bioeconomy: Sustainable Biomass Supply, starts out with
“Increasing Biomass Production to Sustain the Bioeconomy”, in which the author
Iris Lewandowski (University of Hohenheim, Germany) explores the question
whether the global biomass production can meet the increasing demand on a
sustainable basis. Demand-driven politics have succeeded in globally increasing the
market for renewable resources, but the amounts of biomass and arable land that
currently are sustainably managed are limited. This calls for strategies that increase
productivity in sustainable agricultural intensification, including plant breeding,
modern agricultural production technologies and empowerment of farmers. Once
again, it becomes obvious that solutions cannot be found in higher-further-faster
strategies but in more intelligent ways of handling and using the resources available.
Brazil’s sugarcane sector serves as a good example for the diversification of
the uses of a formerly very specific resource. In their chapter “Importance of
Sugarcane in Brazilian and World Bioeconomy”, Reges Heinrichs (Sao Paulo State
University, Brazil), Rafael Otto (University of Sao Paulo, Brazil), Aline Magalhães
and Guilherme Constantino Meirelles (Sao Paulo State University, Brazil) present
the multiple uses of all parts of the sugarcane plant within the bioeconomy
for the production of fuel, electricity, feed and food and emphasize the role of
Brazilian sugarcane for the domestic and global bioeconomy. Another important
source of renewable energy from Brazil is eucalypt for woodchip production.
The colleagues Saulo Philipe Sebastião Guerra, Guilherme Oguri, Izabel Cristina
Takitane, Caterina Giulia Lembo, Maura Esperancini and Seiko Tsutsui (Sao Paulo
State University, Brazil) have calculated the efficiency of different felling techniques
and presented their results in “Economic Evaluation of Short Rotation Eucalyptus
Plantation Harvesting System: A Case Study”. Muhammad Arif, Muhammad Riaz,
C. Joe Martin, Yarmilla Reinprecht (University of Guelph, Canada), Leonardo
Simon (University of Waterloo, Canada), Bill Dean and K. Peter Pauls (University
of Guelph, Canada) close this part with examining the sustainability of using
plant fibres for bioproduct manufacturing in general and identifying corn-based
composite characteristics. The authors conclude that using the fibre remaining from
the corn harvest for the production of bio-filled thermoplastic composites is feasible
and sustainable. For its use on a commercial scale, however, fibre quality will have
to be standardized first.
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The final part, Bioeconomy Applications: Optimizing Processes and Manage-
ment, focuses on supply chains and technologies making up the bioeconomy. As
many of the authors of this volume have pointed out, the path towards a sustainable
bioeconomy is paved by new technologies and alternative materials, but must be
accompanied by new combinations of known resources and technologies as well
as by efficiency gains and organizational optimisation. Traditional supply chains
and conventional production processes are thus challenged. For an overview of
biomass-based supply chain models, Stephan Fichtner and Herbert Meyr (University
of Hohenheim, Germany) have reviewed the recent literature on the long-term
strategic planning of biomass-based supply chains. In their chapter “Strategic
Supply Chain Planning in Biomass-Based Industries—A Literature Review of
Quantitative Models”, they reveal certain characteristics typical for biomass-based
supply chains that must be taken into consideration in strategic planning: they
usually comprise quite heterogeneous participants, they deal with high uncertainty
in resource supply and transportation costs of raw material (biomass) are very high.
The following chapter “Structuring the Planning Tasks in Biomass-Based Supply
Chains” resumes exactly these challenging features and uncertainties of biomass-
based supply chains and presents the relevant planning tasks for their management.
The authors Hendrik Butemann and Katja Schimmelpfeng (University of Hohen-
heim, Germany) claim that the specific structure and the distinct stakeholders of a
biomass-based supply chain require a different management approach and simply
adapting established models would not work. The final two chapters present two
specific cases of new technologies to avoid the emission of greenhouse gases and
minimize waste. A low-tech example is showcased by Olman Quirós Madrigal and
Lady Arias Fallas (University of Costa Rica), who have calculated the efficiency of
the installation of a biodigester for the production of biogas and organic fertilizer
from excessive cattle excreta accumulated by a Costa Rican farmers’ cooperative in
their chapter “The Use of Biomass for Energy Production and Organic Fertilizer for
Mitigating Climate Change and Improving the Competitiveness of the Agricultural
Enterprise: The Case of the UPAP in Puriscal, Costa Rica”. The colleagues from
Sao Paulo, Marisa Aparecida Bismara Regitano-d’Arce, Naiane Sangaletti-Gerhard
and Larissa Braga Bueno-Borges (University of Sao Paulo, Brazil), have found a
new method to optimize biodiesel production. In their chapter “Bioethanol as the
Sole Solvent for Vegetable Oil Extraction and Biodiesel Production”, they argue
that oil extraction with ethanol does not require the usual oil refining steps prior
to biodiesel production, making the process more economical and environmentally
friendly. Furthermore, the by-products of this process are of such quality that they
can be used by other industries.

The four parts of this volume illustrate the variety of research areas that are
essential for putting the sustainable knowledge-based bioeconomy on track. We
have to

– Further strengthen the theoretical base of bioeconomy systems by applying an
global, inter- and transdisciplinary perspective
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– Monitor and steer national, regional and global action and accomplishment
towards this goal

– Grapple the ecology and biology of the central resources
– Keep searching for new materials, alternative technologies, novel configurations

and processes as well as social innovations no one has even thought of before.

Stephan Dabbert
Iris Lewandowski

Jochen Weiss
Andreas Pyka
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Transformation of Economic Systems:
The Bio-Economy Case

Andreas Pyka

Abstract To improve sustainability, the global economic system has to undergo
severe transformation processes. This chapter deals with the possibility of an
innovation-triggered transformation towards a knowledge-based bioeconomy,
which is supposed to overcome the current lock-in into a fossil fuel-based
CO2-intensive production. To do this, a Neo-Schumpeterian view is applied
that highlights the complex interplay in knowledge-generation and -diffusion
processes between firms, consumers and government institutions. By applying
the Neo-Schumpeterian approach it becomes obvious that innovation and economic
growth are part of the solution and not part of the sustainability problem. The
shift from quantitative growth—prevailing in textbook economics—to qualitative
development—prevailing in Neo-Schumpeterian economics—makes the difference
and affects all agents and institutions in an economic system, which needs to be
designed as a dedicated innovation system supporting the transformation towards a
knowledge-based bioeconomy.

1 Introduction

After more than 200 years of industrial production, large parts of the world
population are richer than ever before. Simultaneously, past industrial production is
closely linked with the exploitation of natural resources and the strong accumulation
of environmentally harmful greenhouse gases, thereby endangering human survival.
It is evident that things cannot continue as before. But how can future development
be shaped without threatening our natural basis of life and contributing to a high
and increased level of welfare at the same time? At the beginning of the twenty-
first century, many economies all around the world place big hope in the so-called
knowledge-based bioeconomy. Is this a possible way out? Can economic growth and
development, widely the cause of the problem, also become part of the solution?
The following contribution discusses the possibility of transforming the global

A. Pyka (�)
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production system towards a knowledge-based bio-economy from the perspective
of modern innovation economics.

Almost all economists agree that technological development substantially trig-
gers quantitative growth in income per head. However, there is less consensus
with respect to the qualitative characteristics of economic development: whereas
mainstream-oriented parts of economics—often summarized under the heading
neoclassical economics—focuses only on quantitative aspects and thus shows
a short-term orientation, Neo-Schumpeterian economics focuses on qualitative
aspects and thus on a change of fundamental economic structures over longer
periods.

Generally, change can be either of an incremental type in terms of small
improvements along well-known trajectories, or it can be more fundamental, leading
to structural changes like the emergence of new and the disappearance of old
industries. To simplify, we assume that incremental technological changes are based
on existing technological solutions, whereas radical technological changes question
major existing production processes. They might lead to massive changes of the
global production system in the sense of “creative destruction” (Schumpeter 1943).

This chapter deals with a fundamental transformation of production systems:
overcoming the lock-in situation of present production systems towards fossil fuels
(Unruh 2000) and establishing a knowledge-based bio-economy at the same time
(Pyka 2017; Pyka and Buchmann 2016). Without doubt this transformation process
is radical, qualitative, and effective in the long-run only and it has to be considered
under the Neo-Schumpeterian approach to innovation economics. It was already
in his work Business Cycles, published in 1939, when Schumpeter revitalized
Kondratieff’s Theory of long waves in order to explain this process as a regular
process in long-term economic development. His illustration of this change, which
is characterized by its discontinuous nature, is famous: “Add successively as many
mail coaches as you please, you will never get a railway thereby” (Schumpeter
1934, p. 64). Industrialization around the year 1800 represented the first long wave
and was fueled by the steam engine and by cotton processing. Then, starting around
the year 1850, the widespread availability of steel and the diffusion of railways
constituted the second long wave that was again, at the beginning of the twentieth
century, replaced by electrical technology and the chemical industry. In the middle
of the previous century, the third long wave gained momentum by mass production
and the automobile as well as the petrochemical industries. Thus, manufacturing
activities focused on oil as a second fossil fuel apart from coal. Since the 1980s, one
refers to the fifth long wave, which is reflected in the fast and ubiquitous diffusion
and application of information and communication technology solutions.

Now, at the beginning of the twenty-first century, another paradigmatic change
is in the air, being characterized, however, by one major difference to previous
revolutions: whereas previous cycles were driven by technological bottlenecks and
their overcoming, humans in the twenty-first century face the vital question of how
to restore environmental sustainability of economic activities. The knowledge-based
bio-economy plays a key-role in this transformation process which, of course, like
previous radical changes is characterized by fundamental uncertainty (Knight 1921).
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Today, literature provides many alternative terms for the massive change shaking
global production systems: Freeman (1991) and Dosi (1982) call them techno-
economic paradigm changes, Sahal (1985) uses cartographic analogies and refers
to technological guideposts that are pointing to technological avenues. All authors
highlight the confrontation with profound changes economic systems are faced with
over longer periods of time which question all established production approaches.
Not a single technology is responsible for this phenomenon, but several comple-
mentary developments that include, apart from a package of mutually dependent
technologies (e.g., combustion engine, petro chemistry, assembly line production),
numerous infrastructural developments (e.g., road structure, filling station network),
behavioral changes (e.g., suburbs and commuter flow, shopping malls outside the
city centers) as well as institutional changes (e.g., spatial planning and commuter
allowance, etc.). The old paradigm will not be replaced by the new one until all
these elements interact.

The Neo-Schumpeterian approach provides us with crucial hints on the process
of the forthcoming change. For this purpose, we introduce in the second section
to the economic discussion of transformation processes and shortly outline the
consideration of growth-pessimistic approaches that enjoy great popularity, such
as post-growth or de-growth approaches. These are contrasted with the growth-
optimistic approaches that cherish Schumpeter’s intellectual heritage and rely on
the creative forces of capitalistic economic systems to overcome the fundamental
problems of the human society. Innovations are supported by the discovery and
successful spread of new knowledge. Therefore, knowledge-based economies orga-
nize innovation systems composed of different actors which establish a creative
environment for mutual learning and knowledge creation. That is what the third
section of this chapter is about. No innovation would have ever been established
if it had not attracted consumers’ interest and if it had not been leveraged by their
purchasing power. We will focus on these questions in section four. Knowledge-
based societies consider new concepts in the sense of ‘responsible innovation’ that
are decisive in bringing an entire economy on a new sustainable trajectory shaping
growth and development. Section five deals with the massive economic impacts
originating from these technological and knowledge-driven changes. It requires,
besides technological change, also institutional change in a co-evolutionary fashion,
if new sustainable technologies are to achieve the aspired transformation of the
economic system.

2 Limits to Growth

The sustainability of a capitalistic organization of production, as it has been set up
in western industrialized economies since the beginning of the industrial revolution
at the end of the eighteenth century, has been questioned at the latest since 1972
when “The Limits to Growth” was published by the Club of Rome (Meadows et
al. 1972). Since then, two fundamentally different solution strategies are being
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discussed within society: conservation of resources by the abstinence from growth
on the one hand or decoupling of growth and resource exploitation on the other
hand. The supporters of the first approach (Blewitt and Cunningham 2014; Kallis
et al. 2014), summarized under the headings of “abstinence” and “downscaling”,
claim a renunciation of a way of life that is based on consumption and increasing
deployment of resources. According to these approaches, market-oriented economic
systems are not believed to manage endogenously a change towards sustainability.
There are considerations that even call for a return to small-scale regional agriculture
or subsistence economies, respectively. This is considered the only way to enable
a sustainable and resource-friendly lifestyle and form of economic activity. To
summarize, it is easy to see that these approaches are based on the neo-classical
line of thought with the underlying assumption of stable economic structures and an
understanding of economic growth as a sheer quantitative process.

The second approach, instead, is strongly characterized by the observation that
innovations, market forces, structural change, and urban ways of life are both, part
of the problem and part of the solution to the sustainability problem. This second
approach is assigned to the Neo-Schumpeterian perspective with its qualitative
perspective on economic development. Innovation-triggered development is charac-
terized by both, a quantitative, i.e., income-increasing dimension and a qualitative,
i.e., structure-changing dimension. In particular, at the end of the twentieth century
and at the beginning of the twenty-first century, capitalist-oriented economies have
demonstrated impressively their global power of change: in a short time more
people are brought out of poverty (one of the 17 objectives of the UN’s agenda
2030) by creative entrepreneurship in free markets than before by 50 years of
development policies. Obviously, these developments have aggravated the resource
problem and pollution to some extent; however, higher income economies move
along the environmental Kuznets curve and organize cleaner production (Fagerberg
et al. 2015). New creative solutions are able to reform our future economy in the
sense of sustainability, thereby supporting the achievements of the UN’s objectives
towards a sustainable development and ensuring growth and development at the
same time (Mazzucato and Perez 2015).

The leading idea of a knowledge-based economy is based on the notion that
abstinence in the sense of economic down-scaling is neither the first nor the
only solution. In principle, the opinion is shared—which includes both demand
side and participatory elements—that, in accordance with the supporters of the
first method, certain past patterns of production and consumption require urgent
adjustments. Especially concepts resulting in a more intensive use of goods and
therefore contributing to the economization of resources (‘sharing-economy’) are
important. The same applies for closed-loop material cycles, recycling systems, and
intelligent waste treatment. These concepts are perfectly applicable to triggering
learning and behavioral changes on the demand side. However, the core idea consists
of supplying and demanding new technological solutions within a comprehensive
economic transformation process (Geels 2002), i.e., different goods and services are
produced and demanded in different ways, which are characterized by sustainability.
Realizing the technological possibilities of the bio-economy not only creates new
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investment opportunities but is also the prerequisite for a necessary socio-economic
and cultural change. The consumers’ acceptance of bio-based products and their
demand are a conditio sine qua non for a successful change. Consequently, inno-
vations, functioning markets, and changed consumer attitudes are complementing
conditions for the creation of a sustainable production system.

Supporters of the Neo-Schumpeterian school (Dosi et al. 1988; Lundvall 1992,
1998; Nelson 1993) emphasize the systemic character of innovation processes in
knowledge-intensive economic sectors. So-called innovation systems consist of
different actors (companies, research institutions, political actors, consumers, etc.)
and linkages between these actors (flows of goods, R&D cooperation, knowledge
transfer relationships, user-producer-relationships, etc.). These linkages are required
to ensure mutual learning and common knowledge development to solve complex
innovation challenges. Such systems are characterized by their dynamic and co-
evolutionary nature and are thus enormously complex, as both, actors and their
knowledge and linkages and interactions between actors, may change over time.

Dosi (1982) takes this systemic conception as a starting point in defining
technological paradigms as “[ : : : ] set of procedures, or a definition of the ‘relevant’
problems and of the specific knowledge related to their solution”. Transferred to
the knowledge-based bio-economy, the core idea is substitution, i.e., replacing
carbon-based materials and energy with bio-based materials and energy. This can
only be achieved by applying a variety of technological processes in the entire
breadth and depth of the value-added chain. In this process the exploration of
economic complementarities in terms of cross-fertilization of different knowledge
fields matters. For example, to a large extent, digitalization allows for an extension
of value chains by increasing the added value in new sustainable production
sectors in a CO2-neutral way (e.g., by electric mobility based on renewables, by
development of smart grids, etc.). The concept of technological paradigms also
illustrates that a paradigm shift is not possible at any time. A window of opportunity
will only occasionally be opened and allow for a paradigm shift when several
interconnected technologies are established and the creation of conducive demand-
side and institutional conditions happens simultaneously. This, of course, holds for
the emergence of a new bio-economic innovation system, too.

3 Innovation Systems and Knowledge

The theory of industrial life cycles, which emphasizes the strong dynamics in the
emergence and decline of industries, gives a first hint on the meaning of the devel-
opment of a dedicated innovation system supporting the transformation towards
a knowledge-based bioeconomy. Typically, industrial development is divided into
four stages: (i) a development phase (new knowledge creates prerequisites for
innovation), (ii) an entrepreneurial and growth phase (many market entries of
smaller innovative firms), (iii) a saturation phase and consolidation phase (formation
of industrial standards, mergers and acquisitions as well as market exits), (iv)



8 A. Pyka

a downturn phase (oligopolistic competition in only less innovative industries)
(Audretsch and Feldman 1996). Although the bio-economy does not represent a
well-defined industrial sector, understanding the theory of industrial life cycles is of
crucial importance to structure the transformation process towards the knowledge-
based bio-economy. Without doubt, the bio-economy has to be characterized as
cross-sectional. On the one hand, several new sectors will emerge, e.g., in the
fields of bio-plastic, waste management, or bio-refineries. On the other hand,
already existing sectors in the fields of vehicle construction, battery technology,
pharmaceuticals, etc., will gain new momentum by the arrival of bio-economic
approaches. Therefore, we argue that new sectors will emerge by establishing
bio-economical technologies, and development dynamics of some already existing
industries will receive new impetus at the same time. Adjustments of old and
development of new institutions (e.g., in Germany the Renewable Energy Act, the
Greenhouse Gas Emissions Trading Law, etc.), adjustments of consumer habits,
and the emergence of new educational opportunities in terms of co-evolution will
accompany these processes and establish the institutional, the industrial, and the
consumer pillars of a dedicated innovation system.

The patterns and nature of new businesses in the Bioeconomy are thus strongly
influenced by national institutions and organizations (Casper et al. 1999; Whitley
1999). Institutions are defined as ‘a set of rules, formal or informal, that actors gen-
erally follow, whether for normative, cognitive, or material reasons’. ‘Organizations
are durable entities with formally recognized members, whose rules also contribute
to the institutions of the political economy’ (North 1990; Hall and Soskice 2001).
In this interplay between organizations and institutions, the knowledge-base of an
economy is created by the education and research system and represents one of
the most important prerequisites for the transformation towards a bio-economical
production system (Geels 2002). This automatically relates to a high level of
uncertainty in particular concerning the required right future competences. In this
complex process numerous individual knowledge fields are potentially relevant for
the transformation and are already identified, e.g., synthetic chemistry, process
engineering, genetic engineering, food technology, or informatics. It is decisive
to understand the dynamics of these knowledge fields and the possibilities of
their recombination with other knowledge fields and adequate actors in order to
create an innovation system. In many cases, linkages of different knowledge fields
(‘cross-fertilization’) are responsible for the emergence of extensive technological
opportunities: for instance, a complete new industry, bioinformatics, has been
initiated by the fusion of two so far unrelated knowledge fields: database technology
and molecular biology. Consequently, because the link between different knowledge
fields often implies true uncertainty, governmental innovation policies matter a
lot. Knowledge about future potentials is essential for supporting research and
innovation policies: the analysis of knowledge and network dynamics allows for
the identification of development trajectories showing sectors requiring public
attention and support concerning research and development in order to close existing
knowledge gaps and build bridges between still unconnected knowledge domains
(Burt 2004; Zaheer und Bell 2005).
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4 Innovation in Knowledge-Based Societies

It has already been mentioned that also consumer knowledge plays an important
role for the development and establishment of sustainable consumption patterns
in a knowledge-based bio-economy (Geels 2002). Therefore, the analysis of the
transformation process has to include the interaction of technological development,
demand, and acceptance of innovative solutions as well as sociological variables.
The latter include, e.g., education, age, income and gender. All are important
explanatory factors determining attention and readiness to deal with bio-economic
issues. A bio-economic innovation will only be successful when consumers accept
it. The direction of the transformation process is, comparable to the importance of
the policy realm, determined by consumers and their demand, i.e., an important
question has to deal with consumers’ openness to bio-economics and its products.

Finally, (real and virtual) social networks matter for the establishment of new
consumption patterns. They can contribute significantly to a diffusion of consumers’
behavioral patterns and values (Robertson et al. 1996; Valente 1996; Nyblom et
al. 2003; Deffuant et al. 2005). Recent studies show that attitudes are substantial
for the development of social relationships and that in turn, social relationships
considerably influence behavior and attitudes. In the field of renewable energies,
for example, the initiative of municipal utilities’ customers has led in many cases
to a ‘green’ orientation of regional power supply. In some cases, citizens’ networks
finally transformed to investment companies that are engaged in wind farms.

Critical issues are to be dealt with in democratic processes in order to be
widely accepted. Not everything that is technically possible is also socially desir-
able. In the field of the bio-economy, this may, for instance, include the use of
genetically modified organisms in agriculture. In fact, these organisms promise
efficiency advantages with regard to the consumption of land and water etc., but
their long-term health and environmental risks cannot be completely (as with
any new technology) anticipated. Accordingly, technological developments require
consumers’ acceptance and attitude and thus depend on the level of education in
an economy. This raises the question of a society’s openness towards innovations
that are fundamentally associated with uncertainty. The concept of Responsible
Innovation summarizes the future-oriented organization of development and is
currently discussed with a high priority by European policy makers and institutions.
A comprehensive working definition has been developed by von Schomberg (2011).
He describes responsible innovation as “a transparent, interactive process by which
societal actors and innovators become mutually responsive to each other with
a view to the (ethical) acceptability, sustainability and societal desirability of
the innovation process and its marketable products (in order to allow a proper
embedding of scientific and technological advances in our society).” This means that
innovations are not exclusively evaluated by their economic efficiency, but different
aspects (e.g., consumer protection or ecological aspects) also matter and are to
be evaluated. Discussions on fossil fuels (‘fuel vs. food’) show that both, a pure
economic and a one-dimensional ethical perspective is not sufficient. The quality of
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these discussions depends on the discussants’ mutual understanding which in turn
depends on the participants’ level of knowledge.

Modern plant breeding and production of seeds are bio-economical fields of
innovation in which issues of responsibility are frequently and controversially
discussed. German consumers are skeptical about interference with the genome
of food crops, but individual points of criticism remain unclear. New breeding
techniques introduced, e.g., Genome Editing, enable scientists to selectively modify
DNA strands of crop plants. These techniques are considered innovative as they
may allow breeding of potentially efficient plants in fast and cheap ways. Species
developed in this way hardly differ from those of conventional breeding. The Central
Advisory Committee for Biological Safety does not classify these techniques as
genetic engineering, especially because no new combinations of genetic material are
made. As the Genetic Engineering Act does not explicitly address these techniques,
legal clarification is still necessary as to whether these techniques are classified as
genetic engineering at all. Dissemination potential and acceptance are influenced by
this result. Here again, the necessity to include education and information policies
becomes evident to support the transformation towards a knowledge-based bio-
economy.

The concept of ‘Social Innovation ‘(e.g., Hanusch and Pyka 2013) emphasizes
the importance of active citizenship in innovation. Thus, according to the under-
standing of the European Commission, this term includes innovations that are
social, both in relation to their objective and their instruments. In particular, this
includes innovations referring to the development and the application of new ideas
(for products, services and models), covering at the same time social demand and
creating new social relationships or collaborations. The whole society should benefit
and contribute to generate new impetus for improvement. Social innovations can
make a major contribution to rural development and promote economic resilience
in these regions by strengthening cooperative behavior. Rural cooperatives (e.g.,
regional producer and marketing associations, winegrowers’ cooperatives, tourism
associations etc.) can help to develop regional competitiveness considering ecolog-
ical and social aspects. As a consequence, within the framework of a bio-economy,
rural regions that are notably affected by the already imminent demographic change
and subsequent depopulation receive new opportunities for economic development.

5 The Economics of Change

The sections above illustrate that a transformation of the prevailing economic
system towards a bio-based economy is an extremely complex process. Various
different actors participating in different roles are contributing different pieces of
knowledge. In this process, innovative adjustments in already existing industries
as well as the emergence of new and the disappearance of mature industries can
be observed simultaneously. In addition to the substitutive relations of new bio-
based industries to traditional oil-based industries, there are numerous essential
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complementary relations giving further momentum for the transformation process.
First and foremost there are the possibilities and application fields of digitalization.
Digitalization allows to replace many oil-based products and energy-intensive
services simply by bits and bytes. Simultaneously, digitalization offers a wide range
of opportunities by coordinating decentralized and very detailed bio-economical
technologies and processes such as energy production and distribution. This affects
the composition of individual sectors where a coexistence of large diversified
companies and small high-specialized technology companies is a likely solution.
Finally, digitalization also offers consumer platforms to efficiently organize ‘sharing
economy’-approaches. Finally, successful knowledge generation and diffusion of
relevant bio-economic knowledge depends on dynamic innovation networks (Pyka
2002) in which different actors jointly share and create new knowledge. The
consumers, represented, for example, by consumer associations or politics, will play
a key role in these innovation networks and will help to establish networks in early
stages of technology development.

In a knowledge-based bio-economy, investments and economic growth still
represent a crucial element for employment, international competitiveness and
income generation. The bio-economy can make important contributions to acceler-
ate investments by providing new investment opportunities generated fundamental
innovations and thereby bringing currently available large quantities of liquidity to
a productive use. This, in turn, accelerates the technological paradigm shift (Perez
2010).

The time path of the transformation process represents another critical com-
ponent and has been explored only partially so far. On the one hand, it is high
time to reduce carbon-based production methods. On the other hand, there will
be frictions in the transformation process being caused for example by a lack of
specialists and required competences. In this context, the so-called sailing ship
effects (Howells 2002), frequently observed with radical innovations, could be made
good use of. In the middle of the nineteenth century, when the existence of the
established sailing ship technology was threatened by the arrival of new steam
ships, shipbuilders—not having changed their technologies for many decades, if not
centuries—began to innovate again. Due to the threat of innovative technologies,
adjustment reactions in predecessor technologies can be observed with the aim to
prevent the ancient technologies to be quickly replaced. Such adjustment reactions
are, for example, fuel-efficient combustion engines and hybrid technologies as a
reaction to the emergence of electric vehicles. These adjustments are advantageous
since they pursue the same environmental objectives (e.g., inner-city fine dust and
noise reduction, etc.) and thus provide more time to develop new technologies.
Accordingly, the transformation process will for longer periods of time feature
a co-existence of traditional and bio-based industries. Furthermore, it will be
important to concurrently steer the relevant innovation processes in traditional
technologies. This co-existence further increases complexity. At the same time,
innovation policy is given room for maneuver and yet insufficiently developed
technologies are prevented from being introduced prematurely which might cause
promising approaches to fail.
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Distributional effects of the transformation process are important for social
acceptance. A bio-based economy on an industrial scale will largely represent
a knowledge-based economy. Consequently, additional demand for high-skilled
workers arises whereas opportunities for low-skilled workers decrease. This means
a potential loss of jobs for less skilled workers in traditional industrial production.
But apart from that, there will be demand for different goods and services whose
compensation potential with regard to added value and employment is still unclear,
though. Moreover, it remains open to what extent companies are prepared for
this transformation into the bio-economy. Transformation processes will lead to
a devaluation of competences so far responsible for economic success. How
do established companies deal with the so-called ‘not-invented-here-syndrome’,
overcome operational blindness and shape transformation processes actively in
order to obtain added value at their established locations?

From this follows that distributional effects have an important regional dimen-
sion: does the bio-economy strengthen divergence processes between regions or
does it help to achieve more convergence? The approach of creating networks in the
sense of the so-called ‘smart specialization principle’ (Foray et al. 2009) connecting
regional strengths along value-added chains in the best possible way, is promising
but only sparsely implemented so far. Thus, in general, polarization tendencies
leading to economic as well as political and cultural concentration of power and
resulting in strong center-periphery structures can be avoided. But it still remains
unclear, how strong and operational meaningful politically induced networks are in
comparison to self-organized networks and how policy might exert influence. First
findings indicate signs of a potential disintegration of the networks when political
support is withdrawn (Green et al. 2013).

Transformation towards a knowledge-based bio-economic production system is
supposed to terminate the existing negative relations between economic growth and
environmental pollution, use of resources, climate change and energy consumption,
and to promote a sustainable economy. The following questions are closely linked
to the basic uncertainty of innovation and cannot be answered ex ante: ‘which
contributions are to be made by individual sectors?’, ‘what complex feedbacks for
national and international competitiveness are to be expected?’ and ‘do so-called
rebound effects possibly reduce or even overcompensate the positive effects of the
transformation?’ Institutional rules, such as a self-commitment of oil-producing
countries to reduce their outputs due to the declining demand caused by bio-
economics, are a way to reduce these uncertainties, at least partly. It remains
necessary for all actors, companies, households and policy makers to refrain from
optimization approaches and profit maximization in this transformation process.
The complexity and uncertainty of this process requires the awareness of all actors to
experimental behavior (‘trial-and-error’) which always also includes the possibility
of failure.
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6 Conclusions

Socio-economic systems have been exposed to permanent transformation processes
since the industrial revolution. While development processes so far have been
driven ‘only’ by result-oriented innovation processes, the character of the bio-
economic transformation process is clearly concretized by society and politics. In
the past, mainly bottlenecks caused by scientific-technological restrictions were
overcome by vast technological revolutions, shifting the socio-economic system
on new trajectories without giving direct instructions to the direction of the
development process. At the beginning of the twenty-first century, however, the
massive accumulation of greenhouse gases in the atmosphere since the beginning
of the industrial revolution and the vulnerability of our present ecosystems reveal
that global thresholds are almost surpassed. Thus, the level of freedom for future
developments is restricted in order not to irreversibly damage natural conditions for
human life and biodiversity. It is yet unclear whether this transformation process
succeeds in the desired way and how it can be governed by political influence to
achieve existential objectives of the global human society.

New technological developments alone are not enough to transform the socio-
economic system. In a first step, they only create the necessary potential for radical
changes affecting the economy as a whole. Converging trajectories and synergies
that may finally introduce the paradigm shift necessarily require a broad social
consensus on a specific use of these technologies. This means an initiation of a
direction of development which connects investment decisions, innovations, and
the tackling of basic uncertainty by politics (Pérez 2013). The ‘green growth
paradigm’ based on bio-based technologies can be such a direction bringing together
the potential of different technological developments and exploring their full
potential. This requires political decisions supporting a new-orientation of research
and innovation activities, exploitation of new energy sources, improvements in
productivity of natural resources and new sustainable ways of living and producing
(Pérez 2013). Moreover, in such a transformation process catching-up economies
have to be provided with new opportunities for economic development without
overstretching global natural resources and environment. Thus, a political and social
direction is essential for a successful transformation process (Mazzucato and Perez
2015).

Examples include the development of new products within emerging bio-
economic innovation systems. In this perspective, innovations require an interplay of
actors along value added chains which might lead to the development of new indus-
tries. In the past, for example, the provision of cheap electricity led to the spread of
fridges and freezers in private households which brought innovations in the fields
of frozen food and packaging. Similarly, the creation of a ‘Sharing Economy’ may
lead to new digital coordination platforms and the creation of sustainable designs by
product manufacturers in the bio-economy. Planned obsolescence, a phenomenon
wasting resources and shortening product life cycles, would be eliminated this
way and new sectors, for example, in the field of repair and maintenance services
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are initiated. Important determinants shaping long-term development are networks
and clusters. They help to reduce uncertainty and support self-reinforcing effects.
Furthermore, social changes and changing lifestyles are both, an expression and a
driver of this transformation process (Mazzucato and Perez 2015).

Therefore, the role of governments is not only restricted to the correction of
market failures. In fact, by ensuring investment safety and reducing risks and
uncertainty, government instruments prepare the emergence and flourishing of
new markets (Mowery et al. 2010). A crucial task for policies in the realm of
innovation and entrepreneurship is the transition from invention to innovation, i.e.,
the expansion of bio-economical activities in a market. Correspondingly, a growth
path based on bio-economics is more than a mere replacement of crude oil by
renewable resources or renewable energies. It rather needs a dedicated innovation
system creating synergies, knowledge transfer, and networks between manufac-
turers, suppliers, and consumers. It requires a comprehensive reorganization that
includes the entire economy and renews production and consumption patterns in
their present forms, which were shaped by previous transformation process within
the oil-based paradigm.

The technological potential of a bio-economy is a necessary but insufficient
condition for this transformation process. It also requires democratic consensus on
the broad development and wide application of this technological potential. This
includes the exploration of new trajectories and the fusion of new and existing
technological trajectories. Markets in which innovations are profitable do not arise
on their own but rather need feedback loops between political decisions, corporate
strategies, and consumer preferences.
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Structural Change, Knowledge
and the Bioeconomy

Pier Paolo Saviotti

Abstract The emergence of the bioeconomy is presented here as a long term
process entailing important structural changes and affecting both many of the
technologies we use and the structure of the world economic system. The devel-
opment of the bioeconomy will depend on the availability of fossil fuels, on the
impact of human activities on the environment and on the progress of science and
technology. The bioeconomy is going to be highly knowledge intensive and to rely
on modern biotechnology. As all important innovations the bioeconomy will lead to
creative destruction, giving rise to wealth creation and to the displacement of present
economic activities. Suppliers of biological inputs are likely to benefit and those of
fossil fuels to suffer. However, the balance of power will tend to favour countries
and regions which are centres of knowledge creation rather than suppliers of natural
resources.

1 Introduction

Starting from the industrial revolution our economic system used energy sources
based on fossil inputs. While these energy sources allowed human beings to make
an enormous economic progress they are not sustainable due to their excessive
environmental impact and to the exhaustion of the required raw materials. The
need to move towards a sustainable economic system is now generally perceived by
citizens and decision makers. Amongst the changes required there are new modes of
energy production and new types of industrial processes. In this context the vision
of the bioeconomy has emerged as an important component of the construction of a
sustainable human civilization. The term bioeconomy indicates an economic system
in which most inputs to productive processes are of biological nature rather than of
fossil origin. The following definition is an example:

• The Bioeconomy refers to the sustainable production and conversion of biomass
into a range of food, health, fibre and industrial products and energy.
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Renewable biomass encompasses any biological material (agriculture, forestry
and animal-based including fish) as a product in itself or to be used as raw material.

The recent emergence of the concept of bioeconomy has been due to the
combination of three conditions:

1. A shortage of raw materials, and in particular of those which are derived from
oil, coal or gas.

2. The growing environmental impact of human activities.
3. The advances in science and technology, and in particular of those linked to

modern biology.

(1) and (2) are constraints of the existence and seriousness of which most
decision makers are increasingly convinced. They do not allow the continuation
of the present mode of production based on fossil inputs in a number of sectors.
However, if the transition to the bioeconomy is desirable, at present it is not yet
economically feasible. Compared to present oil prices the cost of most biological
analogues of fossil based processes is still too high. In order for the transition
to the bioeconomy to occur for a wide range of processes the relative cost of
biological processes will have to decrease substantially. This could happen for
different reasons:

1. A considerable rise in oil prices.
2. If the natural disasters that one can clearly attribute to the environmental impact

of human activities were to grow in frequency and size.
3. An increase in the efficiency of biologically based processes determined by the

progress of science and technology.

Changes in any of these three conditions can in principle increase the relative
efficiency of biological processes making them more competitive with fossil based
ones.

The considerations in the previous paragraph could have been interpreted as
implying that the transition to the bioeconomy will consist simply of the substitution
of fossil processes by biological ones. Although in a limited number of cases exist-
ing fossil based processes can be easily converted to biological ones, more often bio-
logical processes could be very different from their fossil counterpart. In reality the
transition to the bioeconomy can be expected to involve a high degree of structural
change and to occur over a long period of time. Furthermore, it is likely to be heavily
dependent on advances in knowledge. The following sections discuss the nature of
the structural change to be expected and the potential contributions of knowledge.

2 The Bioeconomy

The use of non animal forms of energy was one of the most important factors leading
to the industrial revolution. Coal, the most important source during the nineteenth
century, was largely replaced by oil in the twentieth century. Our economic system
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is still heavily based on fossil fuels both for energy generation and for a large
number of industrial activities. There is a growing awareness that oil reserves
are decreasing and that the environmental impact of fossil based processes is
unsustainable. The bioeconomy holds the promise to reduce the need for fossil
inputs and the environmental impact of human activities in energy generation and
in a wide range of industrial activities. However, the scale of the transformation
from a fossil based to a bio based economy is huge. Even if we had available bio
based processes that are cost competitive with respect to their fossil counterparts
the investment required would be immense. Furthermore, event at present oil prices
bio based processes are not economically efficient. Thus, a very large investment in
R&D is required to make bio based processes more environment friendly and more
economically efficient. This is not to imply that the bioeconomy can be conceived
as the analogue of the fossil economy with the same processes using biological
inputs and being more sustainable. We can expect new activities to emerge and
the relationships between sectors to change sometimes even drastically. A good
example can be given by the largely modified role that agriculture will need to play
and by the modified relationships it will have with other sectors. Furthermore, in a
classical case of creative destruction today’s producers of fossil fuels are unlikely to
be tomorrow’s producers and exporters of biomass. Thus, the whole world economic
system will need to undergo a profound reorganization.

To have an idea of the time horizon that can be expected for the transition to the
bioeconomy we can compare it to previous energy transitions. First, we can notice
that the bioeconomy is not new. Until the eighteenth century almost all food and
energy were produced by a form of bioeconomy (see Fig. 1). The substitution of
biological by manmade energy started at about the time of the industrial revolution
with coal first and then with oil and gas. Then, it is clear that the time horizon of all

Fig. 1 The biorefinery, the equivalent of a petroleum refinery, can in principle transform any type
of biomass into energy and chemical products
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these transitions is of the order of one century. Thus, we can expect the transition to
the bioeconomy to be spread over a large part of the twenty-first century.

At present biological processes play a limited role in our economic system.
The two main fields already developed are biofuels and some bioproducts, such
as chemicals, plastics etc.

A biofuel is a fuel that is produced through contemporary biological processes,
such as agriculture and anaerobic digestion, rather than a fuel produced by
geological processes such as those involved in the formation of fossil fuels, such as
coal and petroleum, from prehistoric biological matter. (“What is biofuel? definition
and meaning”. BusinessDictionary.com. Retrieved 30 May 2015.) Biofuels can be
derived directly from plants, or indirectly from agricultural, commercial, domestic,
and/or industrial wastes (House of Lords 2014).

There are different generations of biofuels. First generation biofuels are made
from the sugars and vegetable oils found in arable crops, which can be easily
extracted using conventional technology. In comparison, second generation biofuels
are made from lignocellulosic biomass or woody crops, agricultural residues or
waste, (examples). Second generation biofuels are harder to extract because a series
of physical and chemical treatments might be required to convert lignocellulosic
biomass to liquid fuels suitable for transportation. However, they avoid to a greater
extent competition with food production. Present production facilities produce
mostly biofuels of the first generation. The second generation of biofuels is still
under development.

Biofuels have some advantages as well as disadvantages. In principle, if well
used they can reduce the environmental impact of human activities, for example
by limiting global warming, and they can contribute to energy security by reducing
imports of fossil fuels. However, they compete with food production. In spite of the
barriers to their use biofuels have advantages in particular niches. They are unlikely
to be competitive with solar or wind in the static generation of electrical energy, but
they can have an advantage in some fields of transports (e.g. aviation, sea transport)
or in the military field.

Brazil pioneered the industrial production of bioethanol in the 1970s when the
first oil crisis resulted in gasoline shortages and raised awareness of the dangers of
oil dependence. The National Alcohol Program (‘Programa Nacional do Álcool’),
launched in 1975, was a nationwide program financed by the government to phase
out automobile fuels derived from fossil fuels, such as gasoline, in favor of ethanol
produced from sugar cane.

The initial success in the 1970s, was followed by a slowdown in alcohol produc-
tion as oil prices fell in the 1980s, leading to a crisis which was overcome only in
the early 2000s, when confidence on ethanol-powered vehicles was restored with
the introduction in the Brazilian market of flexible-fuel vehicles. The bioethanol
industry in Brazil has become more competitive and no longer needs subsidies.
In Brazil there are no general biorefineries but existing industrial plants produce
bioethanol and/or sugar, and increasingly bioenergy by the combustion of wastes
from bioethanol production.

https://en.wikipedia.org/wiki/Fuel
https://en.wikipedia.org/wiki/Anaerobic_digestion
https://en.wikipedia.org/wiki/Fossil_fuel
http://businessdictionary.com
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Table 1 Distribution of world production of bioethanol in 2011 (millions of gallons)

Africa Asia Australia Europe
North and Central
America South America

38.31 889.7 87.2 1167.64 14,401.34 5771.9

Table 2 Distribution of world production of bioethanol by country in 2011 (millions of gallons)

Brazil Canada China European Union

5573.24 462.3 554.76 1199.31

Source: RFA, Accelerating Industry, 2016 Ethanol Industry Outlook

The USA is the main world producer of bioethanol. Together with Brazil they
account for 90% of global production. However, differently from Brazil, in the USA
bioethanol is derived mainly from corn and supplied together with other products,
such as corn oil. In turn, corn oil can be used in various applications including
biodiesel production, feed markets, and as the building blocks for a variety of
industrial applications. The Renewable Fuels Association (RFA) estimates that U.S.
ethanol producers supplied 175 million gallons of corn oil in 2011.

The world production of bioethanol in 2011 is shown in Tables 1 and 2. A study
by Balat and Bala (2009) explored the potential world production of bioethanol for
most countries in the world.

The other important biofuel is biodiesel. It is produced from oils or fats
of different origin. Feedstocks for biodiesel include animal fats, vegetable oils,
soy, rapeseed, jatropha, mahua, mustard, flax, sunflower, palm oil, hemp, field
pennycress, Pongamia pinnata and algae. Biodiesel is the most common biofuel
in Europe.

So far biofuels have been the most important product of the emerging bioecon-
omy but they are likely to be followed by a range of other products, thus giving rise
to an industrial, or white biotechnology. This is the application of biotechnology
for the processing and production of chemicals, materials and energy. It uses
enzymes and micro-organisms to make products in sectors such as chemistry, food
and feed, pulp and paper, textiles and energy (Europabio and ESAB 2010). Due
to past investment patterns, which were manly concentrated in pharmaceuticals
(red biotechnology) and agrochemicals (green biotechnology), other bioproducts
are today still less important than biofuels. However, investment in the industrial
applications of biotechnology (white) are expected to increase substantially in the
near future.

In general the vision of the bioeconomy is centred around the biorefinery (Fig. 1).
The biorefinery, the equivalent of a petroleum refinery, can in principle transform
any type of biomass into energy and chemical products. In turn the chemical
products produced by the biorefinery are inputs to many industrial sectors.

There are many possible types of biorefinery ranging from very general to very
specialized ones. They can differ for the feedstock or the conversion techniques they
use, or for the range of outputs they produce (Table 3).
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Table 3 Typology of biorefineries

Biomass feedstock Conversion techniques

i. Sugar/starch crops i. Fermentation of sugar/starch crops
ii. Vegetable oil ii. Fermentation of lignocellulosic biomass
iii. Lignocellulosic biomass iii. Transesterification of triglycerides
iv. Jatropha oil iv. Gasification: formation of syngas
v. Micro-algae v. Fast pyrolysis

vi. Fischer-Tropsch synthesis
vii. Hydrogenation
viii. Conversion of syngas to methane
ix. Anaserobic digestion

At present there are very few general biorefineries capable of using many
types of biomass feedstock and many types of conversion techniques. The future
development of biorefineries is subject to many uncertainties. Their size, location
and the type of feedstock they use can considerably affect the impact they have on
the environment. Furthermore, future biorefineries could be general or specialized.

2.1 Science, Technology and the Bioeconomy

The bioeconomy is very old. The production of beer, yogurt, wine, bread etc. has
been going on since the beginning of human history and can be considered the
first generation of biotechnology. These processes underwent changes in productive
efficiency during most of human history, but important advances started occurring in
the nineteenth century when Pasteur contributed to significant advances in fermen-
tation. The most path breaking changes in the underlying science and technology
occurred during the twentieth century. The production of antibiotics (Aminov 2010)
started after the second world war, following their discovery in the first half of
the twentieth century, constituted the second generation of biotechnology. Then in
the 1970s began the third generation of biotechnology, based on the combination
of genetics with molecular biology. The origins of third generation biotechnology
coincided with the birth of genetic engineering. There were two key events that
have come to be seen as scientific breakthroughs beginning the era that would unite
genetics with biotechnology. One was the 1953 discovery of the structure of DNA,
by Watson and Crick, and the other was the 1973 discovery by Cohen and Boyer of
a recombinant DNA technique by which a section of DNA was cut from the plasmid
of an E. coli bacterium and transferred into the DNA of another.

The 1953 discovery of the structure of DNA gave a powerful impetus to the
development of a new discipline called molecular biology, that is the study of the
molecular underpinnings of the processes of replication, transcription, translation,
and cell function. It is closely related to biochemistry and to genetics. This

https://en.wikipedia.org/wiki/Genetic_engineering
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Recombinant_DNA
https://en.wikipedia.org/wiki/DNA
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combination gave rise to genetic engineering, with which modern biotechnology
is closely associated. This approach could, in principle, enable bacteria to adopt
the genes and produce proteins of other organisms, including humans. Popularly
referred to as “genetic engineering,” it came to be defined as the basis of new
biotechnology. Since the 1970s biotechnology has become one of the most rapidly
advancing fields of science and technology.

Its progress has been in part due to the advances in ICT which gave rise to
a hybrid discipline called bioinformatics (Hogeweg 2011). Bioinformatics is an
interdisciplinary field that develops methods and software tools for understanding
biological data. Bioinformatics combines computer science, statistics, mathematics
and engineering to analyze and interpret Biological data. Bioinformatics has been
used for in silico analyses of biological queries using mathematical and statistical
techniques. The growing uses of bioinformatics represent a form of automation
of research without which progress in biology after the 1970s would have been
impossible. What was perhaps the most spectacular result of the research in
biotechnology, the human genome project, would have taken much longer to
complete had it not been for the contribution of bioinformatics.

Starting from the beginning of the twenty-first century the most important devel-
opment in biotechnology has been the emergence of synthetic biology (Oldham et
al. 2012). There is a debate about whether synthetic biology is a discontinuity or
a continuation of the trend which began with recombinant DNA. Irrespective of
the answer to this question, most definitions of synthetic biology tend to stress its
engineering nature. Originally seen as a subset of biology, in recent years the role
of electrical and chemical engineering has become more important.

• Synthetic Biology is (a) the design and construction of new biological parts,
devices, and systems, and (b) the re-design of existing, natural biological systems
for useful purposes. (syntheticbiology.org/).

Whatever its definition it is clear that synthetic biology is now the frontier
of modern biotechnology. Globally, the first place of production of scientific
publications in synthetic biology is the United States, which accounts for nearly
50% of the literature, followed by Europe and finally South-East Asia (China,
Japan, South Korea). The rest of the world’s production is relatively small and
difficult to interpret, although there is a relatively large activity in Israel (58 articles)
and Australia (50 articles). International collaborations in synthetic biology are
numerous and globally balanced except for a major axis of collaboration between
Europe and the United States. Finally, relatively high growth rates (50% for the most
part) reveal a dynamic area, mainly in countries such as China (125%) or Australia
(180%) (http://www.synbioproject.org/events/biosecurity).

The world distribution of patents in synthetic biology reveals an equivalent
dominance of the USA but a much greater role of Japan and China (van Doren
et al. 2013) (Fig. 2).

Industrial applications of biotechnology have been in existence since the 1970s,
particularly in the pharmaceutical and agrochemical sectors. Even amongst the
industrial applications of synthetic biology, right now there are relatively few

http://syntheticbiology.org
http://www.synbioproject.org/events/biosecurity
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Fig. 2 World distribution of patents in synthetic biology

products on the market but several important applications are under development
(BIO 2013; see Box 1). Since synthetic biology is highly dependent on progress
in science and technology, its industrial developments are likely to depend on the
technological capabilities of different countries, measured by their distance from
the world science and technology frontier, and on the prevalent intellectual property
rights (IPRs). These are going to be barriers to the adoption of new technologies
used in the bioeconomy by less developed countries. Furthermore, since synthetic
biology opens the possibility to combine biological parts to create complex macro-
molecules, cells or biological organisms, the availability of standardized parts is
crucial. This requires a relaxed system of IPRs or, in the best case, an open source
approach (Henkel and Maurer 2007). The use of standardized components has so far
not been very common in biological research. However, there is already evidence
that companies using stem cells prefer to start from a small number of standard
lines for which they have shared experience (Maurer 2007). This approach is very
similar to that of the electronics industry, where programs for a common operating
system or game console are routinely used by competing companies. We can expect
a similar approach to be adopted in synthetic biology. An important initiative in this
direction is the project BioNet of the BioBricks Foundation, which aims at making
standardized parts easily available (Biobricks).
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Box 1 Products of Synthetic Biology
Cephalexin, a synthetic antibiotic: DSM, a Life Sciences and Materials
Sciences company headquartered in the Netherlands, was one of the first
companies to utilize synthetic biology, dramatically improving an existing
process for commercial production of Cephalexin, a synthetic antibiotic.

Starting with a penicillin-producing microbial strain, DSM introduced and
optimized two enzyme-encoding genes for a one-step direct fermentation of
adipoyl-7-ADCA, which could then be converted into Cephalexin via two
enzymatic steps.

The new process replaced a 13-step chemical process, resulting in sig-
nificant cost and energy savings. DSM has gone on to build a business
in antibiotics, vitamins, enzymes, organic acids, and performance materials
within one of its emerging business areas called Biobased Products and
Services.

Biotechnology innovation organization, https://www.bio.org/articles/
current-uses-synthetic-biology

3 Economic Development and Structural Change

The advent of the bioeconomy can in principle reduce the environmental impact of
human activities but under what conditions can it do so? and can it also provide
the citizens of both industrialized and developing countries with the employment
and income required? A solution which has been proposed is to eliminate growth
and to move to a no growth economic system (Georgescu Roegen 1971; Daly 2007;
Gowdy 1994). An even more extreme solution would be to go back to an economic
system similar to those that existed before the industrial revolution. In this chapter
we assume that (a) we do not necessarily want to eliminate growth but to change
its content, and that (b) we want to preserve the present level of services but to
reduce their environmental impact. Regarding the second of these assumptions we
can observe that the products we purchase are not demanded for their material nature
but for the services they supply (Lancaster 1966; Saviotti and Metcalfe 1984). Thus
we need to preserve the level of services while reducing the environmental impact
of their material production.

The bioeconomy represents the emergence of a new industrial structure at a
level of aggregation superior to that of an industry and encompassing if not all
sectors at least a wide range of them. In reality it is a reconversion of the economy
similar to that which occurred in the twentieth century with the switch from coal to
oil. As it was pointed out at the beginning, the main types of factors contributing
to the emergence of the bioeconomy are a shortage of raw materials and energy,
the environmental impact of human activities, and the progress of science and

https://www.bio.org/articles/current-uses-synthetic-biology
https://www.bio.org/articles/current-uses-synthetic-biology
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technology. Two other types of factors, energy security and geopolitical issues,
are likely to affect the way the future bioeconomy will develop. The transition
from our petroleum based economy to the bioeconomy will not consist uniquely
of a simple choice of readymade technological alternatives available for purchase.
On the contrary, it can be expected to require the creation of new knowledge and
of very large investments. In particular, the transition will not occur only as the
substitution of fossil based processes by equivalent bio-based ones. New processes
will be required in conjunction with new forms of work and industrial organization,
new supply chains, new institutions etc. Thus, the transition to the bioeconomy can
be expected to be a very important example of structural change occurring at a high
level of aggregation and involving changes at the national and international level.

If the exhaustion of natural resources and the impact on the environment
are amongst the most important factors contributing to the emergence of the
bioeconomy, the need to provide employment and income remain as important
now as in all the previous phases of economic development. To understand how
the bioeconomy can contribute to satisfy both environmental and socioeconomic
requirements we now examine our present knowledge about structural change and
economic development.

Recent research showed that there is a close relationship between structural
change and economic development (Chenery 1960; Cornwall 1977; Metcalfe et al.
2006; Teixeira and Queirós 2016). Structural change can be defined as a change in
the structure of the economic system, which is constituted by its components and
by their interactions. Components can be either industrial sectors or less strictly
economic activities such as education, R&D, labour markets, health care, tourism
and leisure activities etc. All these components interact with links of variable
intensity. For example, the health care system buys drugs from the pharmaceutical
industry with governments or ministries as possible intermediaries. Alternatively,
the tourism industry depends heavily on the presence of holidays and of disposable
income. In general the emergence of economic activities producing new goods or
services require the presence of appropriate institutions, a phenomenon called the
co-evolution of technologies and institutions (Nelson 1994).

In the above definition of structural change components are mostly agents or
organizations. In addition structural change can occur also in manmade artefacts
(MMAs) and in knowledge. Structural change in knowledge occurs by the emer-
gence of new fields qualitatively different from pre-existing ones. Examples of
this type of structural change are given by the emergence of molecular biology, of
biotechnology, of bioinformatics and of synthetic biology. In all types of structural
change the creation of new components requires the presence of a discontinuity,
which in turn implies that the new components are qualitatively different from
pre-existing ones. Here we assume that molecular biology is qualitatively different
from previous approaches to biology, and also that a discontinuity occurred at
the emergence of bioinformatics. Whether the emergence of synthetic biology
constitutes a discontinuity is not clear. One could say that it is simply an extension of
the combination of recombinant DNA and of bioinformatics to the synthesis of new
biological organisms, extension which is warranted by the enhanced reliability of
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techniques to ‘cut and paste’ DNA fragments, such as CRISPR Cas9 (Boglioli and
Richard 2015). In this case as well as in the decision about whether two biological
species or two industrial sectors are different, the distinction between qualitative
and quantitative difference is not always straightforward. However, what matters
is how different fields of knowledge are perceived and embodied in institutions
and organizations. When pharmaceutical firms switched from organic chemistry
to biotechnology they could not tell their researchers to transform overnight their
knowledge base, but they had to hire researchers trained in different departments
and faculties from the previous ones. In other words, even if the boundaries between
two disciplines were not perfectly defined their inclusion in different institutions
would enhance the presence of a discontinuity. This would then be reflected in
barriers to the adoption of a qualitatively different knowledge base by a firm or by
an organization. Thus, for a firm to hire researchers with the same knowledge base
already used or with a completely different one involves different organizational
problems. For example, researchers in a very new discipline may be in scarce supply.
Furthermore, it is difficult to integrate researchers whose knowledge base has a very
large cognitive distance with respect to that presently used by the firm (Krafft et al.
2014).

Structural change in knowledge can lead to structural change in industrial sectors,
either by leading to the emergence of new sectors or by introducing important
modifications into existing ones. For example, synthetic materials or consumer
electronics owed their origin to important scientific advances while pharmaceuticals
or telecommunications were heavily modified by advances in biology and in infor-
mation technology. In modern industrialized countries R&D is closely integrated
with production and contributes to the production of innovations.

The structure of the economic systems of today’s industrialized countries
changed enormously since the beginning of the industrial revolution by the emer-
gence of new sectors and of new institutions and by the considerable expansion of
existing ones. Examples of these changes are the institutionalization of industrial
R&D and the diffusion of education. Of particular importance for this chapter are
the following three trajectories which oriented development in the directions of
increasing differentiation an of increasing output quality (Saviotti and Pyka 2013):

Trajectory 1. The efficiency of productive processes increases during the course of
economic development. Here efficiency must be understood as the ratio of the
inputs used to the output produced, when the type of output remains constant.

Trajectory 2. The output variety of the economic system increases in the course of
time. Here such variety is measured by the number of distinguishable sectors,
where a sector is defined as the set of firms producing a common although highly
differentiated output.

Trajectory 3. The output quality and internal differentiation of existing sectors
increases in the course of time after their creation. This means that if during
the period of observation the type of output changes, what we will observe is a
combination of growing productive efficiency and of quality change.
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These three trajectories are not independent. A continuous increase in productive
efficiency, if not accompanied by the emergence of new sectors and by their internal
differentiation and rising quality, could have led the economic system to a bottleneck
in which all demanded output would have been produced by a declining proportion
of the labour force. According to (Pasinetti 1981, 1993) such a bottleneck could
have been determined by the imbalance between continuously increasing productive
efficiency and saturating demand. Even if demand did not exactly saturate with
growing income, Saviotti and Pyka (2015) have shown that both the emergence
of new sectors and their increasing quality and internal differentiation provided
additional scope for further growth and allowed its continuation in the long run.
Furthermore, both the emergence of new sectors and their growing quality and
internal differentiation can compensate for the diminishing capability of incumbent
and maturing sectors to create employment. Recently Hidalgo et al. (2007; Hidalgo
and Hausmann 2009) showed that economic systems not only need to become
more differentiated but also need to start producing more complex products, a
finding that coincides with a mechanism proposed by Saviotti and Pyka (2013)
who hypothesized that continued development also required the production of
increasingly higher quality of goods and services. Of course, such trends towards
goods and services of higher complexity or of higher quality require the creation of
new knowledge.

The previous three trajectories have both a positive and a normative function
since they describe what happened and indicate possible strategies of economic
development. Thus, a development strategy based on export variety and technology
would follow naturally from trajectories T2 and T3. The most successful developers
of the second half the twentieth century, including Japan, South Korea, Taiwan and
more recently China, followed exactly this strategy.

The previous considerations are related to the way the bioeconomy is likely to
develop within each country. Two other factors, energy security and geopolitical
issues, are likely to affect the development of the bioeconomy at the international
level. Petroleum reserves and the demand for petroleum are distributed very
asymmetrically around the world. This has given rise to very large trade flows from
petroleum rich to petroleum using countries (IEA 2014). When these trade flows
started in many cases the former were less developed countries while the latter were
industrialized countries. In the period after the second world war many petroleum
exporters became very rich, although these riches did not lead to a harmonious and
well balanced socioeconomic development. This apparent contradiction between
the growth of the GDP per capita and the poor performance in several important
development dimensions (education, income distribution, health care etc.) gave
rise to the literature on the so called Curse of Natural Resources (Auty 1997,
2001a, b; Gylfason 2001; Sachs and Warner 2001). Typical examples of this curse
are countries such as Nigeria, Saudi Arabia, Angola and Venezuela. The economic
models of these countries are seriously threatened by the expected scarcity of
petroleum. Of course, not all petroleum exporting countries are affected by this
curse. It now seems that the curse affects predominantly countries which when
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they started exploiting natural resources had very poorly developed technologies
and institutions (Lederman and Maloney 2007; Wright and Czelusta 2004, 2007).

The world distribution of the production of biomass is less asymmetrical than that
of petroleum. Although some countries are suitable for the cultivation of particular
crops or plants, the range of possible feedstocks is so wide that hardly any country
will be unable to use bio-based processes with local inputs. Nevertheless, some
countries, such as Brazil, Argentina and Australia are very well endowed with the
conditions required to produce biomass and could become important exporters of it
(Biopact 2008). However, as the Curse of Natural Resources demonstrated, it is not
necessarily the countries that are more abundantly endowed with the critical natural
resources of a period that profit the most from them but the countries that have the
relevant technologies and knowledge. Given that economic systems are becoming
more and more knowledge intensive, we can expect competitive advantage in the
bioeconomy to lie more with technological leaders than with resource abundant
countries.

The petroleum based economy had created a world structure including flows of
trade and of knowledge. The world structure of the emerging bioeconomy is likely
to be considerably different, at least for what concerns the suppliers of biomass.
To the extent that the capabilities to produce biomass are less asymmetrically
distributed than those to produce petroleum we can expect the negotiating power
of biomass suppliers to be reduced. Synthetic biology has the potential to create
new plants which can produce types of biomass in countries where now they cannot
be harvested, further reducing the asymmetry of biomass production (Wellhausen
and Mukunda 2009; Wield et al. 2013). As a consequence, we can expect that,
although some biomass producing countries could derive economic advantages from
the transition to the bioeconomy, the overall economic and political advantage is
likely to be skewed towards knowledge producers than towards biomass producers.
In particular, the biomass producing countries that have weak technologies and
institutions are likely to fall into a new curse of natural resources. Of course,
these conclusions could be considerably affected if there were some cooperative
agreements between knowledge producers and biomass producers.

The emergence of the bioeconomy will not only provide variable advantages for
knowledge producers and biomass producers but it will also destroy the economic
model of oil producing countries. Of course, the decline of the fossil based economy
will not happen overnight and in principle that leaves oil producing countries the
time to adapt. Yet, the scope of the changes required and the creative destruction in
the world economy is likely to be so great that there will be both winners and losers.
To avoid these potential conflicts new types of international agreements, such as
joint cooperative investment by knowledge producers and biomass producers will
be required.
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4 Conclusions

The transition to the bioeconomy will occur because our present economic system
is too dependent on the use of fossil fuels and it is not sustainable. If well developed,
the bioeconomy could reduce the environmental impact of human activities. It
could contribute positively to growth and employment, helping the world economic
system to overcome its present crisis. However, its timing and the path that it will
follow are very difficult to predict accurately and they will depend on factors such as
(i) the scarcity of fossil resources, (ii) the evidence of environmental impact, (iii) the
progress of science and technology. Furthermore, even if the three previous factors
were to provide very favourable conditions, the scale of the investment required is
such that the transition to the bioeconomy is likely to occupy a large part of the
twenty-first century. It will involve a high degree of structural change occurring at
different levels:

(1) At the national level, new industrial sectors could emerge and old sectors
decline, the content of existing sectors could change dramatically and new inter-
sector interactions could be created. As an example, We only need to think about
the role of a changed agriculture and about its relationships with other sectors.

(2) At the geopolitical level, we can expect a decline of fossil fuel producers and
a rise of biomass producers. While the latter should expect some economic
benefits, such benefits will not necessarily be forthcoming unless favourable
endowments of natural resources are accompanied by adequate technologies
and institutions. We can expect the balance of advantages from the transition to
be skewed more towards knowledge providers than towards biomass suppliers.
In countries at a very low level of economic development it could possibly
lead to a different type of curse of natural resources. Even amongst the
countries at a relatively high level of economic development there could be
possible reorganizations depending on their distance from the scientific and
technological frontier and on the presence of knowledge discontinuities. Given
the above, it could create both windows of opportunity and bottlenecks. It will
involve a non negligible extent of creative destruction and it could give rise
to new geopolitical conflicts. To avoid these potential conflicts new types of
international cooperative agreements will be required.
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Some Thoughts About the Bio-economy
as Intelligently Navigated Complex Adaptive
Systems

Hugo de Vries

Abstract Observations of major curves for greenhouse gas emissions, energy
usage, world population, obesity (and health related diseases), national deficits, etc.
are showing exponential growth. This is based on current economic forces favouring
upscaling, higher throughputs and homogenization of mass production processes for
food, (bio-)materials, molecules, energy, but also for services like tourism. On the
other hand, biology—especially ecology—and sociology demonstrate that complex,
viable ecosystems require (bio- and cultural-)diversity, differentiation and dynamic
equilibria between species. Concomitant patterns are sinusoidal allowing dynamics
and life at the edge of order and chaos both locally and globally. Consequently,
the ‘bio-economy’ faces a paradox. First thoughts about a conceptual approach
for the bio-economy are presented that relate the economic evolving patterns with
ecological dynamic equilibria. It is based on an iterative process of defining and
monitoring images of a viable planet, exploiting complex adaptive systems (CAS)
with continuously adapted rules and interventions. The emerging properties of
the system fuel innovations. Those are all steered collectively by a Bio-economy
Council such that these are disruptive in nature and cross-sector-oriented in order
to re-direct the exponential curves towards sinusoidal patterns; this approach is
introduced as intelligently navigated complex adaptive systems (INCAS).

1 Introduction

If one critically observes major indicators for our global society over time, one
recognizes exponential growth curves (see Fig. 1; UNISDR 2016; Zabel 2009; FAO
2013; WHO 2016; EPA 2016). This holds for the emission of greenhouse gases,
world population and mass productions of food, oil usage, obesity and health related
diseases, public deficits of major states, plastic debris in the oceans, urbanization, to
name a few. The worldometers (2016) website clearly demonstrates how indicators
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Fig. 1 Exponential and non-linear growth patterns of key societal and environmental indicators

are changing. Even if one questions the accuracy of figures one cannot misinterpret
the overall patterns, e.g. as recently stated and visualized at the Climate conference
in Paris, France (COP21 2015). Those patterns reveal systems being out of control,
tending towards chaotic regimes. In contrast, viable ecosystems show patterns of
self-organization.

In the past decades, the bio-economy concept has been formulated (SCAR 2011;
Levidow et al. 2013; SCAR 2015). Those statements have led to new public-private
actions, subventions, new R&D projects, first innovations, new curricula, etc. Those
developments have shown that the thinking about the bio-economy has become
a reality, that the underlying trends and challenges are recognized, even though
that its adoption is highly country dependent (as demonstrated in this book by
the various authors). Numerous countries are still struggling with the definition
of an appropriate bio-economy agenda (Bioökonomierat Germany 2015). Also an
internationally agreed biomass sustainability governance framework is now needed.
Bosch et al. (2015) state: ‘A starting point could be the total factor productivity
(TFP) metric used to measure agricultural sustainability. The TFP reflects the rate
of transformation of inputs (capital, labour, materials, energy and services) into
outputs (biomass stock). A cost is attributed to each and to the negative social and
economic impacts’. Fortunately, a change is potentially feasible thanks to a number
of sustainable solutions for e.g. biotechnology and synthetic biology (Carlson 2007),
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bio-refinery (Barakat et al. 2013), process engineering (example ‘cold plasma’ by
Mastwijk and Nierop-Groot 2010), and new cooperation forms (Porter 2000; Porter
and Kramer 2011).

Without doubt, those ‘bottom-up’ initiatives will change the curves by reducing
slope rates. The question is whether it will be sufficient in order to maintain a viable
planet. Do we know what a viable planet looks like? We don’t need permanently
horizontal curves, i.e. zero growth, with the risk of ending in a frozen, rigid, state;
on the contrary, a viable planet would benefit from sinusoidal-like patterns that allow
dynamics and systems to evolve, however within boundary layers defined by rules
and incentives. Even though the boundary layer between the orderly and chaotic
state has a certain bandwidth due to numerous external and internal conditions,
the bandwidth is not unlimited (see Fig. 2). Within this boundary layer, all living
creatures have to respectfully play their games, challenge the rules in time but
accept the upper and lower limits, being revolutionary more creative, etc. Today,
incremental innovations showing 10% improvements may motivate us, however,
this is largely insufficient, since we are currently using on average two planets for
our daily living conditions (Le Monde 2015).

Here, we face a twenty-first century paradox in the bio-based economy: the
efficiency thinking or economy of scale concepts drives us towards in gen-
eral upscaling and homogenization of production processes (food, biomaterials,
biomolecules, eco-related services, : : : ), however, the environmental and social
context forces us towards biodiversity, product differentiation, balanced income
distribution, respecting cultural identities, etc. It is here, where agro-ecology and
bio-economy concepts meet (Georgescu-Roegen 1971; Jordan et al. 2007).

Continuously
viable planet 

Non-vital planet earth : rigid, dead

Non-vital planet earth: chaos

Time
2015 2050

Vitality /
‘richness’ 

Green-house effect
Biodiversity decay
Population growth
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products/services    

Primairy needs

Insufficient arable land
No drinking water
Hazards (microbial,
chemical)  

Optimizations

Scenario 1

Scenario 2

Netto effect

Fig. 2 The boundaries of a viable planet
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Would it thus be possible to come up with an appropriate systemic approach
and to either utilize existing methodologies or to develop new ones for the most
complex system that we know, i.e. ‘the viable planet’, the only sustainable bio-
economy? Utilizing the numerous existing methodologies save time especially if
those can be tested locally and globally; but is this possible? Which parameters
and rules should then be taking into account for all players in all kind of (new)
configurations? What does it mean for the understanding and exploitation of the
complex agro-resources? Which simplicities are possible—e.g. in the number of
sustainable valorisation pathways of our renewable resources—without drastically
changing our insights? Which radical innovations—technological, operational, and
organizational—are adequate and really effective (European Commission 2015a)?
Can we monitor their impacts in order to appropriately re-adjust our interventions?
Could we do this in an iterative manner?

It is like playing a game with the viable planet as only acceptable outcome,
however with the notion that our role is diverse. We are both players and observers
facing an enormous diversity of agro-resources, socio-economic and environmental
criteria as well as the adjusters of rules and incentives; hence the game is
evolutionary in its nature but steered in practice. Thus, it is hard to see the—cascade
or snowball—consequences of our interventions leading to either a dynamically,
adaptive system, or chaos or rigidity. There is at least hope: as quite some authors
have shown, complex adaptive systems have the advantage that the number of
attractors—‘dynamic’ end-states—is huge but not unlimited due to power laws as
previously described in literature as Pareto distributions (Kauffman 1993; Andriani
and McKelvey 2011); thus, we can play an enormous amount of games providing
freedom, flexibility and creativity. With this in mind we have started our challenging
journey.

2 Methodological Approach

The methodological approach is divided into four inter-related steps:

(a) The starting point is sharing the notion that the only reasonable outcomes of
the game are a viable planet, a healthy and well-appreciated bio-economy. We
thus should build images of these outcomes based on imagination and aesthetics
including basic living conditions in a prospective way (preferred food, healthy
living, transport means), pure nature and biodiversity maintenance, acceptable
temperature shifts, etc. These images reveal a mosaic of interacting territories
(cities, regions, oceans), hence the playing field. These are translated into
the development of a descriptive model describing green and blue landscapes
and the overall viable planet, with a balanced focus on qualitative (aesthetics,
opinions, emotions, perceptions, : : : ) and quantitative approaches [hard figures
for production, biodiversity, temperature changes, population growth (like e.g.
Fischer et al. 2012)].
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Next, a symbolic observatory concept should be developed for the qualitative
and quantitative approaches that monitor the boundaries of such a planet
including all of its numerous interacting territories over time in a non-intrusive
manner. An excellent base is the Bio-economy observatory (European Com-
mission 2015b). It monitors the evolution of the bio-economy, like economic
growth patterns and viable ecosystems and societies. The here proposed
‘observatory’ also include biological-environmental, (socio-)economic and sus-
tainable technological knowledge to devise metrics (Lu et al. 2015) in order
to link observations with potential bio-economy strategies and impacts of
innovations utilizing knowledge engineering tools (decision support tools, argu-
mentation models, fuzzy logics; Perrot et al. 2016) and artificial intelligence due
to the enormous amount of data.

(b) The bio-economy strategies are proposed to be based on complex system theo-
ries that capture the playing field, the heterogeneity of agents, their interactions,
the boundary layers, and the images and observations above. Those strategies
should reveal self-organization, resilience and new emerging properties. The
overall bio-economy system needs to have the adequate time for finding its own
attractors due to its high level complexity and underlying less than astronomic
number of interactions. It is divided into sub-systems following scalability rules
(fractals or others) and inter-connections between those; the inter-connections
should be incorporated in models in order to include consequences of inter-
dependencies, non-linearity and feedback loops. It is of primary importance
that rules and interventions are precisely defined and re-adjusted to maintain a
focus on a viable planet organizing itself within clear boundaries. The emerging
properties are the results of the interactions between different players, their
assets (products, services, : : : ), the dimensions and shapes of the local or
global playing fields, the interfaces between those, the timings, the internal and
external restraints, etc. Game theory thinking should be included (Neumann
and Morgenstern 1944; Holland 1998), in an evolutionary manner. Hereby,
the selected interventions may lead to losses in the beginning but gains at
the end, and vice versa; consequently, human behaviour should accept the
principle of passing deep valleys before reaching higher peaks as well as
accepting that those peaks are potentially sub-optimal. Applying evolutionary
game theories for the bio-economy allows understanding the consequences of
human interventions and innovations at well-suited time scales and weighing
most relevant strategies for a viable planet.

(c) For the products of the bio-economy, a complex system approach would
be beneficial in order to unravel the complexity of the structure-function
relationships of agro-resources upon all imposed (environmental, engineering,
: : : ) conditions. Two theories from physics are exploited, namely thermody-
namics dealing with bulk properties and their dynamics upon changing external
conditions (macro scale) and electromagnetism dealing with intra-molecular
forces (micro-scale). A potentially new defined area is electro-thermodynamics
that covers the meso-scale level; it concerns changing electron energies and
electron densities as function of temperatures and pressures (like a plasma;
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currently, receiving quite some research attention). It is interesting to research
whether those theories provide a sound basis for complex systems. Targeted
processing principles should then address macro, meso and micro levels in order
to be highly effective.

(d) The notion ‘that pathways revealing improvements of typically 10% are not
sufficient to alter the course of exponential into sinusoidal patterns’ leads to
the fourth action. The viable landscape models, the non-intrusive and on-line
observatory and the complex system approach for the bio-economy and its
utilization of agro-resources should thus be integrated such that an innovation
agenda can be drawn that evoke real breakthroughs (from 10% towards a factor
of 2–10); in the complex system landscape it would mean to select attractors that
are at least 2–10 times deeper than existing ones. This agenda will then be tested
via a case-based approach to reveal the real improvement steps in the various
domains (technology, organization, communication, : : : ). The outcomes are
again monitored by our observatory in order to re-adjust interventions and
landscapes; hence, a real iterative process.

3 Discussion About INCAS as a Conceptual Proposition
Integrating Viable Planet Models, a Complex Adaptive
Systems Approach and a Pragmatic Innovation Agenda

3.1 Descriptive Landscape Model and an Observatory
for a Viable Planet and Local Systems

Brainstorm sessions and scenario discussions have led to numerous images of a
viable planet (Agrimonde Terra 2011). Its division into a mosaic of territories (or
sub-cultures and societies) makes the image more transparent; one can distinguish
between the blue and green environments and rural areas, cities, agglomerations, etc.
Here, we propose to translate the image into a generic model that comprises mod-
els for ecology (nature-oriented), agro-ecology, industrial ecology, value chains,
and urban planning. Those models are fed with qualitative (aesthetics, opinions,
emotions, perceptions, : : : ) and quantitative data (hard figures for biodiversity,
temperature changes, population growth, added value, loss rates). The mosaic model
imperatively includes the rules for the inter-connections between the territories,
thus revealing the contours of the overall evolution picture. Those rules are not
straightforward due to inter-correlations (patchwork quilt theory, Kauffman 1995),
like: a growing population in a single territory impacts its neighbours in three
dimensions. If more land is given back to nature, it impacts agro-ecology, food
production, urban environments etc. Nevertheless, such an approach is a prerequisite
for understanding of the overall image.

An observatory for monitoring a viable planet incorporates numerous function-
alities. In order to reduce those, we have created the image of a bird (see Fig. 3;
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Fig. 3 The bird as dynamic and responsive observatory

modified image of Schepers 2010). The bird is able to observe—non-intrusively and
on-line—global changes for different landscapes while changing its trajectory. The
different images are combined for analysis and the development of scenarios. At the
same time the bird metabolism integrates data and knowledge of different domains,
which all of them are also separately deepened through new findings (widening
of the span of the wings). The integration takes place in an artificial intelligent
network that is coupled with incoming external signals. The network is capable of
treating a large number of data. An example is the development of adequate decision
support tools and argumentation models (Buche et al. 2013). Finally, the bird allows
monitoring the impact of innovations listed below and re-adjusting interventions
such that the main ambition of ending up and staying in a viable planet scenario is
reached.

3.2 Complex System Approach for the Bio-economy

After having designed models for potential viable landscapes and observing the
consequences of our behaviour on those landscapes, the next step concerns the
development of a complex system approach for the bio-economy that describes
the evolution of those landscapes locally and globally as mentioned above. The
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boundaries of the concept are determined by ecological and socio-economic
conditions such as biodiversity and natural resilience, cultural diversity, food and
nutritional security, sufficient employment and income. Clear boundaries allow its
players to produce, to exchange, to consume, to recycle, etc.—in short ‘to play’—in
a dynamic manner with a lot of freedom, however, also within limits in order to
avoid either chaos or rigidity.

Hypothesis Ecology and bio-economy represent both complex systems; thus, the
bio-economy can adopt ecology concepts and vice versa resulting in a single generic
‘intelligently navigated complex adaptive systems (INCAS)’.

The argumentation is based on the following. First, a number of insights
in ecology are transferable to the bio-economy and vice versa, for example
co-evolution, evolutionary stable strategies, survival of the fittest, biodiverse or
heterogeneous agents, self-organization of systems, autocatalysis, emergence, non-
linear interactions, butterfly effects and scalability (Kauffman 1993; Carbonara et
al. 2010; Andrecut and Kauffman 2010). Hence, these are the major characteristics
of Complex Adaptive Systems (CAS), being well positioned in what is called the
melting zone (see Fig. 4).

Second, the notion and consequences of changing boundary conditions
(restraints, voluntary and involuntary butterfly effects) for evolution are similar; this
becomes even more apparent for agro-ecology and bio-economy. Some examples
are (i) climate change impacts both local agro-ecology schemes as well as the eco-
pyramid for efficient agro-resource usage, (ii) CO2 increase leads to both adaptation
of species and developing new carbon markets and soil-enriched production systems
(iii) rising water levels impact local eco-systems and novel production locations
(both positively and negatively), (iv) governmental interventions provoke changing
markets, nature reserves and agro-ecological production sites and (v) economic
crises reveal resilience of most fittest species and stakeholders.
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Fig. 4 The adapted thermodynamic ‘order-chaos’ scheme including the melting zone as home-
base for complex adaptive systems
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Third, even if the degree of heterogeneity is high and the interdependencies
are largely distributed leading to extreme variance as stated in power law science
(Andriani and McKelvey 2011), co-evolution and the interactions of heterogeneous
agents show similarities in the origin of new species, bio-based product diversifica-
tion and emerging eco-systems and markets; hence thinking about eco-pyramids—
from added value for pharmaceuticals (high values, low volumes) via cosmetics,
: : : down to heat (low value, large volume)—show similar characteristics as the
biological pyramid for species.

Fourth, thinking in sub-optimal instead of most optimal solutions allows reflect-
ing on dynamic equilibria between e.g. different markets for agro-resources on one
hand and different micro-ecosystems for species on the other. Herein, local bio-
diverse production systems can exist in parallel to sustainable global value chains.
However, it would mean a new dynamic equilibrium between those. If only global
value chains and strategies of multi-nationals focusing on reducing number of high-
volume products (potentially enriched with functional constituents/ingredients)
will be adopted—the predominant breeze since the Second World War—a stable
situation will not be reached; thus no sinusoidal patterns for all stakeholders.

Fifth, resilience is crucial in ecology and agro-ecology as well as in bio-economy
in order to understand survival rates for species and marketed products. Resilience
requires diversity; this underlines the importance of the remarks above.

Sixth, scalability plays both a role in (agro-)ecology as well as in economy.
Micro-systems may add up arbitrarily or systematically revealing either fractal or
highly dispersed patterns breaking scaling rules; numerous examples have been
given for example for chemical and biological processes and deserve more attention
(Perrot et al. 2016).

Finally, one may argue that, especially for behaviour and decision making—
allowing to guide complex systems and coach stakeholders in a direction that
corresponds with beneficial outcomes—the similarities between agro-ecology and
bio-economy are sparse, however, also here scientific insights reveal interesting
similarities as one can learn from Wilson (1990). These similarities deserve more
attention looking to the diversity of players and their behaviour as individuals and
within collectives.

A global bio-economical council may change the settings such that new balances
arise between individuals and small collectives as well as between huge collectives
and multinationals. Also the role of residents in the bio-economy is crucial since
the introduction of ICT and personalized manufacturing like 3D-printing. The
profession of some farmers is moving too towards entrepreneurship focusing on
agro-production, bio- energy and providing tourism services at the same time. Even
more, new industrial ecology (Frosch and Gallopoulos 1989) initiatives locally pop-
up, like Agripark and Kalundborg, and other crossing-sector eco-innovation parks
(BAFU 2014) challenging the balances mentioned above. It is here that solely a CAS
approach is insufficient; intelligently navigated complex adaptive systems (INCAS)
are more appropriate when being steered by a Bio-economical Council.

In all cases, large-scale high throughput mono-systems should be re-equilibrated
with small-scale parallel-biodiverse production systems. Ecological studies have
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clearly revealed that a certain level of bio-diversity is necessary for survival,
evolution and socio-economic development; the latter is recently presented in an
assessment study by IPBES (2016) which shows that a growing number of pollinator
species worldwide are being driven toward extinction by diverse pressures, many
of them human-made, threatening millions of livelihoods and hundreds of billions
of dollar worth of food supplies; however, measures can be taken to change
these patterns. If INCAS thinking makes sense in linking (agro-)ecology and bio-
economy, reflexions about sustainability and evolutionary games, governance and
interventions, diversity in species and stakeholders as well as their interactions, etc.
are getting their common conceptual frame. This allows sound decision making,
targeted interventions and transparently revealing impacts.

3.3 Complex System Approach for Transformation
of Bio-matter

Hypothesis our understanding of ‘bio-matter’ should change in order to fully
and intelligently make use of its constituents (molecules and functional fractions),
properties and functionalities, caloric value, etc. as well as to design the best
targeted, lowest energy and water consuming, processing methods for changing its
structures into the most applicable end-user products.

Unfortunately, bio-matter is often still a black box and approaches are ‘trial &
error’ driven, leading to fractional—often wealthy—information about its structure,
its constituents (and/or some of the 2200 additives as e.g. only in food) and the
design of an enormous variety of food and materials. The statement that bio-matter
should still be considered as black boxes is based on numerous observations and
references. For food, Mezzenga et al. (2005) stated ‘Foods make up some of the
most complex examples of soft condensed matter (SCM) with which we interact
daily. Their complexity arises from several factors: the intricacy of components, the
different aggregation states in which foods are encountered, and the multitude of
relevant characteristic time and length scales. Because foodstuffs are governed by
the rules of SCM physics but with all the complications related to real systems,
the experimental and theoretical approaches of SCM physics have deepened our
comprehension of their nature and behaviour, but many questions remain.’

Other references reveal similar remarks and numerous research questions are
posed today. Some examples are (INRA 2016), do we understand the formation of
the heterogeneous protein networks and morphologies, as function of humidity and
temperature during the production phase? What does that mean for e.g. efficient
isolation of proteins? Why are we not able, after decennia of research, to mimic the
natural rubber properties by synthetically produced rubber? How do all constituents
contribute to these unique properties? Do we understand (ir-)reversible nuclei and
agglomerate formation of powders? What is the impact of single grains on stability
and which micro or macro avalanches are evoked? Which processes are underlying
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oxidative stress and adaptation mechanisms in ‘living’ materials? Is it simply multi-
stage coupled electron transfer? What about electron densities? How and why do
micro-organisms act under stress situations? Are assemblies formed to increase
survival rates for organisms at their core? Which signal-transduction pathways are
established? At what moment could microbial processes becoming ‘sterilized’ auto-
catalytic processes at which reactions are steered by the system itself?

Those questions require a more than basic understanding of bio-matter (including
microflora) at microscopic, mesoscopic and macroscopic level. It deals with con-
stituents (proteins, polysaccharides, lipids, micronutrients, water, micro-organisms,
: : : ), their make-up in a well-defined environment (e.g. grains, tissues, : : : ), their
fluxes, their interactions (agglomeration, network forming capacity, : : : ), their
catalytic actions, their phase-changes, their surface tensions, their plasticity, their
reversibility and/or irreversibility potential, etc. A biologist may use other words
like their adaptability, their self-organising capacity, their attractors, their enzymatic
strength or autocatalytic behaviour, and so on. It is at the crossing border of physics,
chemistry, biology, mathematics, process engineering and computer science that we
may redefine bio-matter and inherent dynamics.

Thus a more generic approach and frame for food & biomaterials sciences
(Wrangham 2009) is needed to understand and visualize process-structure-function
relationships (Fischer and Windhab 2011). The thermodynamic approach adopted
for other complex systems (biology, economics, : : : ) offers a starting point. In
particular, thermodynamic approaches based on statistical physics and mechanics
provides a general framework for relating the microstructure of individual atoms
and molecules to the bulk properties (Prigogine and Stengers 1985). A system (like
a food/bio-matter matrix full of constituents) could be either frozen in a very stable
state or in a highly chaotic state or in the melting zone (see Fig. 4). The position
of a ‘system’ in the scheme depends on the variety of its constituents (ingredients,
persons, etc.), the interactions between those and the external (extreme) conditions.
A position at the edge of order and chaos is most favourable because it allows
adapting or responding to changing external conditions like processing conditions,
while either maintaining its structure-properties-functions (for soft condensed
matter) or showing clear phase changes or micro and macro-avalanches (Bak et
al. 1988). As previously discussed, also here emergent properties (foaming, gelling,
: : : ) are said being the result of self-organisation of the system as a whole; however,
not with endless degree of freedom because the boundary conditions form the frame
and restraints. The INCAS concept seems well suitable to acquire deep insights in
bio-matter via appropriate interventions.

It is here, where experiments and numerical modelling met in order to deepen
our knowledge of bio-matter. The numerical simulations, strengthened by the rapid
increase in computational resources (GPU, HPC : : : ), can be used to investigate
the microscopic origins of complex phase transitions in structural properties of
soft matter and disordered systems such as colloids, polymers, emulsions, granular
materials : : : or cellular assemblies. Discrete numerical modelling (Multibody
Contact Dynamics, Lattice Boltzmann, Monte Carlo Molecular Modelling : : : ) of
interactions between large number of particles and under various boundary and
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environmental conditions gives new insight in complexity, order-disorder transition,
chaos : : : as emerging from the local scale of material heterogeneities and physical-
chemical constituents (Augier et al. 2010). Furthermore, the association with
stochastic approaches and statistical homogenization allows overcoming the lack
of information regarding the geometry of particles or the initial state and gives a
theoretical framework for upscaling properties in a constitutive thermodynamically-
based equation of state.

The deepened insight in bio-matter also allows developing targeted interven-
tion/processing methods focused on exactly modifying what is needed. If one
likes to inactivate spores, it may be sufficient to destabilize a membrane-bound
protein via the opening of a Sulphur bridge in an electrical field chamber. Hence,
a thermodynamic intervention at macro-level (for example ‘heating at 120 ıC’)
should be replaced by an electromagnetic intervention at micro-level. If one likes to
align micro-fibres in a lignocellulosic matrix, a single electromagnetic pre-treatment
followed by a uni-directional shear force may be adequate; if correctly combined
it concerns a meso-level intervention. It is here that electromagnetism dealing with
intra-molecular forces (micro-scale) meet thermodynamics at macro-scale; this may
be called electro-thermodynamic interventions at meso-scale; a promising area for
future research and innovation.

3.4 Innovation Agenda

The emerging properties of INCAS as described above provide some key principles
for the innovation agenda, which are potentially 2–10 times more efficient than
today. This could be a principle that (i) avoids unnecessary exploitation of resources,
(ii) efficiently transforms and uses agro-resources either via rapid iterative pathways
or via snowball effects and (iii) valorises co-products and waste streams.

(i) Avoiding eco-unfriendly- and over-exploitation of agro resources if other
solutions exist, via:

• The transition from products towards services (Herman et al. 1989; Schep-
ers 2010), thus from materialistic towards non-materialistic assets.

• Lifetime optimization, dietary changes favouring low density—high satiety
food above over-consumption and restorative economies building longer
lasting technologies (WRAP 2016).

• Unnecessary breakdowns of constituents in multiple production stages, e.g.
the replacement of meat proteins by plant or insect proteins (Aiking et al.
2006; CVT AllEnvi 2015).

• Waterless systems in processing such as dry bio-refineries (Barakat et al.
2013), closed water recycling systems, and producing salt tolerant species,
halophytes, in coastal areas.

• Novel biotechnology and synthetic biology pathways (Carlson 2007).
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• Energy production via solar energy capturing systems and not using
biomass from an entropy point of view except after having valorised all
its constituents in the eco-pyramid (Michel 2012).

• New breeding strategies for entire plant usage since often major plant parts
are not valorized (Hofte 2013, 2015; IEA 2009; Poyry 2011).

• Local bio-refineries at the farm (Sanders 2015) avoiding unnecessary
transport of water, re-utilizing co-products locally, avoiding empty returns,
combining loads and avoiding car-shopping.

(ii) Efficient transformation and usage of agro-resources via:

• New ICT driven processes, like virtual design of bio-products to avoid
unnecessary trials and unforeseen losses, domotics and eventually 3D
printing (Lipson and Kurman 2013) if co-products are well taken into
account, for guiding eco-efficient handling and consumption.

• Eco-efficient storage concepts based on feedback systems to maintain
product quality.

• Water reduction systems utilizing high precision water-droplet systems,
alternatives for cleaning and disinfection (Voigt et al. 2012), energy efficient
desalting of sea water (MIT 2016).

• Energy reduction based on process intensification and control (Stankiewicz
and Moulijn 2003), grinding up-to the level of functional fractions for
both food and non-food applications (thus not down to molecular levels;
Abecassis et al. 2014), volumetric heating replacing surface heating (de
Vries and Matser 2011; Nutripulse 2013), biochemical synthesis (Jensen
et al. 2012), auto-catalytic systems and pathways for efficient functionaliza-
tion of molecules, more efficient transport (multi-modal, energy-intelligent
containers).

• Novel biomaterials (Colonna 2015) and material reduction, counteracting
the accumulation of packaging materials in oceans (UNEP 2011), no re-
packaging, in package-treatments, etc.

(iii) Valorisation of co-products and losses via:

• Novel processing schemes for co-product and waste valorisation since one
deals with enormous volumes (Poyry 2011).

• Introducing anaerobic digestion (Cazier et al. 2015) especially at farm level,
however, after having extracted and valorised all other functional fractions.

• Adapted logistic and sustainable production schemes for co-product and
waste recycling in rural and urban areas like aquaponics systems in order
to create employment locally, recover useful constituents for agriculture
(Magid et al. 2006) and to avoid accumulation of toxins.

• Development of fully new integrated, cross-sector, business (Porter and
Kramer 2011) and public cooperation concepts such as industrial ecol-
ogy, agriparks and eco-innovation parks in order to reach multiple sub-
optimal solutions in terms of economic, social, environmental and aesthetic
perspectives within a single concept. It includes closed circles for (all)
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renewable resources, multiple markets locally and globally, new public-
private partnerships, local embeddedness, novel branding strategies, close
connections to consumers and job creation; it is applicable in diverse
landscapes and (sub-)urban environments. Some business examples are:
Kalundborg Industrial Symbiosis (Christensen 2006), Agripark Holland,
Pomacle France; Shanghai Modern Agricultural Parks, Agrotechnology
Park Singapore (Smeets 2011; Boix et al. 2012; BAFU 2014).

4 Conclusions

In the past decades, we have luxuriously been provided by fossil fuels. They have
allowed playing an enormous variety of games to challenge and please us. The
number of games has been large—by some considered as endless—however it’s
becoming more and more apparent that the number is not unlimited; renewable and
recycled resources as well as solar energy input and the earth capacity have their
limits. We may question ‘how large?’ That depends on our creativity and passion to
play as well as to the new boundary conditions and their understandings. Examples
of the latter are e.g. the limited available fossil fuel resources and the continuous
rise in atmospheric CO2 concentrations due to our daily requests for more energy.
Sea levels rise and weather conditions may change more rapidly and extremely;
consequently, this will restrict us to deliberately choose where and how to live, what
to produce, consume and utilize. Even more, we are not solely facing environmental
and economic constraints, but also social and ethical issues. Unequal global balances
in ‘access to and availability of food and healthy diets’ is a key and persistent
example of the latter; this leads to food insecurity, malnutrition and stunting for
a major part of the growing (demands of the) world population (FAO 2015).

In this paper, five major questions have been addressed:

i. Can we create images of a viable planet and design observatories that make
sense in terms of accurate information provision and steering?

ii. Which systemic approach could be developed for the bio-economy taking into
account (agro-) ecology concepts?

iii. Which common concept should be developed for unravelling the complexity of
bio-matter and their efficient transformations into useful end-products?

iv. What innovation agenda makes sense taking into account the necessity to have
real breakthrough innovations reducing the sustainability impact with a factor
of 2–10?

v. Based on the answers to the previous questions, are we able to introduce a
suitable concept?

The first question reveals that a viable planet requires ecological and socio-
economic boundary conditions and permits self-organization in such a way that
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outcomes of activities show sinusoidal patterns with amplitudes well between the
boundaries (see Fig. 2). This allows freedom to play numerous games, however,
not endlessly. It also provides us with numerous emergent properties (products,
services) fulfilling the human sense for curiosity.

The second question deals with observatories (see Fig. 3) allowing non-intrusive
and on-line monitoring to reveal dynamics of numerous, evolutionary and inter-
connected, landscapes. They capture diverse information flows and show impacts
of potential innovations, utilizing an intelligent artificial system to link observations
with preferable landscapes and provide recommendations.

The third question addresses a concept that links bio-economy with ecology, and
in particular agro-ecology, both at small (local agro-ecological production) as well
as at large scales (globalized agro-production in an overall sustainable manner).
The concept is based on complex adaptive systems incorporating both economic and
ecological characteristics (biodiverse products and services, biodiversity, interacting
ecological and economic agents, etc. (see Fig. 4). The concept results in a better
understanding of the variety of options in the bio-economy and provides the basis
for interventions. Thus, intelligently navigated complex adaptive systems (INCAS)
seem to be most logical. The approach tackles the existing paradox between
economics and ecology and provides an alternative approach. It also touches upon
the circular economy concept (Mc Arthur foundation 2014); however, closed circles
neither exist in ecology nor in (socio-)economy. Sinusoidal-like patterns resemble
spirals, allowing the existence of a wider range of dynamic end-states, and thus
evolutionary processes. It should be noted that self-organization within complex
adaptive systems reduces the number of potential landscapes and ‘limits the number
of attractors’. It is in this phase that interventions are most likely contra productive;
the system needs a while finding its own attractors before navigated actions are
undertaken. An example is the living specie itself; if the genome consists of 100,000
genes and they present 2 states ‘on’ or ‘off’; the potential number of end-states is
2100,000; however, the number of cell types is more or less the square root of number
of genes ( 315), hence a very well self-organized ‘system’, most likely do to the
limited number of grouping of ‘cooperating’ genes. This power law can be well
mimicked by Boolean network and N–K models (Kauffman 1995) and exploited
for other systems.

Intelligently navigated complex adaptive systems (INCAS) have also been dis-
cussed as powerful approach to unravel the complexity and richness of (new) nature
resources in order to develop targeted engineering interventions. This approach is
principally different from the approach starting with basic building blocks and,
step-wise, assembling more complex molecules. Now, the starting point is the
understanding and exploitation of the complexity and diversity of (novel) bio-matter,
thus the interactions between constituents in all dynamic stages along the agri-food-
bio-product chain. Numerous new functionalities and products pop up according to
self-organizing principles, that may better fulfil the demands of tomorrow, reduce
losses, create—local and global—value for all plant parts by using intelligently new
sustainable (targeted, small-scale) biotransformation methodologies.
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Consequently, an appropriate breakthrough innovation agenda could be defined
focusing on (i) avoiding (over-)exploitation of resources, (ii) more efficient usage of
resources and (iii) valorising waste and co-products. The first series of breakthrough
innovations are organizational in nature focusing on alternative strategies in the
bio-based economy and adapted behaviour. The second series of innovations are
technological, either at micro- (electromagnetism), meso (interacting at the complex
adaptive product matrix level, where thermodynamics and electromagnetism meet)
or macro level (thermodynamics). The third series follows the eco-pyramid for value
creation for co- and waste streams, with highest value smallest volumes at the top
(pharma) and lowest value largest volumes at the bottom (heat generation). The
final innovation agenda will contain a mixture of innovation items, based on the
local opportunities for most efficient pathways.

The combination of above mentioned approaches leads to a bio-economy concep-
tual approach reasonably utilizing its resources, combining aesthetics, non-intrusive
monitoring, artificial intelligence, complex adaptive systems, real innovations and
steering by re-adjusted interventions by a Bio-economy Council (see Fig. 5). The
here introduced concept is INCAS for intelligently navigated complex adaptive
systems.

Designing
viable planet
landscapes 

Observatory

Bio-economy
as complex

system 

Unravelling
biomatter

Drafting the
innovation
agenda  

Innovation
outcomes &

impact  

Monitoring the impact

Adjusting

Fig. 5 The bio-economy as ‘intelligently navigated complex adaptive systems (INCAS)’
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5 Future Perspectives

In order to support a transition towards a viable bio-economy, the following actions
are recommended to start with. The first four are best included in an in-depth
foresight study with a limited number of scenarios and recommendations for policy
and decision makers. The fifth would allow including all stakeholders in this
transition.

• Better understanding complex adaptive systems both for the entire bio-economy
and the linkage with agro-ecology concepts as well as for the multiple bio-matter
matrices.

• Clarify the choice of technology and its Technology Readiness Level in the
bio-economy and identify ways to improve substantially their effectiveness
using economic (added value, competitiveness, clustering, : : : ), environmental
(energy, water, greenhouse gases, biodiversity, loss, mitigation : : : ), and social
(employment, food security, cultural values, ethics, urban habitats : : : ) criteria.

• Identify, test and evaluate public and private levers for re-equilibrating self-
organized, competitive, localized, systems with empowerment strategies utilizing
well-defined constraints, rules, incentives and decision making processes, thus
exploiting INCAS.

• A science program focused on industrial ecology concepts linked to local agro-
ecology concepts and global value chains; herein the unravelling of bio-matter
black-boxes, both in the pre-harvest and post-harvest phases, for selecting best
end-product solutions, plays again a key role. Other topics are the cycles of
nutriments, minerals and ‘dead’ organic matter in comparison to those of material
fluxes and waste recycling, the meaning and understanding of symbioses,
reversed thinking (natural feedbacks and market-driven actions) and resilience
towards external stress.

• An ‘evolutionary game for a viable planet’ should be designed, including
numerous sub-games for creating sustainable solutions. An example is given
here. The earth is the playground. The field partitions are agro-ecological
production fields, living areas, nature reserves and transport-lines. The pieces are
a number of renewable resources and technologies, water (drinking, process) and
energy sources (solar, wind, biomass). The finally obtained bio-based products
and services also serve as new pieces after having incorporated their transaction
costs. The duration is split into 4 years. The winning outcomes are the number of
overall best fits—sub-optimal solutions—for the needs of current and five future
generations; the outcomes are spread out over the various basic needs. The rules
are defined by the government: (i) increased local biodiversity of 10% per decade,
(ii) 15% dematerialization as compared to the current situations, (iii) maximized
loss of 5% of an integral renewable resource in the initial production step, (iv) full
usage of all losses and co-products within five follow-up steps, (v) 5 times higher
energy and water efficiencies as compared to given references, (vi) acceptance
rate of 90% by culturally diverse consumers for end-products and services.
The government is the referee and definer of rules, the knowledge institutions
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are the advisory board members and the NGOs are objectively auditing. The
global citizens are the players bringing collective intelligence to provide the best,
appreciated, solutions both locally and globally.
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Varieties of Knowledge-Based Bioeconomies

Sophie Urmetzer and Andreas Pyka

Abstract Governments around the world seek for strategies to overcome the
reliance on fossil resources and provide solutions for the most challenging contem-
porary global issues: food shortage, depletion of natural resources, environmental
degradation and climate change. A very recent and widely diffused proposition is
to transform economic systems into bio-based economies, which are based on new
ways of intelligent and efficient use of biological resources and processes. If taken
seriously, such endeavour calls for the creation and diffusion of new knowledge as
basis for innovation and behavioural change on various levels and therefore often is
referred to as knowledge-based bioeconomy. In the current debate, the requirement
for innovation is mostly seen in the advance of the biotechnology sector. However,
in order to fulfil the requirement of sustainability, which implicitly is connected
with the bio-based economy, the transformation towards a bioeconomy requires a
fundamental socio-economic transition and must comprise changes in technology
as well as in markets, user practices, policy, culture and institutions. To illustrate a
nation’s capability for this transition, we refer to the concept of national innovation
systems in its broad approach. With the help of an indicator-based multivariate
analysis we detect similarities and dissimilarities of different national systems
within the European Union as basis for a transition towards a knowledge-based
bioeconomy. The analysis allows to compare the different strategies and to identify
bottlenecks as well as success factors and promising approaches in order to design
policy instruments to foster this imperative transformation.

1 Introduction

Based on the European Commission’s (2012b) understanding of the bioeconomy
and the OECD’s (1996) definition of a knowledge-based economy combined with
considerations taken from Schmid et al. (2012) we define the knowledge-based
bioeconomy as:
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An economy that is based on the production and dissemination of new knowledge about
renewable biological resources and their potential to be sustainably converted into food,
feed, bio-based products and bioenergy with the aim to overcome the wastefulness of
production and consumption in its full dependency on fossil resources.

Formally, there is a global agreement for the imperativeness of such transfor-
mation of our current economic systems explicitly highlighted in policy agendas
and strategies for the bioeconomy on global (OECD 2009), regional (EC 2012a),
national (US Government 2012; BMELV 2013) and sub-national (MWK 2013)
levels. However, the responses of the specific national systems to the above
mentioned global challenges and their capability to innovate by developing new
policy strategies and institutional reforms vary. In their reflection on innovation
systems in the learning economy, Lundvall et al. (2002) conjecture that “some
national systems may, for historical reasons, be better prepared to cope up with
the new context than others” (p. 234). Without doubt this conjecture holds for the
transformation towards a knowledge-based bioeconomy as well.

To examine the various national conditions for innovation towards a knowledge-
based bioeconomy within the 28 member states of the European Union (EU), we
empirically analyse and compare the specific national innovation systems. The
Sect. 2 illustrates the theoretical foundation of our analysis. Section 3 describes
the analytical approach by specifying the variables (indicators) measured and the
methodology deployed. This is followed by the presentation of the resulting clusters
and some carefully deduced implications of these results in Sect. 4. The concluding
Sect. 5 closes with an outlook and some critical remarks.

2 Theoretical Background

The comparison of different political economies has occupied scholars and political
actors for many years. Politicians and scientists seek to understand how differences
in the organisation of national systems are responsible for certain economic
outcomes and why there is more than one model that delivers economic success
(Hall and Gingerich 2009; Hall and Soskice 2001). Different theoretical frameworks
have been applied for comparative analyses between nations. One of them is the
concept of national innovation systems (NIS) (Lundvall 1992; Patel and Pavitt
1994). It emerged during the 1990s and illustrates the underlying structure and
processes of the interdependent evolution of technologies, industries and institutions
in an economy. The basic assumption of the broad approach of NIS is that those
institutions that directly promote the acquisition and diffusion of new knowledge
are embedded in a specific socio-economic system (Lundvall 1992). Within this
system, “political and cultural influences as well as economic policies help to
determine the scale, direction and relative success of innovation” (Freeman 2002,
p. 194). The NIS framework has been the basis for many theoretical as well as
empirical studies and was subject to refinement and further elaboration in many
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ways during the last two decades. Such comparative studies have been undergone at
the level of national economies (e.g. the comparison of the Danish and the Swedish
innovation systems undertaken by Edquist and Lundvall 1993), sectors (Malerba
2005) or individual parameters (e.g. the future-orientation of innovation systems
of Central and Eastern European countries analysed by Hanusch et al. 2010).
Some of these undertakings have not only served for describing dissimilarities
between systems, but also to uncover cross-national similarities in the structure
and innovation performance (Balzat and Pyka 2006). By identifying the extent and
the areas of such structural similarities within empirically determined groups or
clusters of national innovation systems, such research can have an impact on the
efficiency of mutual learning processes for policy planning. Just as the differences
between path-dependent NIS prohibit a one-fits-all political solution for a common
problem, structural similarities in certain fields allow for sectorial policy learning
across national borders (Lundvall and Tomlinson 2002). This holds especially for
the countries of the EU which are embraced by common European institutions and
share certain cultural characteristics.

The special challenge of examining the national systems regarding their capa-
bility to move towards a knowledge-based bioeconomy is emerging from the
overarching and yet quite specific nature of the bioeconomy. While a mere analysis
of innovativeness within e.g. the biotechnology sector or the agricultural sector
would not allow for drawing conclusions on the state of the bioeconomy in a coun-
try, the examination of the entire economic system of a nation would fall short of the
specific requirements for a development towards the bioeconomy. The connection
between the concept of NIS and the bioeconomy has recently been endeavoured
by Roberto Eposti (2012). He proposes the creation of an EU-wide knowledge and
innovation system for bioeconomy (KISB) with the aim to overcome the sectorial
boundaries, improve agricultural innovations, acknowledge the heterogeneity of
involved actors and adapt the EU research policy to the emerging structures of the
bioeconomy. This proposal entails important challenges of the transition towards
the bioeconomy (namely transdisciplinarity, innovativeness, governance and policy
convergence) and describes a process still “largely in progress, incomplete and
country-specific” (Eposti 2012, p. 253). We will step back and try to assess the
grounds for such concept by a comparative analysis of the underlying national
systems on a broad empirical basis.

One of the latest adaptations of the NIS approach for innovations towards
higher resource productivity and lower environmental impact has been coined
by Stamm et al. (2009) and further refined by Altenburg and Pegels (2012): the
sustainability-oriented innovation systems (SoIS). They are defined as to comprise
the network of those institutions that foster innovations “to reduce environmental
impacts and resource intensity to a level commensurate with the earth’s carrying
capacity” (Altenburg and Pegels 2012, p. 10, based on Freeman 1987). Many of
the implications that comprise such SoIS also apply to our endeavour undertaken
in this study and have found their expression in the identification of measured
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indicators. Another implication of NIS for bioeconomy is expected to be the
impact of public attitudes towards the environment, technological progress and the
consumers’ willingness to change1 (USDA 2012).

3 Analytical Approach

The factors that shape a national system’s capacity to adopt a knowledge-based
bioeconomy are unknown and highly complex. The varieties of historical, geo-
graphical, political and socio-economic conditions across the European countries
(i.e. the “given factors”) as well as the multitude of potential expressions of a well-
functioning knowledge-based bioeconomy (i.e. the “desirables”) mark the grounds
of our analysis. We can at best try to approximate reality by subjectively defining
relevant indicators for measurement. In a theoretical comparative analysis of the
evolution of bio-industrial complexes as building block of an emerging bioeconomy
in five different OECD countries, Mats Benner and Hans Löfgren (2007) focussed
on the degree of state intervention as characteristic difference between countries.
Since the scope of our understanding of the knowledge-based bioeconomy goes
beyond the emergence of bio-industrial complexes (see our definition above), we
extend the frame of analysis by including indicators that describe the “relevant
institutions and economic structures affecting the rate and direction of technological
change [in the field of bioeconomy (the authors)] in the society” (Edquist and
Lundvall 1993).

3.1 Indicators

Indicators for monitoring innovation towards the bioeconomy have not yet been
defined. For the purpose of this study, the indicators proposed by the OECD
to monitor green growth (OECD 2011) as well as the goals defined within the
European Bioeconomy Strategy (EC 2012a, b) and the implications of SoIS
(Altenburg and Pegels 2012) have served as a basis for an eclectic identification
of relevant units of measurement.

1 “Public attitudes toward and understanding of biobased products are important for the
growth of the bioeconomy for at least two reasons. First, the government’s commitment
and ability to financially support the growth of the bioeconomy relies on a willing public.
Second, public attitudes toward and understanding of biobased products will influence the
demand for these products, which ultimately will determine the future of the bioeconomy.
Measuring public attitude could be used as a leading indicator.” (USDA 2012 p. 49)
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The following six categories of data for the empirical assessment of the potential
to introduce the bioeconomy are covered by our selection:

1. The environmental and resource productivity of production and consump-
tion: Indicating an economy’s ability to minimize non-renewable resource
consumption per unit of output (i.e. decoupling production from non-renewable
resources).

2. The base of relevant scientific, applied and public knowledge: Indicating a
nation’s potential to tackle future challenges in the field of the bioeconomy with
the help of education on different levels. The European Commission (2012a, b)
states that innovation in bioeconomic sectors requires a workforce that has
the right mix of skills including experienced workers with new qualifications
and professionals for interdisciplinary tasks who understand “the economic
and societal impact of their activities, fostering cross-talk between sectors”
and across society. At the same time, public understanding about the ethical,
environmental, health and safety implications of the bioeconomy affects the
acceptance and the economic success of new products and processes (EC 2009;
USDA 2012).

3. Policy responses and bio-economic opportunities: Indicating a nation’s poten-
tial and will to innovate and proceed in technological and institutional terms.
This becomes evident by assessing activities that foster innovation in general
and specifically in environmental science and technology (Global Innovation
Index, R&D expenditures, research personnel etc.). In addition, these indicators
shall measure political efforts and social acceptance to support a move towards a
resource-efficient and environmentally-friendly economy.

4. The natural asset base: Indicating an economy’s capability to maintain the
quantity of their natural assets. This measure takes account of the fact that
naturally re-growing resources are not infinite and must be sustainably managed.

5. The environmental dimension of quality of life: Indicating the social well-being
in terms of access to an intact environment (including clean air, intact nature etc.).
The desired increase in utilisation of biological resources must not be achieved
at the expense of a loss in environmental quality—an asset hardly measurable
in economic terms and to be kept separate from the natural asset base measured
quantitatively (indicator group no. 4).

6. General socio-economic structure: Indicating the socio-economic context in
which the different economies act. Even among the EU member states, structural
and socio-economic differences exist that may influence the overall performance
of their development towards the bioeconomy, including differing attitudes of the
population.

To examine the disposition of the 28 nations to move towards a knowledge-
based bioeconomy, indicators for each of the above introduced categories have been
identified, amounting to a total of 47 variables (see Annex 1).
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3.2 Methodology

Cluster analysis is a multivariate statistical technique which is used to group objects
(in this case: countries) based on the characteristics they possess (Hair et al. 2010).
In the context of this chapter, the grouping emerges from the specific national values
for each of the indicators identified to characterise the individual NIS with respect
to their capacity for a transformation towards a knowledge-based bioeconomy.
Maximum homogeneity within a cluster and maximum heterogeneity between the
clusters allow for better handling and easier interpretation of the large amount of
data. However, the main advantage of such classification is to reveal relationships
among the observed innovation systems that are hard to detect on the basis of the
individual national data (Hair et al. 2010). At the same time, our analysis indicates
the degree and the areas of structural similarities between the countries, which
are analysed and can potentially provide guidance to the improvement of mutual
learning (Lundvall and Tomlinson 2002 in Balzat and Pyka 2006). Clusters are
formed on a global data level (i.e. comprising all 47 variables) as well as on each of
the six category levels introduced above.

We determine the coherence of a cluster and the diversity between clusters
by calculating the distance values between the countries based on their measured
characteristics. Of the various methods to calculate such distances, we apply the
Euclidian distance. To measure similarity between clusters, we use the average-
linkage method, since this procedure measures the averages of clusters and is
therefore only to a small extent affected by extreme values. Furthermore, its main
aspiration is to produce clusters with small within-group variation rather than
seeking to form necessarily equally sized clusters. Because of the differing scales
and magnitudes of the variables, original data has been standardised by converting
the variables to standard scores (also known as Z-scores) before clustering the
countries.

Since the number of clusters is not known beforehand, we apply an agglomerative
hierarchical clustering process. The rationale behind this approach is to repetitively
merge similar objects in groups and then similar groups together in bigger groups
until you reach the maximum amount of heterogeneity between the groups while at
the same time remaining at an acceptable level of homogeneity within each group.
There is no strict method to determine the optimal number of clusters. One way to
achieve a suitable number of clusters is to plot the heterogeneity coefficient against
the number of steps taken along the agglomerative clustering process (Ketchen and
Shook 1996). The step, within which the rising line of the graph suddenly steepens,
i.e. where heterogeneity within the cluster strongly increases, is considered one-
step “too far” (see red arrow in Fig. 1). The number of recommended clusters c is
calculated as:

c D n � f



Varieties of Knowledge-Based Bioeconomies 63

Fig. 1 Heterogeneity coefficient plotted against the orders of steps along the agglomerative
clustering process. Note: the case displayed here would call for c D n � f D 27 – 17 D 10
clusters

where n is the number of cases and f is the order of fusion step along the agglomer-
ative clustering process, which produces the sudden increase in heterogeneity.

The clusters emerging from this calculated number of clusters are thus formed
by countries that are relatively similar in terms of the measured indicators. We will
present the results of the cluster analysis in the following section and carefully
interpret them thereafter, not without considering possible biases originating from
the indicators chosen, imperfect data and uncertain causalities.

3.3 Interpretation

Comparison and benchmarking of different national innovation systems is difficult
and must be undertaken with care. As suggested by Lundvall and Tomlinson (2000),
it should not focus too much on the comparison of quantitative data, but on the
efficiency of a system in achieving the goal in question. Only this way, the results
of our analysis will be able to stimulate reflection and support learning among
the countries examined. Quantitative comparisons will therefore be restricted to
structurally similar countries, i.e. within detected clusters and to the illustration
of differences between clusters regarding indicator values explicitly describing the
efficiency of a system towards a bioeconomy transformation (e.g. CO2 emission per
capita).

How efficient are the European NIS in achieving the goal of a knowledge-
based bioeconomy? The paths towards an economy “based on the production
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and dissemination of new knowledge about renewable biological resources and
their potential to be sustainably converted into food, feed, bio-based products
and bioenergy with the aim to overcome the wastefulness of production and
consumption in its full dependency on fossil resources” (see above) are expected to
be manifold and hard to measure and to compare. Well aware of the shortcomings of
the underlying measurements, including the restrictions in data access and indicator
relevance, statistical imperfection of the method of cluster analysis as well as the
general uncertainty and path dependency of strategies towards a less wasteful and
sustainable way of production and consumption, we take a chance to offer some
interpretations and derive some implications of the results after they have been
presented in the following.

4 Results

When calculating the distances of all variables across the European Union in a
global analysis, seven groups of countries with similar structures can be identified2

(Fig. 2). The similarities partly show a geographical distribution with a Northern
cluster (Sweden and Finland), a North Sea cluster (Denmark, Ireland, Netherlands
and United Kingdom), a central cluster (Austria, Belgium, France, Germany and
Slovenia) and a South-and-East cluster (Bulgaria, Croatia, Cyprus, Czech Republic,
Greece, Hungary, Italy, Latvia, Lithuania, Poland, Portugal, Romania, Slovakia and
Spain). The remaining countries form single-country clusters indicating a special
profile in the indicators measured (Estonia, Luxembourg and Malta respectively).
The North cluster countries Finland and Sweden are wealthy nations with outstand-
ing environmental quality and a very strong focus on education and training (strong
knowledge base). They range among the most innovative countries in the EU and
rely on a wealth of natural assets. This is accompanied by a high environmental
awareness of the population. The countries forming the North Sea cluster are
also relatively wealthy, build upon a very strong knowledge base and show high
innovative capacity. Their natural assets are scarcer than in the North, but the
environmental quality of life is above average. A high proportion of the countries’
surface is used agriculturally and forest is scarce. The agricultural sector (including
forestry, hunting and fishing) does not contribute much to the total domestic value
added. The countries belonging to the central cluster form an average throughout
the complete set of variables.

The extensive South-and-East cluster consists of the least wealthy countries of
the EU with the largest agricultural sectors, comparably low innovation activity and
a small proportion of employment in science and technology. The governments are

2The clusters emerging from the global analysis and the analyses according to the different
categories are presented in different shades on maps (Figs. 2, 3, 4, 5, 6, 7, and 8). In addition,
the clusters are presented numerically in a table (Annex 2).
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Fig. 2 The seven clusters according to the global analysis

less dedicated to education and training and the population is not so much concerned
about the environment which is partially very healthy and partially heavily polluted.
However, because of the relatively low income per head and the correlation to
economic activities their overall CO2 emissions per capita are relatively low.

Estonia’s innovation system is very different from the other EU countries’ and
thus forming its own cluster. As a country with the seventh lowest GDP in the EU
and a very carbon intensive economy, it possesses a remarkably strong knowledge
base and the highest number of biotechnology patents per million inhabitants.
The nation with a strong natural asset base and relatively unpolluted environment
is home to an optimistic and environmentally aware population. Luxembourg is
probably the most exceptional country in the EU. With the highest GDP and largest
proportion of researchers in the active population it emits the most CO2 per capita.
It has a population with a very high environmental awareness and very little trust
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Fig. 3 The seven clusters according to environmental and resource productivity indicators

in science and technology. The third one-country cluster is formed by Malta. The
Mediterranean island of medium economic wealth and very limited natural space
and resources produces at a highly resource efficient, but carbon intensive scale.
The high governmental expenditures on education have not shown any effect on
the knowledge base of the country. Environmental awareness is very high, pollution
partially very heavy.

4.1 Environmental and Resource Productivity

Since the category of environmental and resource productivity obviously encom-
passes those indicators that are most directly connected to the achievement of
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Fig. 4 The six clusters according to knowledge base indicators

the goals formulated in our definition of a knowledge-based bioeconomy, the
similarities and dissimilarities of NIS in this category deserve special consideration.
Here, again seven clusters emerge, however in a somewhat different distribution
than in the global analysis (Fig. 3).

While the North cluster of Finland and Sweden remains to form a group,
parts of the central cluster (except France and Slovenia) and Cyprus merge with
the North Sea cluster. Both clusters produce a relatively high amount of CO2

emissions. The North cluster is less dependent on fossil energy and excels in
the share of renewable energy in gross final energy consumption, whereas the
central/North Sea/Cyprus cluster proves to be more energy and resource efficient.
The largest cluster comprises Bulgaria, Croatia, Czech Republic, France, Hungary,
Italy, Latvia, Lithuania, Poland, Portugal, Romania, Slovakia, Slovenia and Spain.
These countries produce on average less CO2 and waste, have a low recycling rate
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Fig. 5 The eight clusters according to policy and bio-economic opportunities indicators

of municipal waste and for all other resource productivity indicators range between
the superior North and the less efficient central/North Sea/Cyprus clusters.

The two single-country clusters of Estonia and Luxembourg both produce very
CO2 intensively. Luxembourg is very resource productive and also uses its energy
relatively efficiently—both indicators where Estonia performs very poorly. On the
other hand, Estonia produces the least amount of waste per capita and deploys a
high share of renewable energy—both indicators where Luxembourg performs very
poorly. The single-country cluster of Malta uses its energy and resources highly
efficiently and uses little fertilizer, but ranges lowest in the share of renewable
energies. Greece, the last individual cluster, produces relatively resource and energy
efficiently, but CO2 intensively. Here, the highest amount of fertilizer is consumed
within the EU.
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Fig. 6 The seven clusters according to natural asset base indicators

4.2 Knowledge Base

The indicators describing the knowledge base of the countries assessed give a
picture of the future capability of the different NIS and show how well nations are
prepared to learn and innovate (Balzat and Pyka 2006). We identified six clusters
of relatively similar countries (Fig. 4). The North cluster (Sweden and Finland)
now merges with the North Sea cluster (Denmark, Ireland, Netherlands and the
UK) to the best performing systems in terms of knowledge production and support.
Also relatively keen in this respect are the following three clusters, formed by
Cyprus, Estonia and Lithuania (high education level of the population and most
positive attitudes towards the influence of science and technology on their respective
countries), by Austria, Belgium, France, Germany and Slovenia (relatively high
proportion of researchers and scientific articles, but only average education level
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Fig. 7 The seven clusters according to environmental quality of life indicators

of the population and quite negative attitudes towards the influence of science
and technology on their respective countries) and by the single-country cluster
of Luxemburg with the highest employment share in science and technology but
relatively few scientific publications and very little trust of the population in science
and technology. The last two clusters, the South-and-East cluster (comprising the
rest of Eastern Europe and Greece, Italy and Spain) and the far-South cluster
(Portugal and Malta) do not show a strong knowledge base.

4.3 Policy and Bioeconomic Opportunities

This category produces eight clusters (Fig. 5). The Northern cluster—here excluding
Sweden and the United Kingdom—proves to be very innovative in general and



Varieties of Knowledge-Based Bioeconomies 71

Fig. 8 The five clusters according to socio-economic context indicators

shows a strong political commitment to environmental issues and the bioeconomy at
the national level: all countries belonging to this cluster (Denmark, Finland, Ireland
and Netherlands) have a bioeconomy strategy in place, raise high environmental
taxes and rank high in biotechnology patenting; but they are not very fast in signing
international environmental agreements and do not invest much in environmental
development assistance. The cluster is closely followed by the single-country
cluster United Kingdom. Despite of ranking even higher on the innovation index,
the UK produces fewer biotechnology patents and invests less in research and
development (R&D). Of all clusters, however, the population of the UK shows the
most positive attitudes towards genetic engineering. The two European countries
with the highest number of biotechnology patents per million inhabitants form the
small-country cluster: Estonia and Luxembourg. The green party has a good share
among their EU parliament representatives and their population is very critical when



72 S. Urmetzer and A. Pyka

it comes to genetic engineering. Most money is spent for R&D in general and for
environmental development projects by the cluster made up of France, Germany and
Sweden. These three countries also top all other clusters in the share of green party
representatives in the EU parliament. Genetic engineering is not valued positively
here. The cluster of the two small economies Austria and Belgium spends quite
a lot in R&D, does not raise high environmental and energy taxes and is very
slow in notifying EU legislation. The East-and-South cluster (Czech Republic,
Hungary, Italy, Malta, Portugal, Slovakia and Spain) and the East cluster (Bulgaria,
Croatia, Cyprus, Greece, Latvia, Lithuania, Romania and Slovenia) are comparable
in most of their political and innovation indicators, but fundamentally different in
their attitudes towards genetically modified food and genetic engineering in crops:
The population of the East cluster does not support such technology, whereas the
East-and-South cluster regards it very positively. Within the category of policy and
bioeconomic opportunities, Poland forms a single-country cluster. Compared to the
rest of the EU, it does not focus much on innovation and environmental policy, but
Polish people show remarkably positive attitudes towards genetic engineering above
the EU average.

4.4 Natural Asset Base

When applying the indicators of the natural asset base of the EU countries, seven
clusters emerge (Fig. 6). The single-country cluster of Slovenia has the highest share
of protected area and is very rich in freshwater resources as well as in forest cover
and standing volume of wood. The North cluster (Finland and Sweden) has even
richer forest resources and slightly larger wealth in non-renewable minerals, but
the least amount of agricultural land and very few protected areas. With a lot of
forest, little agricultural area and medium mineral resource wealth, the East cluster
(Croatia, Estonia and Latvia) shows a similar pattern as the North cluster, only
a little less wealthy than the same. The cluster formed by the North-Southeast-
embracing economies (Bulgaria, Denmark, Netherlands, Poland, Romania and the
United Kingdom) comprises the countries with the highest share of agricultural
land, the largest mineral wealth and an above average share of protected areas.
Water resources and forest are scarcer. Not surprisingly, the islands (the single-
country cluster of Ireland and the Southern islands cluster of Cyprus and Malta)
are not competitive when it comes to natural wealth with Ireland having the
slight geographical advantage of abundant water resources and better conditions
for agriculture. The large central cluster comprising the remaining countries takes a
medium position between the agriculturally strong the North-Southeast-embracing
and the weaker islands.
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4.5 Environmental Quality of Life

For the indicators describing the environmental quality of life within the 28 nations,
the seven emerging clusters roughly follow a new geographic pattern: in addition
to the North-South distribution revealed within the other categories to different
degrees, this category shows a West-East distribution (Fig. 7). Next to the North
cluster with the by far lowest environmental impairment, the population of the
Western cluster enjoys a relatively intact environment. The Baltic economies follow
in two clusters (Estonia and Latvia forming one cluster, Lithuania the other one)
with some pollution and considerably less access to improved drinking water. The
single-country clusters Malta and Romania show the least environmental quality
of life, while nevertheless Malta shows the least air pollution by particulate matter
and provides its population access to sufficient improved drinking water. The large
Central-East cluster with the remaining countries shows average pollution values,
provides relatively much improved drinking water, but is strongly polluted by
particulate matter in the air.

4.6 Socio-Economic Context

Measuring the socio-economic environments of the national innovation systems
leads to the emergence of five clusters (Fig. 8). Sweden and Luxembourg are so
different from the other EU countries in this respect that the form their own two
clusters: Both countries are very wealthy (Luxembourg’s GDP is number one in the
EU) and home to a mostly urban and environmentally concerned population with
a high employment rate (Sweden’s employment rate is the highest in the EU), but
little trust in the future. The other three clusters are formed by Austria and Czech
Republic, by the central countries Belgium, Cyprus, Denmark, Finland, France,
Germany, Malta, Netherland and the United Kingdom and by the rest (Southern
and Eastern states plus Ireland), respectively. All clusters except the South-and-
EastCIreland cluster produce an above average GDP, have high income equality,
environmental awareness and employment rate, relatively little contribution of the
agricultural sector to the total GDP and comparably negative attitudes towards the
future. In all these aspects, the South-and-EastCIreland cluster shows opposite
figures (with important exceptions, such as high GDP in Ireland, very negative
attitudes towards the future in Greece and top position of Slovenia in income
equality).

4.7 Implications of the Analyses

According to the global analysis and to the six categories defined above, we
find some countries to be part of the same clusters over and over again. Such
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countries usually share geographical, historical, structural, political and/or cultural
characteristics and thus have the potential to learn from each other more effectively
than countries with differing systems.

Finland and Sweden are one such example. They share geographical and
structural as well as cultural characteristics. With their high shares of renewable
energies, their strong knowledge base and their wealth in natural resources, they are
certainly on a good way towards a knowledge-based bioeconomy. However, their
potential and will to innovate and to proceed in technological and institutional terms
(as measured in category 3) seems to differ slightly: While Finland was among the
first countries to publish a bioeconomy strategy, Sweden has just recently (2012)
brought forward a strategy, but nevertheless produces more biotechnology patents
and spends more on total R&D. Sweden also emits far less CO2 than Finland and
taxes energy highly compared to general environmental taxes. One last remarkable
difference is the population’s attitudes towards the future: Of all EU citizens, the
Finnish have the strongest trust in the future development, whereas the population
of the highly innovative and wealthy Sweden rank at the bottom in their attitudes
towards the future and also distrust genetic engineering quite strongly.

Another pair of countries with quite similar patterns is Denmark and the United
Kingdom. Both have extensive agricultural land areas that contribute little to the
GDP (but consume a lot of artificial fertilizer, especially in the case of the UK). The
population of both countries regards environmental protection as very important and
attitudes towards genetically modified food are generally positive. In the share of
renewable energy in gross final energy consumption, the United Kingdom strongly
lags behind, but it produces more resource efficiently and generates less waste per
capita than Denmark.

Bulgaria and Poland are two countries found within the same cluster throughout
almost all analyses. Those two countries are strongly dependent on their agricultural
sectors, produce quite energy and resource intensively, have a relatively low level
of education and little focus on research and development. They are wealthy
in non-renewable natural resources and have comparably large and productive
forests. Poland is very inefficient in the implementation and enforcement of EU
legislation and the governments of both countries are failing to implement sufficient
environmental policies, e.g. to halt air pollution and guarantee better access to
improved drinking water. Unemployment rates are relatively high, but the attitudes
towards the future are positive.

This list of comparable bioeconomic innovation systems could easily be extended
by discussing similarities between countries as a basis to stimulate reflection and
improve the potential to learn from one another (Lundvall and Tomlinson 2000). The
mentioned examples shall suffice in the context of this chapter. One last example
of particular interest, however, is worth mentioning. Two countries that have great
similarities in their historical and geographical background, but have proved to be
quite distinctive in the variables measured in the context of our analysis are Estonia
and Latvia. The former Soviet states show quite similar systemic patterns in respect
to their natural assets, their environmental quality of life and their socio-economic
context—three categories most strongly connected to geographical and historical
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conditions. The dissimilarities become evident when looking at the knowledge base
and the policy and bioeconomic opportunities of the two countries. It becomes
evident that Estonia has invested much more in those two future-orientated areas
than Latvia has: The results are more researchers and human resources in science
and technology, a higher level of education among the population and higher
expenditures on education (all levels). Estonia has produced the most biotechnology
patents per inhabitant, ranks above the EU average on the innovation index and
the Estonians have more positive attitudes towards genetic engineering. However,
areas of improvement for Estonia remain with regards to its environmental and
resource productivity: Across the EU, Estonia’s CO2 emissions are only topped by
Luxembourg and it ranks lowest in energy and resource efficiency of production.

For policy planning, the comparisons of innovation systems within the detected
clusters can be of use in two respects of different time scales: short-term policy
adaptations and long-term policy planning. In the short run, it will surely be benefi-
cial for economies to improve on single areas using benchmark values of individual
indicators reached by economies within the same cluster. Sweden, for example,
should endeavour to take its population on board of the bioeconomy movement to
improve their attitudes towards future technologies and new products by learning
how Finland has achieved such positive attitudes. The United Kingdom should be
able to create incentives for the industry to put more effort in the development
of renewable energies by examining the experiences made by Denmark. In the
long run, however, it will not be sufficient for national policies to be geared to
structurally similar economies. Long-term policy planning must aim for qualitative
and structural change (across current clusters) towards the three focal aims of
the knowledge-based bioeconomy: independency from fossil resources, sustainable
production and conversion of biological resources and efficient production and
dissemination of knowledge. As argued by Kemp et al. (1998), such change will not
be achieved by the promotion of certain (new) technologies, but by the inducement
of a change towards an integrated system of technologies and social practices.
Policy’s task is to support such regime-shift by modulating the dynamics of socio-
technical change into a desirable direction and thus manage processes instead of
defined goals.

5 Conclusions and Outlook

The aim of this study is to analyse the varieties of national innovation systems in
their capability to undergo the transition towards a knowledge-based bioeconomy.
The underlying empirical variables are chosen to illustrate six areas of national
innovation systems: the environmental and resource productivity, the knowledge
base, policy and bioeconomic opportunities, the natural asset base, the environ-
mental quality of life and the specific socio-economic context within the 28
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countries. With the help of a multivariate cluster analysis we are able to detect
similarities and dissimilarities among the countries of the EU. The similarities are of
particular interest since similar patterns of bioeconomic innovation systems allow
for improved comparability of the outcomes and stimulate mutual learning from
experience. In the same vein, the divergence of national innovation systems does
not imply that the examined countries are situated on different stages on one defined
path towards a functioning knowledge-based bioeconomy. The dissimilarities rather
take account of the multitude of approaches towards this goal in their dependence
on geographical, historical, structural, political and cultural conditions.

Given the large national differences within the EU, the necessity of a supra-
national policy planning becomes evident: It might be wise to geographically
separate the production of the biomass and research on this production from various
fields of refinement or to create centres of specialisation across the EU, thus building
a European Innovation System for the knowledge-based bioeconomy. This is not
to suggest a political consolidation of the differences between more traditional
and agriculturally orientated economies and highly innovative knowledge-based
economies, but to take account of the varying natural conditions like climate, space
and water availability to name a few that matter when biological production is
involved.

Whoever expected a national ranking on bioeconomic performance among the
members of the EU from this study has been severely disappointed. The reasons why
we cannot provide this are twofold: Firstly, we lack a benchmark. Our definition
of the knowledge-based bioeconomy describes an ideal that is not measurable in
numbers and figures. Secondly, even if indicators for a well-functioning bioecon-
omy were defined, they would hardly be assessable empirically due to a lack of
data and what is more, they would be subject to continuous change since the nature
of innovation is uncertain and path-dependent and benchmarks would have to be
adapted based on the innovations introduced during the course of time. This also
implies that there are no winners or losers in our comparative analysis, only a
variety of innovation systems that are currently more efficient in certain aspects
of the bioeconomy and systems that could improve their efficiency by short-term
policy learning from other, structurally similar, systems and by a long-term policy-
driven adaptation of their innovation systems. Such structural transformations could
eventually also serve as models for the transition of less developed economies
towards knowledge-based bioeconomies.

To create incentives for the introduction and implementation of political strate-
gies towards knowledge-based bioeconomies and to enable an evaluation of mea-
sures and outcomes, it would nevertheless be desirable to develop a theoretical
construct of regionally specific indicator values for ideal performance according
to which the clusters could be ranked based on their goal realisation level.
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Annex

Annex 1

Table 1 Indicators for the analysis of bioeconomic innovation systems

Category No Code Indicator Year Sources

1. Environmental
and resource
productivity

1.1 101 CO2 emissions (metric tons per
capita)

2010 World Bank

1.2 102 CO2 intensity (kg per kg oil
equivalent energy use)

2010 World Bank

1.3 103 Resource productivity (GDP in
PPS/kg consumed material)

2011 Eurostat

1.4 104 Energy use (kg of oil
equivalent) per $1000 GDP
(constant 2005 PPP)

2011 Eurostat

1.5 105 Share of renewable energy in
gross final energy consumption
(%)

2012 Eurostat

1.6 106 Waste generation (kg/capita) 2012 Eurostat
1.7 107 Recycling rate of municipal

waste
2012 Eurostat

1.8 108 Artificial fertilizer consumption
(kilograms per hectare of arable
land)

2010 World Bank

2. Knowledge
base

2.1 201 Human Resources in Science
and Technology (% of active
population)

2012 Eurostat

2.2 202 Researchers FTE (per million
inhabitants)

2011 UNESCO

2.3 203 Scientific and technical journal
articles (per thousand capita)

2009 World Bank

2.4 204 Population with tertiary
education attainment (%)

2013 Eurostat

2.5 205 Population with at least
secondary education attainment
(%)

2013 Eurostat

2.6 206 Total public expenditure on
education, all levels (% of
GDP)

2010 Eurostat

2.7 207 Attitudes towards the influence
of science and technology on
the country (% very positive
answers)

2013 GESIS/
Eurobarometer

(continued)
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Table 1 (continued)

Category No Code Indicator Year Sources

3. Policy and
bio-economic
opportunities

3.1 301 Global Innovation Index 2013 GII 2014

3.2 302 Number of biotechnology
patents (per million inhabitants)

2008 Eurostat

3.3 303 Total R&D expenditures (PPS
per inhabitant at constant 2005
prices)

2011 Eurostat

3.4 304 Official Development
assistance dedicated to
environmental issues (% of
GNI)

2011 OECD

3.5 305 Environmentally related taxes
(% of GDP)

2012 Eurostat

3.6 306 Implicit tax rate on energy
(Euro per tonne of oil
equivalent)

2012 Eurostat

3.7 307 Years since publication of
bioeconomy strategy

2013 BioPro BW

3.8 308 Years of participation in
selected International
Environmental Agreements

2010 UNStats

3.9 309 Transposition deficit of EU
legislation (% of directives not
yet notified)

2012 Eurostat

3.10 310 New infringement cases in EU
legislation (total number)

2012 Eurostat

3.11 311 Number of representatives of
the green party in EU
parliament (share of total
national seats)

2013 European
Parliament

3.12 312 Attitudes towards genetically
modified food (% agreeing that
it should be encouraged)

2010 GESIS/
Eurobarometer

3.13 313 Attitudes towards genetic
engineering on crops (%
agreeing that it should be
encouraged)

2010 GESIS/
Eurobarometer

4. Natural asset
base

4.1 401 Renewable internal freshwater
resources (m3 per inhabitant)

2011 World Bank

4.2 402 Forest total growing stock (m3
per inhabitant)

2010 FAO

4.3 403 Share of agricultural land cover
(% of total land area)

2011 FAO

(continued)
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Table 1 (continued)

Category No Code Indicator Year Sources

4.4 404 Share of forest land cover (% of
total land area)

2011 FAO

4.5 405 Terrestrial and marine protected
areas (% of total territorial area)

2012 FAO

4.6 406 Non-renewable natural
resources (oil, gas, coal,
mineral) rents (% of GDP)

2011 World Bank

5. Environmental
quality of life

5.1 501 Population exposed to
particulate matter above WHO
thresholds 2011 (%)

2011 Environmental
Performance
Index

5.2 502 People suffering from
pollution, grime or other
environmental problems (%)

2011 Eurostat

5.3 503 People suffering from noise (%) 2011 Eurostat
5.4 504 Population with access to

improved drinking water (%)
2012 Environmental

Performance
Index

6. Socio-economic
context

5.5 505 Forest and other wooded land
per capita (ha/inhabitant)

2010 FAO

6.1 601 GDP per capita in PPS (EU
28D100)

2012 Eurostat

6.2 602 GINI coefficient of equivalised
disposable income (0–100)

2011 Eurostat

6.3 603 Urban population (%) 2012 World Bank
6.4 604 Positive attitudes towards

future (%)
2012 GESIS/

Eurobarometer
6.5 605 Attitudes towards importance

of environmental protection
(%)

2012 GESIS/
Eurobarometer

6.6 606 Employment rate (% of age
20–64)

2012 Eurostat

6.7 607 Value added from agricultural
sector (% of GDP)

2009 World Bank

6.8 608 Share of total organic crop area
(% of total agricultural area)

2012 Eurostat
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Annex 2
Table 2 Cluster overview (Note: the values do not represent weightings and close numbers do
not indicate close clusters)
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Austria 1 1 1 1 1 1 1
Belgium 1 1 1 1 1 1 2
Bulgaria 2 2 2 2 2 1 3
Croatia 2 2 2 2 3 1 3
Cyprus 2 1 3 2 4 1 2
Czech Republic 2 2 2 3 1 1 1
Denmark 3 1 4 4 2 2 2
Estonia 4 3 3 5 3 3 3
Finland 5 4 4 4 5 4 2
France 1 2 1 6 1 2 2
Germany 1 1 1 6 1 1 2
Greece 2 5 2 2 1 1 3
Hungary 2 2 2 3 1 1 3
Ireland 3 1 4 4 6 2 3
Italy 2 2 2 3 1 1 3
Latvia 2 2 2 2 3 3 3
Lithuania 2 2 3 2 1 5 3
Luxembourg 6 6 5 5 1 1 4
Malta 7 7 6 3 4 6 2
Netherlands 3 1 4 4 2 1 2
Poland 2 2 2 7 2 1 3
Portugal 2 2 6 3 1 2 3
Romania 2 2 2 2 2 7 3
Slovakia 2 2 2 3 1 1 3
Slovenia 1 2 1 2 7 1 3
Spain 2 2 2 3 1 2 3
Sweden 5 4 4 6 5 4 5
United Kingdom 3 1 4 8 2 2 2
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International Bioeconomy Innovations
in Central America

Mercedes Montero Vega and Olman Quirós Madrigal

Abstract This paper presents a first approach to Bioeconomy, its definitions and
importance as well as related research in Central America. Since Bioeconomy and
its potential is directly linked to agricultural production, research and traditional
knowledge on sub-utilized traditional products in these regions were also included.
Our main goal is to review Bioeconomy’s “state of the art” in this region as well
as some perspectives for future development and potential of sub utilized products
to be included in the Bioeconomy agenda. Additionally, we have considered that
Central America should hold and promote its potential for natural resource supply,
such as water and biodiversity. Natural resources enable the region to provide
ecosystem services to face food insecurity and develop adapted technologies for
climate change. Food and biomass production are clear examples of this potential,
nonetheless a re-orientation of the region’s economy (and policies) is needed.

1 Introduction

Bioeconomy is not a “sudden hype”; it has spiraled since the late nineties
(von Braum 2015, p. 12) when the European Union and the Organization for
Economic Cooperation and Development (OECD) first addressed the concept.
Nonetheless, this trend has slowly shifted to other regions such as Latin and Central
America, in which benefits from Bioeconomy can be linked to agriculture mostly
located in rural areas.

Central American countries have a large proportion of rural areas, and therefore
rural population. The correlation between rural areas, agricultural production and
poverty cannot be neglected. Although rural communities are related to higher
poverty rates, these communities often use in their livelihoods, a series of sub-
utilized agricultural products which could be included in the Bioeconomy and
development agendas.
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In terms of Central American countries, there are some similarities in terms of
climate conditions, however poverty rates vary widely and regional generalizations
are difficult to make. In terms of poverty rates, the percentage of the population
living below the national poverty line are: Guatemala (51%), Honduras (62%),
El Salvador (40%), Nicaragua (42.5%), Costa Rica (21.2%) and Panama (23%)
(World-Bank 2016).

Linked to poverty, inequality is another particularly important in the region,
since Latin America is the most unequal region in the World. Overall, poverty
increased during the 2008–2009 economic crisis in all countries; nonetheless it was
most notable in the three largest countries, i.e. Guatemala, Honduras and Nicaragua
(Hodson de Jaramillo 2011). In this regard, the most affected locations were those
inhabited by indigenous people, who also have traditional and unique production
techniques.

Inequality, ranked by Gini coefficient range from Panama’s 50.7 to El Salvador’s
41.8 (World-Bank 2014). Inequality becomes more evident inside each country and
between rural and urban areas. This is evident in the gaps between rural and urban
areas, between different social classes and groups, but it mostly affects women,
young people, indigenous communities, and Afro-descendant groups, as well as
persons with some form of disability (Hodson de Jaramillo 2011).

Employment in agriculture is a good indicator of people living in rural areas.
The largest proportion of agricultural employment is in Honduras 35.8%, while the
smallest proportion is in Costa Rica, 12.7% (World-Bank 2016). As indicated by
development trends, as economies become more developed or at least with higher
economic indexes, the percentage of Gross Domestic Product (GDP) in Agriculture
is expected to decrease. On this regard, the most agriculture-dependent economy is
Nicaragua’s, in which 18.8% of its GDP is from agriculture, on the other hand, the
least agriculture-dependent country is Panama in which only 2.89% of its GDP is
related to agriculture (World-Bank 2016).

According to MINCyT-CIRAD (2016) the Latin American and the Caribbean
region is particularly well placed to contribute and benefit from the emerging
Bioeconomy. More than 50% of its land has agricultural potential in which for 2050,
more than 300 million hectares could be brought into production. This situation,
offers a basis for a strong Bioeconomy potential as well (MINCyT, CIRAD 2016),
since the region could contribute in terms of food security and clean energy
production as well as providing employment opportunities for the rural population.

World population, climate change and the need to protect the environment
set important challenges that strive for modifications on production and con-
sumption (von Braum 2015, p. 12). Bioeconomy has gained importance not only
on policy debates but in academia as well since it is often mentioned as an
important contributor of today’s sustainable development in many fields, especially
in agriculture-related supply chains, either for food consumption or for energy
production.
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Although widely used, the term Bioeconomy has had diverse meanings depend-
ing on the field of study and the research emphasis; nonetheless Bugge et al. (2016,
p. 9) examine the understanding of the concept and provide the following visions to
the concept:

1. Bio-technology vision: it refers to the application of bio technology research to
commercialization of biotechnology in different fields. Its main goal is economic
growth and job creation by new product and their commercialization. The
perspective of biotechnology is based on global clusters and/or central regions.

2. Bio resource vision: it emphasizes on the potentials of upgrading and conversion
of the biological raw materials. It analyzes biological raw materials in sectors
such as agriculture, marine, forestry, and bioenergy, as well as on the estab-
lishment of new value chains. Its aim is economic growth and sustainability
by conversion and upgrading of bio-resources. Nonetheless in this case the
perspective is focused on local and rural areas.

3. Bio-ecology vision: it emphasizes the importance of ecological processes that
optimize the use of energy and nutrients, promote biodiversity and avoid
monocultures and soil degradation. Its aims are: sustainability and conservation
of ecosystems, within a region. Therefore, the perspective is set on local and rural
areas.

The negative impacts of a growing population require a greater efficiency in
the non-renewable recourses use since it has become a well-known fact that non-
renewable resources are getting exhausted. Along with greater efficiency, greater
research efforts are also needed for the identification of new energy sources.
Biomass derived from food production has created new option for supply chains
derived from agro-energy sources that are based on biomass use.

A network approach if often used in the analysis of biomass use within a
multidimensional framework so that interrelations and linkages among different
supply chains are considered. This network approach ponders diverse products that
are and that could be derived from biomass that comes from different sources and
different supply chains. This perspective widens the scope of analysis, including
agricultural small scale households, as well as markets. A representation of this
network approach can be observed in Fig. 1 in which all levels should be integrated
vertically and horizontally.

Based on another perspective, Bioeconomy may be achieved by several paths
called Bioeconomy Productive Path (CYTED & REBICAMBLI 2014). The main
paths are the following:

1. Resource use from biodiversity: economic valuation of biodiversity, therefore,
Bioeconomy is perceived as an environmental friendly and profit activity.

2. Eco-intensification: the agricultural practices that improve environmental perfor-
mance of agriculture without sacrificing current production and productivity. In
eco-intensification, microorganisms as well as good agricultural prices can be
used to increase production.



86 M.M. Vega and O.Q. Madrigal

Food
Consumption

Feed

Consumption

Fuel

Consumption

Processing /

Trade / Transport 

Processing /

Trade / Transport 

Processing /
Trade / Transport 

Production
Cassava

Production
Wood

Production
Maize

Consumer Level

Industry Level

Farm Level

Fig. 1 Network perspective of Bioeconomy. Source. Adapted from Virchow et al. (2014)

3. Bio-technology applications: all sources of technology applications, such as
Genetically Modified Organisms (GMOs), molecular techniques, modified
enzymes and modified organisms can be considered as biotechnology
applications.

4. Bio-refineries and bio products: biomass transformation in a wide range of
marketable products as well as energy production.

5. Improving supply chain efficiency: allows the optimization of productive pro-
cesses in each step of the chain. Efficiency allows for cost reduction, as a result
of biomass efficient use. On this regard, what traditional supply chains would
waste, Bioeconomy approaches would use as sources of unique products in new
markets.

6. Ecosystem services: benefits societies obtain from ecosystems.

On a general perspective of Bioeconomy, El-Chichakli et al. (2016) addresses
five cornerstones for a global Bioeconomy, which are mentioned below:

1. International collaboration between governments and public and private
researchers is essential for optimizing resource use and sharing knowledge.

2. Measurements of Bioeconomy and its development should be found and imple-
mented. On this same topic, priority targets regarding food security and food loss
should be agreed upon internationally so that national measuring systems comply
with international global organizations.

3. Bioeconomy initiatives need to be linked more closely with multilateral policy
processes and intergovernmental discussions.
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4. Educators should collaborate internationally to define the knowledge, skills and
competencies required for developing a Bioeconomy that enhances the sustain-
able use of bio-based materials in manufacturing and in consumer products.

5. Research-and-development support programmes are needed to encourage global
collaborations in a few breakthrough projects.

Concerning the perspective of El-Chichakli et al. (2016) there is international
collaboration, educators are collaborating internationally and research and devel-
opment support programs are working towards Bioeconomy goals. One example
of this type of initiatives is ALCUE KBBE’s collaboration for Bioeconomy in
Latin America. However, issues such as Bioeconomy measurements which are more
complex are still missing from the conversation, as well as solid international policy.

This paper is structured in the following way: first addressing the discussion
of Bioeconomy in Central America, its development, paths and policies. Then,
innovations in the region are mentioned and analyzed, in this regard, since there
are still low innovations related to the Bioeconomy in the region, potential agro-
Bioeconomy products and were also considered for analysis since they contribute to
food security and poverty reduction in rural areas.

2 Bioeconomy in Central America

Food supply chains are often studied to achieve a more sustainable production.
Research has focused on increasing efficiency, reduction of harvest and post-harvest
losses and on the creation of innovative products. According to (Trigo et al. 2013,
p. 9) there is a common mistake in equating the bio economy with sustainability
concepts. It must be made clear that bio-based options are not per se more
sustainable. Therefore, sustainability is not a consequence of Bioeconomy, although
both concepts could be paired.

The European Union has been leading the Bioeconomy framework in terms of
policy applications, including research in other geographical regions. In 2010, the
European Union and Latin America launched a EU-LAC Summit in Madrid in
which innovation and technology for sustainable development and social inclusion
was proposed as a central theme, and a new “Joint Initiative for Research and
Innovation (JIRI)” for the Latin America and the Caribbean region was been
developed. The collaboration was established in the four following areas:

1. Biodiversity and climate change.
2. Bio-economy, including food security.
3. Energy.
4. Information and communication technologies for meeting societal challenges.



88 M.M. Vega and O.Q. Madrigal

In terms of Latin and Central American development in Bioeconomy issues,
the most extended form of assessing Bioeconomy has been through the European
Union partnership and the development of knowledge based Bioeconomy This is
another term that includes issues related to Food, Agriculture and Fisheries, and
Biotechnology. In Latin America, the Knowledge -based Bioeconomy’s objectives:

: : : include to exploit new and emerging research opportunities that address social, environ-
mental and economic challenges: the growing demand for safer, healthier, higher quality
food and for sustainable use and production of renewable bio-resources, the increasing risk
of epizootic and zoonotic diseases and food related disorders; threats to the sustainability
and security of agricultural, aquaculture and fisheries production; and the increasing
demand for high quality food, taking into account animal welfare and rural and coastal
context and response to specific dietary needs of consumers (European-Comission 2008).

Regarding the paths towards Bioeconomy in Latin America, the Knowledge-
based Bioeconomy is betting to the following:

1. Resource use from biodiversity: there are many crops in Latin America that have
not been exploited because of different reasons that, in the end translate to low
(on inexistent) market value. However, nowadays scientific and infrastructure
can contribute to the bio-based economy as new industrial feedstocks or basis
for new value chains in the phytotherapeutics, cosmetics, or tropical fruits and
other areas (Trigo et al. 2013).

2. Eco-intensification: these include no-till agricultural practices, precision agri-
culture strategies, integrated pest and nutrient management, sustainable land
management (environmentally friendly production). For example, water treat-
ment in agricultural production is common and often mandatory in some regions
in Latin America, nonetheless although regulations are present, these are avoided
by farmers in some cases.

3. Bio technology applications: the more likely situation is one of technological
“hybridization” and “blending”, with a shift from present day energy-intensive
technologies to win-win alternatives. Traditional knowledge is site-specific and
indigenous populations in the Central America could provide important contribu-
tions for biotechnology applications since they have created isolated knowledge
in their own communities. This traditional knowledge could be incorporated in
the biotechnology research agenda.

4. Bio-refineries and bio products: regional developments in this regards are limited
to biofuel production from different potential agricultural sources.

5. The bio-refinery perspective reviews the extent to which bio fuel production can
be integrated into agricultural production; According to Mathews (2009, p. 630)
Agriculture needs to play its part in this resource-productivity revolution, and
biofuel production has the potential to lead the way, both in terms of lowering the
need for inputs and improving the yield per input, and in terms of demonstrating
and practicing low- or zero-output energy crop production.
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6. In 2016, the Costa Rican National Chamber of Industries in collaboration with
GIZ, held in Earth University the Second National Forum of Biomass Energy.
This forum included the presentation of several success cases in the Costa Rican
private sector, including agricultural production such as palm oil and pineapple
(EARTH 2016).

7. Improving supply chain efficiency: supply chain efficiency is a challenge spe-
cially for developing countries, in which the main food losses are along
supply chains. Central America grows fresh exports products whose supply
chain strategies could be improved regarding two aspects: a. reduction of food
losses, b. alternative uses for lost agricultural products. Both represent market
opportunities and therefore income increases for the region, and especially for
the agriculture-related economies.

8. Ecosystem services: benefits from ecosystem services include carbon credit
systems, eco-tourism and water-management mechanisms. In terms of the
regions’ advantages, Guatemala and Costa Rica have included payments for
environmental services which in both countries have had an important impact
on conservation. On the other hand, Eco-tourism is a good opportunity for
tourism in all Central American countries because of site-specific natural appeal
to world-wide tourist; natural resources located in rural regions. There are
some country-specific certifications which intend to certify for good social,
environmental and community development goals in host regions.

3 Research in Central America

Research in Central America specifically about Bioeconomy is difficult to encounter
mainly because of the lack of regional policies targeted to this subject. Nonetheless,
there is plenty of research related the term although it may not be addressed as
such. Research encloses topics such as supply chain efficiency, alternative uses of
biomass, traditional uses of agricultural products and sub utilized crops amongst
others.

The only research article that addresses directly Bioeconomy of Central Amer-
ica, developed a total factor productivity growth that incorporates Bioeconomy
components (Zúñiga-González 2013, p. 9). This measurement is called the Bio
Economic-Oriented Total Factor Productivity (BTFP) index that can be decomposed
into bio economy efficiency change (BEC), and Bio Economic technological change
(BTC) components; main results from this research can be observed in Table 1.

Bioeconomy in Central America is an emerging issue and addressing potential
benefits for these countries require policy changes in the region. These usually start
from a common understanding of the importance of Bioeconomy. The following are
some regional (Latin and Central America) efforts to create and promote academic
and research dialogue focused on later policy implications.
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Table 1 Mean of
Bioeconomy technical
efficiency for Central
American countries
1980–2006

Countries 1980 1990 2006

Belize 1:141 1:106 1:403

Costa Rica 1:304 1:107 3:881

El Salvador 1:053 1:811 0:998

Guatemala 1:03 1:898 0:813

Honduras 1:192 4:052 1:424

Nicaragua 0:526 1:618 1:961

Panamá 1:638 1:423 0:994

Mean 1:126 1:859 1:639

Source: Zúñiga-González (2013)

On 2011 the Latin American and Caribbean Regional Inter-Conference Sym-
posium on the Bio-economy was weld in Cali, Colombia. The main theme of
this symposium was focused on Bioeconomy and socioeconomics research agenda
targeted to conceptualize the term, its drivers and the mains problems that could be
managed by Bioeconomy goals.

Two years later, on 2013, the Symposium on the Bioeconomy in Tropical
America was held in San Jose, Costa Rica. This symposium is part of the activities
organized by the Latin American, Caribbean and European Union Network on
Research and Innovations (ALCUE NET) is association with Costa Rican Ministry
of Science, Technology and Communications and the Argentinean Ministry of
Science, Technology and Productive Innovation. From the European Union part-
nership, organization and coordination was provided by the Center of International
Cooperation in Agronomical Research for Development (CIRAD).

In this symposium, challenges for Bioeconomy-related policies were addresses,
because of the immense challenge it represents for the region. One important issue
that what addresses was the large biodiversity along the region; and consequently,
the proposal for a starting point for policy creation was a natural inventory as
well as the understanding of the potential scope of these products after industry
processing. The inventory and the following analysis of the scope of these diverse
products would allow each nation to develop country-wide policies in a strategic
manner. A general policy framework would therefore be a mistake, since diversity is
a central issue that must be considered for policy implications, nonetheless, regional
understanding of Bioeconomy and its potential is mandatory.

The main challenges Bioeconomy strives for in terms of policy discussed in this
symposium are the following:

1. Develop profitable businesses. This means to translate academic discussions to
entrepreneurial businesses that can generate profits and wellbeing from Bioe-
conomy products and from employment opportunities. Policies should promote
these types of entrepreneurs working towards Bioeconomy goals, and therefore,
towards development.
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2. Define Bioeconomy limits.
3. Develop clear, simple and stable policies.
4. Avoid the creation of generic or standardized policy models for the region

(MICITT 2013).

On 2015 another symposium, the Latin America and the Caribbean Bioeconomy
was held and organized by The Economic Commission for Latin America in
Santiago, Chile. This Symposium’s objectives were similar to the ones presented
before. It started by presenting challenges and definitions but emerged towards a
collaboration discussion in Latin American’s Bioeconomy development. It included
experiences of Bioeconomy initiatives in Europe and some regions of Latin
America, the promotion of sustainable development through Bioeconomy and the
de-carbonization of economies.

4 Innovations in Central America

As it was abovementioned, it is particularly important to leverage biomass demand
to reduce poverty in rural regions. According to Schneider (2015) in the world
there are more than 400 million small farmers then can be integrated into biomass
production.

On the other hand, global demand for food is rapidly increasing (Tillman et al.
2011) and meeting this demand in a sustainable way is a major challenge. Analysis
of food supply chains worldwide leaded by the Food and Agriculture Organization
(FAO) has estimated that approximately one third of global food production is
wasted. FAO has developed two types of research agendas related to Bioeconomy:
the analysis and reduction of food loss and food waste and the analysis of Bioenergy.
Both related to food security.

Efficient supply chain management is particularly important in the agri-food
supply chain since food loss and waste account for 1/3 of all produced food (24% of
all calories produced) (Lipinski et al. 2013). By efficient supply chains that tackle
losses, resources use and food losses along the supply chain can be reduced. These
affects are expected to rise prices for small farmers, to improve sustainability goals
and to holistically create sustainable food systems.

Food loss is proportionally more relevant in developing countries while food
waste in developed countries. According to (FAO 2011) in Latin America, losses are
distributed in the following way: 28% in production, 22% in handling and storage,
6% in processing, 17% in distribution and marketing and 28% in consumption.

On the other hand, according to (FAO 2010): Bioenergy potentially offers poor
countries many advantages.
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Firstly, bioenergy developments offer the opportunity for enhanced energy security and
access by reducing the dependence on fossil fuels and providing a localized solution.
Increased energy security in turn can have positive effects on food security. Secondly, a
bioenergy sector can create a new market for producers as well as offer new forms of
employment that will positively affect agricultural and rural incomes, poverty reduction
and economic growth. Thirdly, bioenergy has the potential to contribute to environmental
objectives including the reduction of greenhouse gas emissions. Not surprisingly, bioenergy
has been placed high on the policy agenda of developing countries.

Household agriculture plays an important role in food security, especially in rural
areas and play an important role in agriculture in Latin America. In most Latin
American countries, household agricultural production surpasses 30% of total value
of agricultural production (FAO 2011).

Recent changes in adverse agro-climate conditions could increase economic and
nutritional vulnerability in agricultural households in Central America, especially
in those families that depend directly from agriculture either for their income or for
auto-consumption. However, diversification from rural and agricultural families is
an important pillar for increasing resiliency of these households, it reduces risk from
climate and market conditions and therefore collaborates with food security.

Identification of sub-utilized products is necessary as a first step to create
policies to promote this type of agricultural production since traditional, as well
as marketable products can both collaborate to achieve Bioeconomy goals: tra-
ditional products by biomass marketable options and supply chain modification
and traditional products by Resource use from biodiversity as well as for further
biotechnology applications from incipient research. Some of these products with
potential for Bioeconomy goals in Central America can be observed in Table 2.

Marketable products have developed biomass uses because of the recent need of
agricultural enterprises to manage wastes. On the other hand, traditional products
are useful for food security goals as well as for biotechnology innovations; nonethe-
less, these require research efforts to bring traditional knowledge into academia.

5 Two Examples: Pineapple and Jicaro (Crescentia cujete)

Pineapple in one of the most important exports products in Honduras and especially
in Costa Rica. Production and therefore exports have busted in the last 20 years and
consequently there have also been plenty of controversy because of environmental
issues related to intensive pineapple production. Figures 2 and 3 show the traditional
pineapple production process and the new bio-value chain approaches.

The pineapple bio-value chain would be a case of a combination of Bioeconomy
paths that include not only better supply chain efficiency but also bio-energy
modifications and opportunities as well as potential for bio technology. Bio ethanol
and wood pallets are no longer of food supply chain but part of a holistic chain from
a Bioeconomic perspective.
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Fig. 2 Traditional value chain approach for pineapple production. Source. Adapted from Arauz
(2013)
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Fig. 3 New bio-value chain approach for pineapple production. Source. Adapted from Arauz
(2013)

On the side of traditional crops of Central America, jícaro is the best adapted
silvo-pastoral tree with high potential of minimizing the climate change effects
in the region, especially in the pacific coast of Central America, where it is
endogenous. These characteristics make it a potential contributor to food security
especially in rural areas in the region: fruits are used for consumption and carbon
can be obtained from the fruit peel. It is mostly used to prepare a traditional drink
called Horchata (Quirós 2014).

Nowadays, reproduction in Costa Rica is done naturally while in Nicaragua
there is some preparations for production but it grows naturally most of the time.
Nicaragua has some rudimentary industry in which the product can be transformed
into a powder for later preparations or into a powder-mix drink. In Nicaragua,
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the products extend to local markets however in Costa Rica it is only sold in
Restaurants and local markets, in both countries, consumption does not extend
further, geographically.

In terms of nutrition’s content, it has higher protein content and fat contents
than soy seed and it can produce the equivalent of 4 metric tons per hectare per
year, which is about the same protein content and non-saturated fatty acids of
100,000 liters of milk. Further research is needed for addressing how to increase
market potential for this product, as well as its economic and social impacts in rural
societies.

6 Conclusions

Paths towards Bioeconomy are diverse and agricultural production can be adapted
to produce in a bio-efficient way. Supply chain innovations are one of the most
common types of innovations in food production systems, cases such as pineapple
and jícaro can certainly increase the market value of the production in two ways.
First of all, due to an increase in the number of marketable products (what was
traditionally considered waste in now available for sale) and second as a sustainable
market strategy in which small companies (and family-owned enterprises) can
promote their approach on how they have challenged the traditional food system
to a more sustainable one.

The re-activation of traditional food systems can decrease the effects of price
volatility in World markets and agricultural households can depend not only in their
marketable product’s sales, but also in their local markets. This system would create
better opportunities in terms of income and in terms of food security, especially in
crises in rural Central America.

Further academic and private research is needed to create new options to decrease
food loss and food waste. However, policy and economic changes in the sector are
needed to promote more sustainable agriculture systems Central America.
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Innovation Under the Bioeconomy Context
in Brazil

Alcides L. Leao, Ivana Cesarino, Suresh Narine, and Mohini Sain

Abstract This chapter discusses the possibilities of using biomass for several
industrial applications, including biopolymers, bio-based materials and biofuel. It
also covers the potential conflict between materials/energy and food, cascading
concept of biomass utilization and the use of residues. Finally, it discusses the
state of art of biomass and agriwastes utilization in Brazil, going from chemical
feedstock, biofuels to bio-based materials, at macro, micro and nanoscales.

1 Introduction

Innovation in Brazil is established on very low levels, even compared to other
emerging economies. Nowadays, Brazil invests about 0.9–1.2% of the GNP
(depending on the source of the information), compared to 2.4% in OECD—
The Organization for Economic Cooperation and Development—countries. This
index represents the effort of a country, including private and governmental funds
for science and technology development. Amongst Asian countries, Korea is the
leader with 4.4%. And it is also important to mention the concept of transnational
versus multinational companies or corporations. Specifically, the research and
development, related to innovation, which are carried out at the company’s
headquarter, meaning in most cases, developed countries. One important factor,
that reduces the investment in Brazil, is the low profitability of the companies, due
to the high level of taxes (federal, state and municipal) and too many social benefit.
Another issue in Brazil is related to intellectual properties. The Brazilian institute
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in charge of patents is very slow in releasing the final grant decision. It takes an
average of 10.8 years. Finally, one of the main aspects is the fund for research,
which, even in many developed countries, either it does not draw investments, or
the budget is low, but in some others the cost for such funds is very low and even
without interest. The cost for funding in Brazil is high and the funds in form of
grants are negligible in terms of the amount available for the whole country.

Brazil is amongst the world’s eighth largest economy and is pursuing to be
competitive as an industrial exporter. Innovation is an important tool to ensure
that it does not fall behind on research and development, since it is clear that the
country cannot depend on being a simple manufacturer or producer of low value
commodities. The country’s industrialization, or recently, the deindustrialization
phenomenon that has been happening in the last few years, depends on the increase
of its productivity and the reduction of its costs, by becoming more productive
through innovation and the use of technology. Brazil has emerged as a significant
financial and industrial power in recent years, and it is poised to become a
significant player on the field of biotechnology internationally, by taking advantage
of circumstances not available in other countries, in particular its native biodiversity
(Zuniga et al. 2016).

The country is facing the “Dutch disease”—meaning that most of the coun-
try’s revenue is from commodity exports, which leads to a deindustrialization
phenomenon The World Economic Forum classifies Brazil as in the final stage of
transition towards a developed economy—the phase of evolving from an efficiency-
driven growth model to an innovation-inspired one. Although about 3/4 of the GDP
growth in the recent years was due to the increase of the working force and only
1/4 was due to productivity gains, which is the opposite to other fast developing
economies. Nevertheless, there are several attempts in innovation, research, and
development, with several successful cases, an example is Embraer, which is
the third-largest commercial jet producer in the world by units sold. Embraer is
innovative in both business model and aircraft designs. Also the Brazil’s automotive
sector is responsible for important innovations like the “Flex” engine—capable
of running on ethanol or petrol and local designed models including Chevrolet’s
Meriva minivan and Volkswagen’s Fox, models that are commercialized globally. In
the last case, three interior parts were developed made of natural fibers in partnership
with UNESP.

Brazil’s spendings on research and technology were rising at nearly 7% a year,
a figure second only to China’s 11%. Brazil ranks the 75th position in the World
Economic Forum’s global competitiveness index, compared with Korea at 26th,
China at 28th, Russia at 45th, South Africa 49th and India 55th. For the pillar
innovation, the rank is Korea 19th, China 31th, South Africa 38th, India 42th,
Russia 68th and Brazil 84th. Still, the Forum announced that “Brazil continues
its downward trend, dropping 18 places from last year to 75th amid low prospects
of growth and deteriorating terms of trade. The country’s performance is uneven
across the Index. Brazil’s most important competitiveness strength is its extremely
large market size (7th). It benefits from a relatively high level of technological
readiness (54th), especially ICT use, along with sophisticated businesses (56th),
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and it registered a significant improvement in the quality of its air transport and
infrastructure (95th, up 18 places). However, it deteriorated in nine out of the
twelve pillars. With a large fiscal deficit and rising inflationary pressure, Brazil’s
weak macroeconomic performance (down 32 places to rank 117th) is negatively
impacting the country’s competitiveness” (World Economic Forum 2016).

Nassif et al. (2013), discussed some of the Brazilian economical data. The total
Brazilian exports, basic products surpassed those of manufactured goods in 2010
with an increasing trade deficits knowledge-based manufacturing sector. Also the
technological gap dramatically increased, showing Brazil farther down from the
edge science and technology showing that Brazil is not only in a process of early
de-industrialization but also falling behind comparatively with developed and even
emerging economies.

Primary products, including minerals, agricultural and other low values com-
modities constitute more than 50% of Brazil’s total exports. Exports of manufac-
tured goods were once the most important for the Brazilian economy in Brazil,
with a higher value than primary and semi-manufactured goods combined. Lately
the agribusiness has been growing and Brazil became one of the world’s leading
exporters of soy, sugar, meat, chicken, coffee, tobacco, and orange juice. The
percentage of the industry in the GDP was reduced from over 25 to 23% in the last 2
years, confirming the deindustrialization process happening in Brazil. Over the past
7 years, the value of commodity exports has quadrupled. Brazilian exports have
been falling systematically since July of 2014 due to a slump in commodity prices.
Exports in Brazil are reported by the Ministério do Desenvolvimento, Indústria e
Comércio Exterior (Ministry of Development, Industry and Exterior Trade) (Fig. 1)
Ministério da Ciência, Tecnologia e Inovação (MCTI) (2012).

The following export products groups represent the highest dollar value in
Brazilian global shipments during 2015. Also shown, is the percentage share each
export category represents in terms of overall exports from Brazil, valued in US
dollars.
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1. Oil seed: $21.2 billion (11.1% of total exports)
2. Ores, slag, ash: $16.7 billion (8.7%)
3. Oil: $13.7 billion (7.2%)
4. Meat: $13.1 billion (6.8%)
5. Machines, engines, pumps: $11.4 billion (5.9%)
6. Vehicles: $9.6 billion (5%)
7. Iron and steel: $8.9 billion (4.7%)
8. Sugar: $7.8 billion (4.1%)
9. Food waste, animal fodder: $6.2 billion (3.2%)

10. Coffee, tea and spices: $6 billion (3.2%)

Oil seed was the fastest-growing among the top 10 export categories, up in value
28.3% for the 5-year period starting in 2011. In second place for improving export
sales was Brazilian food industry, waste and animal, posting a 3.1% gain.

Commodity prices tend to be quite volatile. Economies tied to them become so,
too: when prices are high, the economy booms. The risks of commodity dependence
goes beyond the possibility of lost export revenues. Brazil’s manufacturing sector
is facing a sharp decrease particularly in high-tech exports, losing ground to
other developing countries, most of all to China. Brazilian manufacturing has lost
ground in both global and domestic markets. Commodity success over the past
decade has also reduced the pressure for much-needed structural and institutional
investments and reforms, including increased investments in infrastructure, research
and development (R&D), and education.

Brazil’s lack of progress in developing its own knowledge economy is manifested
in a number of indicators. Unfortunately, most of the R&D in Brazil is funded by
government agencies. In 2013 about 60% of the total investment in research came
from public funding, which represented roughly USD21 billion. In comparison, in
the USA private companies invests 2% and the government 0.7% of the GNP. The
Brazilian federal government had set a goal of 0.9% of the GNP to be invested by
the private sector in 2014, which was not met and would take more than 60 years to
reach that objective.

The solution is adding value into the biomass chain. Several examples can be
listed (prices in USD):

• Coffee sachet for the expresso machine: multiply the commodity price by 25
times

• T-shirts for the Super bowl: Retail price 9.94; cotton price 0.24
• Gasoline: Retail price: 2.05; commodity price 1.44
• Coffee cup: Retail price: 2.45; commodity price 0.03
• Chicken legs: Retail price: 2.99; commodity price 1.69
• Beer: Retail price: 0.83 bottle; commodity price 0.01
• Beef: Retail price: 4.49; commodity price 0.33
• Corn: Retail price: 2.50; commodity price 0.06

Source: The Wall Street Journal, January 31/February 1, 2015 B1.
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Bio-based Economy or Bio Economy is an economy in which crops, residues
and waste from agriculture, food industry, other industries and households are used
for food and non-food applications, an economy in which biomass is used for the
production of materials, chemicals, fuels, plastic, energy (electricity and heat) and
even for food. In the Bio-based Economy organic materials replaces fossil fuels. As
an example, the OECD reccomends that both the public and the private sectors must
take active roles in designing such approach in order to maximize the full potential
of the bioeconomy (CEPI 2012).

Another concept that is important was defined by Anastas and Warner (1998),
is the green chemistry. Green chemistry comes close to biobased economy in
many ways and its full meaning should be only this, excluding green process or
green products that come from man-made resources or fossil based. Among the 12
principles listed, the number seven, which is listed as “a raw material or feedstock
should be renewable rather than depleting the non-renewable natural resources,
whenever technically and economically practicable”, should be the “sine qua non”
for the green chemistry. Therefore the biobased economy, green chemistry and the
other one, ecomenia, should work together.

It is important to develop the concept of ecomenia (from the Greek, oikos-
menes–meaning environmental pathway). By definition, an exploratory process of
low environmental impacts, or the use of natural resources based on an ecological
intuition of non-linear biological processes, resulting in profitability and sustainabil-
ity. This concept can pave the road for the bio-based products or the bioeconomy.

The following definitions are important for a better understanding of full biomass
utilization:

• Bio-based: derived from biomass
• Biomass: material of biological origin excluding material embedded in geologi-

cal formations and/or fossilized.
• Bio-based product: product wholly or partly derived from biomass.

The bio-based product is normally characterized by the bio-based carbon content
or the bio-based content.

A survey was made at the INPI (National Institute of Industrial Properties), using
the several keywords found in the title only. The access was made in February 2016,
using the Portuguese language, as listed in Table 1. In the right column are the
numbers of patents granted. As can be observed, the number of patents granted in
the field of bioeconomy is very small compared to other countries with much less
natural resources, such as Germany, Sweden, Korea, Canada, USA, etc. This shows
the need of the Brazilian government to stimulate the private sector to invest more
in R&D, mainly for bio-based products.

The opportunity value of biomass is determined by the revenue from the various
products or by-products on the market and the production costs including capital and
operation costs. Therefore a biomass producing country should implement some
measure to add value to the biomass chain. In most of the cases products with a
relative high market value are associated with high production costs, and vice versa
(Langeveld et al. 2010).
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Fig. 2 The pyramid value concept for the biomass utilization. Adapted from Van Haen (2013)

The cascading use of biomass can be an alternative to bring development to
the country, transforming it from a simple exporter of low value commodities,
such as iron ore, soybeans, etc., to a technological global player. Cascading use
of biomass takes place when biomass is processed into a bio-based final product
and this final product is used at least once more either for materials or energy. If
one starts a production of any feedstock from a low cost raw-material, there is more
room for either adding value or profit margin. This can be represented by the figure
below. Cascading use of biomass is described as single-stage, when the bio-based
final product is directly used for energy. Cascading use of biomass is described as
multi-stage when biomass is processed into a bio-based final product and this final
product is used at least once more as a material. It is only after at least two uses
as a material that energy use is permitted. In ‘material use’ biomass serves as a
raw material for the production of all kinds of goods, as well as their direct use
in products. This distinguishes it from energy use, where biomass serves purely
as an energy source, and the use for food and feed purposes (Raschka and Carus
2012). For example, cascade utilization of wood: wood, as a raw material, is used
sequentially for materials and then for energy use or for composting (e.g. solid wood
furniture, chipboard, recycled chipboard, burning, and compost). Figure 2 clearly
distinguishes between single-stage and multi-stage cascading use.

The above-mentioned definition of cascading use (Raschka and Carus 2012),
leads to the following:

• All sources of biomass being the starting point of a cascade would be treated
equally, whether they are be mainly biogenic, by- or intermediate products from
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primary agricultural, marine or forestry production, material or energy use, or
from the food and feed industries.

• Requiring a “final product” for material use, the above-stated definition stresses
the product use for final consumption more than other definitions (e.g. those of
Kosmol et al. 2012). Since most material biomass chains include numerous and
often traded intermediate products, the consideration of the “final product” is
important.

• The requirement for further material use deliberately avoids a requirement for
a second bio-based final product. It means that it is not only material recycling
that counts, but material use can also be satisfied by intermediates, fillers and
excipients that are incorporated into material process chains.

• Energy use should be the viable option at the end of the cascading use at least for
the majority of cases. It is clear that a direct energy use of biomass (energy use
without prior material use) is not considered as a cascading use. Understanding
cascading principle is important as a strategy to increase resource efficiency. New
ways of biomass material use implicates the potential to increase cascading use
(Essel et al. 2014).

Value Pyramid
Another view on the bio-based economy is the so called ‘value pyramid’, or
bio-cascading principle. This bio-based economy’s value pyramid indicates that
biomass value is determined by its application. In a proper functioning market, the
value and price of biomass will be reflected by its application value. For example,
pharmaceutical products add a lot of value per unit of product but in a small volume,
whereas energy carriers adds little value per unit of product but in large quantities.
Therefore, it justifies one important argument in favor for not directly burning
biomass.

Below the definitions can be listed for the use of biomass as a raw material for
industrial applications:

• Product—A good, idea, method, information, object or service created as a result
of a process and serves a need or satisfies a demand. Main activity or product
released from an enterprise: e.g. sugar cane from a sugar cane mill.

• Co-product—Product manufactured along with a different product, in a process
in which both are required in the production of another product. Something with
value or importance compatible to the main product: e.g. sugar and ethanol.

• By-product—Something produced usually in an industrial or biological process
in addition to the principal product: e.g. sugar cane trash.

• Residue or waste—Usually a small amount of something that remains after
a process has been completed or a thing has been removed; the amount of
something valuable that is left, after or during, a production process. A situation
in which something valuable is not being used or is being used in a way that is
not appropriate or effective. Everything that serves for an own productive process
or for a third party: e.g. vinasse, rich in potassium.

• Reject—By own definition, something presently useless and with no value,
which only application is final disposal: e.g. landfill or incineration.



Innovation Under the Bioeconomy Context in Brazil 105

Fig. 3 The cascade cycle of biomass adding value strategy for the biomass. Adapted from: http://
nbso-brazil.com.br/living-lab-biobased-economy/value-pyramid

In Fig. 3 is possible to observe the increasing value of a raw material versus
an energy recovery process. Just one piece of biomaterial made of lignocelullosic
material can represent tons of biomass for energy production. For a country with
large biomass capacity production the strategy should be to produce more valuable
goods from the biomass instead of using the lowest value alternative that is
conversion into energy or heat.

One of the main task for a R&D team should be transform rejects into, at least
residue or even a by-product, since the generation of reject in an industrial process
implied in use of man power, energy, equipment time, logistics, etc., meaning
cost that will be transferred for the final product. This concept can be seen at
Fig. 4. Residues can be used for application in products with a (presumably) lower
value than, such as feedstock or production of second-generation biofuels for road-
transport, marine or aviation. Remaining residues, then, can be converted into
energy, in particular electricity. The sum of the highest possible economic values of
all the various components of biomass makes the biomass a product that can have a
higher value for the producers than if the entire product is used only for production
of electricity or heat, which should be the last option for the biomass utilization,
instead of the nowadays approach of direct burning. That is the case for the sugar
cane bagasse and sugar cane trash, although only the bagasse burning in Brazil
with co-generation process corresponds to one Itaipu hydropower or 14.000 MW
of installed power. It is equivalent to 3,000,000 oil barrels/day or 6.4 � 1015 kJ/day
(UNICA 2011).

In Fig. 5, the red line, below the X-axis show raw material with negative cost,
meaning something that the owner has to pay for an adequate final disposal in
landfills or an expensive thermal solution. Therefore any R&D that use these raw
material has more chance to succeed, since there are more room for investment in
terms of technology or additives.

http://nbso-brazil.com.br/living-lab-biobased-economy/value-pyramid
http://nbso-brazil.com.br/living-lab-biobased-economy/value-pyramid
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Fig. 4 The relation between raw material and final product cost

Fig. 5 The use of low cost raw-material can be an advantage for a bio-based product

2 Biofuels in Brazil

The presence of large amounts of oxygen in plant carbohydrate polymers means
the pyrolytic chemistry differs sharply from these other fossil resources. Wood and
other plant biomass is essentially a composite material constructed from oxygen-
containing organic polymers. The direct burning is limited by the low fixed carbon
content, which in the case of sugar cane bagasse is less than 9%, depending on the
sources of data and the sugar cane variety, local conditions, etc. Proximate Analysis
determined the average values for the trash components (dry and green leaves and
tops) that presented practically the same composition in volatile material ( 80%),
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ashes ( 4%) and fixed carbon ( 15%) expressed on dry basis. These figures are similar
to those obtained for bagasse, except for ash that is lower in bagasse ( 2%). The
water content was approximately 13% for dry leaves, 65% for green leaves, 80%
for tops and 50% for bagasse (Hassuani et al. 2005).

3 Biobased Materials in Brazil

3.1 Natural Fibers Industrial Applications

Since ancient Egypt natural fibers are part of our civilization. The traditional
applications are baskets, clothing, sacks, bags, ropes, rugs, paper, medicines, etc.
Several articles are listed in the literature describing the advantages of natural fibers
compared to its counterpart the man-made fibers, such as glass fiber and polyester
in composites applications. Lightweight, strength with stiffness and mainly low-cost
are specially poised to replace glass fibers and mineral fillers in the plastic industry.

Combining natural fibers with fossil plastics is a great economic opportunity,
since the price of virgin polypropylene in Brazil is around USD2.0/kg while its
recycled counterpart costs about USD0.8/kg, which can result in economic gain for
the transformer.

There are several reasons for an extensive use of natural fibers use in composites,
mainly for the automotive industry, which represents the largest market niche in
Brazil for these materials. The technique of injection molding is well known in the
plastic industry and represents billions of dollars worldwide. However, the injection
molding of natural fibers reinforced materials represents a new segment in industry.
Only 5% of the worldwide market of reinforced plastic with natural polymers
(fibers/flour) is dedicated to injection of molding applications, with the majority for
extrusion of profiles, mainly for construction (decking, door and window frames,
etc.). Several reasons are listed to motivate the use of the natural fibers in the
composites industry, such as:

• Environmentalist pressure for more utilization of Natural Renewable Resources;
• Better efficiency in converting raw-materials in products compared to other man-

made fibers;
• Products based on Life Cycle Analysis (ISO 14000);
• National strategy to create rural jobs in economically deprived areas;
• Good mechanical properties relations: Weight versus Resistance;
• Recyclability;
• Composites/Ecomenes;
• Reduction of the Greenhouse Effect;
• Renewable source of raw material;
• Excellent specific strength and high modulus. High flexural and tensile

modulus—up to 50 base resin, high notched impact strength—up to 20 base
resin;
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• Reduced density of products;
• Lower price of polymer composites reinforced with natural fibers than those

reinforced with glass fiber;
• Reduced tool wear; and
• Safe manufacturing processes, no airborne glass particles, relief from occupa-

tional hazards. Reduced dermal and respiratory irritation. No emission of toxic
fumes when subjected to heat and incineration.

3.2 Biopolymers

The World Global Economics Forum in its 2016 report says that plastics has become
the ubiquitous workhorse material of the modern economy. Yet, while delivering
many benefits, the current plastics economy has drawbacks that are becoming more
apparent by each day. Significant economic value is lost after each use, and given
the projected growth in consumption, by 2050 oceans are expected to contain more
plastic than fish (by weight), and the entire plastic industry will consume 20% of
total oil production and 15% of the annual carbon budget.

Plastics due to its possibility of molding, processing and storage is appropriate
for packaging applications around the world. Although, the traditional plastic is
fossil based, not biodegradable and remain in nature for centuries, being one
important item in the landfills, littering streets and rivers and potentially harmful
to the environment when incinerated. Today, more than 80% of synthetic polymer
production involves six major commercial materials: polyethylene terephthalate
(PET), high-density polyethylene (HDPE), poly (vinyl chloride) (PVC), low-density
polyethylene (LDPE), poly (propylene) (PP), and polystyrene (PS). If these plastics
were not available to the $400 billion/year packaging industry, the production and
transportation of replacement packaging materials would contribute an additional
carbon footprint equal to the output of over 12 million automobiles per year (Pilz
et al. 2005). Therefore its replacement by the bioplastics for food packaging is
an ecological way to reduce the environmental impacts of these materials, with
gains for the society. Among these bioplastics, it can be listed the starch based,
oxo-degradables and the PHB, that degraded when exposed to the biological or
physical active environment. In Brazil the PHB is produced from the sugar cane,
a renewable resource, of which Brazil has the highest technology in the world.
The polyhidroxybutirate (PHB) is the simplest and most common polymer from the
hidroxyalcanoatos (PHA) family. It is a polyester homopolymer largely available in
nature due the fact that it is synthesized by a large number of bacteria produced
from sacarose, glycose, fructose and lignin (Ralstonia, Burkholderia and some
Pseudomonas).

Technically the PHB is very similar to polypropylene and it is water resistant, has
a good stability for UV radiation, it is not permeable to gases, it is biocompatible,
has a high regularity in the carbon chain and high molar mass. Regarding its
biodegradation, it is a polymer that can easily be degraded by the microorganism’s
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action in the environment, releasing just carbon dioxide and water. It is a hard,
fragile polymer and suffers degradation to each thermal cycle that is submitted to.

The PHB is accumulated by several different bacteria. Also PHB can be
obtained from the lignin contained in the sugar cane. Polyalkylenehydroxyben-
zoates (PAHBs) are a new class of thermoplastic, biorenewable aromatic/aliphatic
polyester having the general formula H-[O-(CH2)n-O-4-(3-X, 5-Y-C6H2)-CO]z-OH
(Mialon et al. 2011).

With the production of biopolymers from sugar cane molasse, the sugar cane
industry is entering a new field, supplying the biomedical sector with a renewable
material used for patch, surgical threads and even some cardiac prosthesys (Cherian
et al. 2012). The product took 15 years to get to the market and was developed from
a fusion of a bacterium with the sugar cane molasse. The advantages of this material
is that speeds the cicatrization processes for burned skins and can be naturally
absorbed by the human body in a not harmful way.

4 Bioenergy and Biofuels

Hydrocarbons (oil, natural gas and derivatives) represents about 55% of global
energy consumption and due to its short coming shortage with the consequent price
increase, Brazil has chosen an energy route that includes a long term development
of a majority of the green energy matrix. By the last BEN (National Energy Balance
2016), the Brazilian emission per capita of CO2 is about 2.35 tons, which is much
less than China (5.1 tons per capita), EU (7.1 per capita) and USA, (16.9 per capita).
In this context, the sugar cane represents, in the biomass group, the most important
component (Empresa de Pesquisa Energética (Brasil) 2016). In 2011 the sugar cane
bagasse was equivalent to 42.8 Mtep versus 47.1 Mtep from 2010, a sharp reduction
due to weather conditions. In average, about 50% of the sugar cane harvested is
dedicated to ethanol production and the rest 50% for sugar production. About 2/3
of the sugar produced is for export and the rest is for internal consumption. For the
ethanol the situation is different, where 85% goes for internal market (from data,
90% are for fuel) and only 15% for export.

Brazil is in a very unique position to lead the biomass revolution in the world,
based on the facts that has extensive crop fields, including the sugar cane; the
biggest biodiversity in the planet; intense solar radiation; water in abundance; clime
diversity; pioneering in the production of ethanol biofuel. The country has all the
conditions to receive most of the world’s investments in this area, if some constraints
are solved. The quantity of lignocellulosic residues generated annually is about 350
million tons, and based on sugar cane bagasse composition, one can estimates 170
for cellulose; 100 million for hemicellulose; and 80 million for lignin.

Figure 6 shows the changes in the Brazilian energy matrix that occurred
sustainable energy.

For electrical energy production it has been considered a value of 12.5 kWh/t
of sugarcane and 258 kcal/kWh, considering an efficiency of 30% for the Rankine
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Fig. 6 Changes in the Brazilian energy matrix from 2010/2011. Source: BEN (2012)

cycle (corresponding to 860 kcal/kWh), since this industry figures represents the
majority of Brazilian sugar-ethanol industries. In Table 2 the energetic value can be
observed for some of the sugar cane components.

Instead of direct burning, the country should move towards pyrolysis. Pyrolysis
dates back to at least the ancient Egyptian times, when tar for caulking boats and
certain embalming agents were made by pyrolysis. Pyrolysis processes have been
improved and are now widely used with coke and charcoal production. Biomass
pyrolysis products are a complex combination of the products from the individual
pyrolysis of cellulose, hemicellulose, and extractives, each of which has its own
kinetic characteristics. In the 1980s, researchers found that the pyrolysis liquid yield
could be increased using fast pyrolysis where a biomass feedstock is heated at a
rapid rate and the vapors produced are also condensed rapidly (Farag et al. 2002).
The accelerated climate change raises the incentive for all countries to produce
energy and chemicals from biomass aiming the replacement of non-renewable
sources. In addition, the burning of fossil fuels, which produces carbon dioxide, has
serious environmental consequences. In contrast to fossil fuels, the use of biomass
for energy provides significant environmental advantages.

Most processes that convert biomass to liquid fuels begin with pyrolysis,
followed by catalytic upgrading of the resulting biocrude liquid. Another approach
is focused on the use of catalysts for biomass cracking (in situ upgrading) to generate
chemicals, mainly phenolic resin. Furthermore, the wood preservative industry is
interested on finding a low-cost and an environmentally friendly mean to dispose
treated wood products. This represents another opportunity to convert waste to fuels
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Table 2 Gross calorific
value of sugar-cane harvest
materials and residues
(UNICA 2011)

Materials and residues Energetic values (Mcal/t)

Remaining material 3800.0
Sugar cane (losses) 1070.0
Industrializable material 4054.5
Impurities 3400.0
Bagasse (50% humidity) 1800.0

or chemicals with environmental benefits. The maximum utilization of our forest
productivities is becoming increasingly essential. Logging generates considerable
residues, which, to date, have been discarded as waste or simply not used.

The pyrolytic breakdown of wood produces a large number of chemical sub-
stances. Some of these chemicals can be used as substitutes for conventional fuels.
Thermal degradation processes include liquefaction, gasification, and pyrolysis.
Liquefaction in a reducing medium also generates solids and gases. Gasification
produces hydrogen, carbon monoxide, carbon dioxide, and water by partial combus-
tion. Gasification also produces hydrocarbons, particularly in the lower temperature
ranges in fluidized-bed reactors. Pyrolysis converts organics to solid, liquid and gas
by heating in the absence of oxygen. The amount of solid, liquid, and gaseous
fractions formed is dependent mainly dependable on the process variables, as are
the distribution of products within each solid, liquid, and gas phase produced.
Processing carbonaceous feedstocks to produce heat, chemicals, or fuels offers an
alternative to landfills and provides a supplement to fossil fuel use.

Although, if residues from wood processing are increasingly used as raw mate-
rials of bio-based products, the wood industry sector may become more dependent
on external energy resources (Sokka et al. 2015), which can be positive on a long
term period, since the use of lignocellulosics as a source of energy is not efficient,
by the reasons discussed previously.

4.1 Biofuels

Rhodia, now controlled by the Belgian Solvay will build its first factory in Brazil
overall bio n-butanol, in partnership with the American Cobalt. The product,
which will be extracted from the bagasse of sugar cane in a process similar to
the production of second generation ethanol, is widely used by the company in
the production of solvents, aimed at the segment of paints for the automotive
industry. Companies do not report the contributions in this business. The estimated
value found, however, that investments of this size are at US$200 million. A
memorandum of understanding between the two companies was signed at the end
of 2012. SGBio, a joint venture between the Solvay Group and GranBio, has
acquired assets from Cobalt, a US biotechnology company and leading developer
of technology for n-butanol, acetone, ethanol and butane made from biomass. The
purchased assets include the bank of microorganisms and intellectual property
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related to patents, trademarks, processes, operating procedures and know-how. With
the acquisition, SGBio boosts its proprietary knowledge, now having access to a
full suite of higher performance technologies utilized in the production of bio-
chemicals. The robustness and flexibility of the microorganisms have been proven
at scale, demonstrating high productivity levels, which considerably reduces risks.
Brazil is not self-sufficient in the production of butanol, whose demand per year
is estimated at 50,000 tons, moving nearly $100 million. The country imports two
thirds of its annual needs. Butanol is produced from fossil raw materials. The aim
of Rhodia and Cobalt is to get the same product from renewable sources. Butanol is
used for the manufacture of automotive paint solvents and production of acrylic
resin. In practice, the production of bio n-butanol follows a process similar to
the second generation ethanol. Companies through their technology can produce
renewable butanol from the sugar extracted from sugar cane bagasse. That route
allows the production of ethanol used as fuel.

Another example of new developments in Brazil is Butamax™ Advanced Biofu-
els, a joint venture between DuPont and BP oil company, announced the production
of bio i-butanol, using different technology from that used by Rhodia and Cobalt,
for biofuel production, an innovative biobutanol production technology offering a
low-cost, high-value drop-in biofuel for global transportation fuels supply. Butamax
technology is designed to convert the sugars from various biomass feedstocks,
including corn and sugarcane, into biobutanol using existing biofuel production
facilities.

4.2 Bio-oil

Bio-oils are dark brown, free-flowing organic liquids that are comprised of highly
oxygenated compounds (Czernik and Bridgwater 2004). The synonyms for bio-
oil include pyrolysis oils, pyrolysis liquids, bio-crude oil (BCO), wood liquids,
wood oil, liquid smoke, wood distillates, pyroligneous acid, and liquid wood.
Throughout this report, the terms pyrolysis oil, tar, pyrolytic tar, and bio-oil will be
used. Pyrolysis liquids are formed by rapidly and simultaneously depolymerizing
and fragmenting cellulose, hemicellulose, and lignin with a rapid increase in
temperature. In contrast to petroleum fuels, bio-oil contains large oxygen content,
usually 45–50%. The presence of oxygen is the primary reason for the difference in
the properties and behavior between hydrocarbon fuels and biomass pyrolysis oils
(Oasmaa and Czernik 1999).

The lower heating value (LHV) of bio-oils is only 40–45 wt% of that exhibited
by hydrocarbon fuels. The LHV of bio-oils on a volume basis is �60% of the
heating value of hydrocarbon oils, because of the high oxygen content, the presence
of water, and the higher bio-oil density. A typical heating value of bio-oil is
�17 MJ/kg. Bio-oil is miscible with ethanol and methanol but immiscible with
hydrocarbons. Bio-oil can be stored, pumped, and transported in a manner similar
to that of petroleum-based products and can be combusted directly in boilers,
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gas turbines, and slow- and medium-speed diesel engines for heat and power
applications (Czernik and Bridgwater 2004).

5 Biochar

Brazil is the largest producer of charcoal, accounting for about 40% of the world’s
production. In Brazil, the legal production of charcoal, in most of the cases, comes
from eucalyptus (Eucalyptus sp.) plantations, and is important for the metallurgical
industry, and this process is categorized as a Clean Development Mechanism (CDM)
under the Kyoto Protocol. In the traditional process of charring, approximately
35% of the carbon is fixed in the charcoal, and the remainder is emitted into the
environment as smoke and non-condensable gases, such as CO2, carbon monoxide
(CO) and methane (CH4). The carbon contained in biochar is composed mostly of
aromatic structures, which are characterized by linkages in the form of benzene
rings of C atoms with oxygen (O) or hydrogen (H). These links between CO and
CH aromatic structures govern the stability of biochar and are used to measure the
degree of aromaticity of the compounds (Petter and Madari 2012). One of the most
important use of biochar is as adsorbents in the separation and purification of gases,
liquids and solid compounds and thus referred as activated carbon. Activated carbon
is largely used in Brazil for water treatment by the water utilities companies, and is
produced from coconut shells, fast growing trees and hardwood solid residues (Leao
et al. 2015).

6 Biobased Materials: Nanocellulose

The advantages of the presence of nanoparticles in composites includes: reduced
weight, improved mechanical properties and better stress transfer, reducing the
amount of dead load in many applications, mainly automotive and aeronautical.

The chemical, physical and biological properties of materials at the nanoscale
have fundamental differences about their properties at the conventional level,
because of quantum mechanical interactions at the atomic scale. Nanotechnology
brings multidisciplinary innovations in all areas of knowledge (chemistry, physics,
agriculture, modern biology, among others) (Cherian et al. 2012).

In the production of pulp and paper, an average of 35% of the input material
becomes waste in form of general waste (sludge, lime and ash from the boiler)
and currently promoting some of these 56% of energy needed in the industry. The
sludge waste is generated in two stages in the process of wastewater treatment.
The primary sludge is obtained after the clarification process which is carried
by primary sedimentation, and dissolved air flotation in which waste solids are
removed. The secondary sludge comes from secondary treatment that is usually a
biological process, in which microorganisms converts the waste into carbon dioxide
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and water while consuming oxygen. Disposal of waste from pulp and paper is a
difficult environmental issue since its majority is directed to landfills (Cherian et al.
2012).

The use of fibers from the primary sludge for the production of composite mate-
rials can generate a lightweight, durable, non-abrasive, renewable, biodegradable
and recyclable material allowing competition with other artificial materials with
less availability or environmental disadvantages and still helps with the disposal
of industrial waste (Cherian et al. 2012).

The cellulose is composed mainly of crystalline regions which will result in
important mechanical properties when dispersed in polymer for the production
of nanocomposites. Recent advances in producing bio-fibers, microfibrillated or
nano-sized fibers with high-strength and surface area offer manufacturing high-
performance composites (Cherian et al. 2012).

Cellulose fibers attract considerable interest as reinforcing fillers for ther-
moplastic polymers especially those with a relatively lower melting point like
polypropylene, high and low density polyethylene. Sludge from paper mills consists
mainly of two components, fine cellulose fiber and inorganic materials, and can offer
a number of benefits, as a substitute for the typical inorganic reinforcing fillers in
manufacturing thermoplastic polymer composite (Cherian et al. 2012).

6.1 Biomaterials

Different reinforcement agent, scaffold and composites processes can be used based
on the several strategic points, such as availability, seasonability, cost, environment
and social impact, future trends, etc. The reinforcement agents can be used at macro,
micro and nano scales and the final properties of such compounds depending heavily
on the processing conditions. Considering all of these aspects we could list some of
the potential raw materials to be used as a source of nanocellulose:

• Eucalyptus residue (sawdust): large availability, but requires some preparation
such as screening, milling and drying.

• Eucalyptus bark: it is a disposable material nowadays with almost no application,
but available in large quantities almost everywhere in Brazil.

• Black liquor: today it has been used for co-generation and its availability in the
market depends on further negotiations.

• Rice husk: it has a high lignin and silica content, which can be a problem in the
composites processing. It has a local market today and there are plans to use this
resource for energy generation or biorefinery.

• Sugar cane trash (straw): it is largely available nearby the sugar cane mills and
its price nowadays is higher than the sugar cane tonnage itself. We consider an
availability of around 6–7 tons/ha of trash that MUST be harvested from the field.
However, the lignin content, inorganics and seasonability are negative aspects.

• Coir fibers: it is a by-product from the coconut industry, with large plantations in
the Northeast of Brazil
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Table 3 Brazilian agro
production worldwide

Main products Production ranking Exports ranking

Sugar 1st 1st
Coffee 1st 1st
Orange juice 1st 1st
Soybean 2nd 2nd
Beef 2nd 1st
Tobacco 2nd 1st
Ethanol 2nd 1st
Broiler 3rd 1st
Corn 4th 3rd
Cellulose 4th 1st
Sisal (natural fibers) 1st 1st

• Sugar cane bagasse: it is a commodity nowadays, but its potential destination will
be hydrolysis for later fermentation and may be biorefinery. As a reinforcement
agent for composites applications.

7 Conclusions and Recommendations

For several agricultural commodities in the world, Brazil takes either the first or
second place in terms of quantity, production cost or efficiency. It has the lowest
cellulose pulp production cost in the world as can be seen in Table 3.

Nevertheless, the country needs to increase its spending on innovation to stop the
deindustrialization process currently under way today. Also, it is worth to mention
that the Municipal Solid Waste represents the most important source of biomass
in Brazil and it has not been tapped for either energy production through direct
burning, or pyrolysis, which would be the most efficient alternative.
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Tasmania’s Bioeconomy: Employing the Seven
Capitals to Sustain Innovative
and Entrepreneurial Agrifood Value Chains

Holger Meinke, Laurie Bonney, Katherine Evans, and Morgan Miles

Abstract Tasmania, Australia’s southernmost and smallest island state, depends
strongly on its bioeconomy. Currently the farm gate production of Tasmania’s
bioeconomy contributes around 7.4% to the overall Gross State Product (GSP).
This figure is considerably higher than for Australia, where the bioeconomy
contributes 2.5% to the overall Gross Domestic Product (GDP). Based on this
measure, Tasmania’s economy is more in line with the economies of Brazil (5.7%)
or New Zealand (7.2%). It is estimated that Tasmania’s bioeconomy currently
contributes 16–20% of overall economic output, when taking into account the
economic impact of related value chains that reach from agricultural suppliers
to retailers. Government policy for economic growth in Tasmania aims to build
up this sector over the following decades. To achieve the stated growth targets,
technologies must be combined with business capabilities in order to effectively
and efficiently commercialize innovation while maintaining sound environmental
practices. A technology-driven, irrigation-led transformation is currently underway
in the state, turning Tasmania’s bioeconomy into a highly knowledge-intensive
sector of the economy. To fully realize the economic, environmental and social
potential of investment in irrigation infrastructure, there must be similar investments
in research, knowledge creation, marketing, value chain innovations and capability
development.
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1 Introduction

The bioeconomy1 underpins all economic growth and development. Without the
development of agriculture over 10,000 years ago, the astounding transformational
shift in human behaviour that resulted in the creation of our civilisations would not
have been possible. Agriculture provided the foundation on which other sectors of
our economies could develop and grow. The efficiencies created by agriculture—
the ability to reliably feed growing populations with fewer and fewer farmers—
meant that no society has ever turned away from agricultural practices (Leith and
Meinke 2013). This situation is true despite a range of undesirable impacts brought
about by the agricultural revolution [see Harari’s (2011) comments on ‘history’s
biggest fraud’]. As a consequence of these efficiencies, the current contribution of
the bioeconomy to large and highly developed economies is only about 1 to 3% of
their GDP (Table 1).

The relatively low contribution of bioeconomy to the GDPs of developed nations
is a direct result of the efficiencies created by agriculture. Efficient food and fibre
production permitted labour resources to be deployed elsewhere; this, in turn,
created new industry sectors that now dwarf agriculture’s economic value. In other
words: while the relative economic importance of agriculture has diminished over
time, the strategic importance of the bioeconomy to sustain nearly eight billion
people remains. Moreover, a renewed interest in the agrifood sector has important,
underlying drivers: a secure food supply; sustainable production of healthy and safe
foods, together with other attributes demanded by consumers; and, increasingly, a
place-based need for a social licence to operate (Prno and Slocombe 2012).

The economic, social and environmental impacts of agriculture shape our
societies. Important debates about the role of agricultural systems are part of
political discourse everywhere. Controversies about environmental degradation
caused by agricultural production, versus agriculturists as stewards for our managed
landscapes, are everyday occurrences. It is the strategic importance of agriculture as
a pillar of our societies that requires particular attention in terms of policy support
for research, development and education.

Here we focus on the island of Tasmania, where proportionally the bioeconomy
plays the most important role of any Australian state. We argue that Tasmania
is a microcosm offering insights for other societies and economies striving for
higher innovation and entrepreneurial potential that leads to more profitable and
sustainable production of bio-based products. Tasmania’s bioeconomy is presented
and interpreted in relation to its history, geography and current socio-economic

1Here we use the definition by the European Commission that defines the bioeconomy as the
sustainable production of renewable resources from land, fisheries and aquaculture environments
and their conversion into food, feed, fibre bio-based products and bio-energy as well as the related
public goods. The bioeconomy includes primary production, such as agriculture, forestry, fisheries
and aquaculture, and industries using/processing biological resources, such as the food, pulp and
paper industries, and parts of the chemical, biotechnological and energy industries.
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Table 1 Percent of
agriculture as a contributor to
gross domestic product
(GDP) based on farm-gate
value as well as current
population numbers for a
range of countries (Australian
Bureau of Statistics 2013;
World Bank 2015)

Country % of GDP
Population
(million) As of

UK 0:7 64 2013
Germany 0:9 81 2013
Japan 1:2 127 2012
USA 1:3 316 2012
France 1:7 66 2013
Netherlands 2:0 17 2013
Australia 2:5 23 2013
Brazil 5:7 200 2013
New Zealand 7:2 4 2010
China 10:0 1357 2013
Fiji 12:2 >1 2013
Indonesia 14:4 250 2013
India 18:2 1252 2013
Vietnam 18:4 90 2013
Papua New Guinea 36:3 7 2012

status. Opportunities and challenges associated with agricultural intensification and
new irrigation infrastructure are then explored in terms of the need to address the
resource stress nexus. Contemporary innovation systems and value-chain theory
are used to frame the way forward, with theories-of-change, capitals accounting
and entrepreneurial thinking introduced as tools to design and implement effective
interventions and innovation platforms.

2 Wheels Within Wheels: Tasmania’s Bioeconomy Within
an Australian Context

Australia’s agricultural farm gate production contributes about 2.5% to the annual
GDP (Table 1; Australian Bureau of Statistics 2013; World Bank 2015). This
contribution increases to around 12% or AUD$155 billion when accounting for the
value-adding processes of food, fibre and other bio-based products. The value of all
economic activities that support farm production includes farm inputs; food man-
ufacturing; transport and logistics; wholesaling and retailing; and the food service
sector (National Farmers Federation 2015). The farm gate contribution of 2.5% to
Australia’s GDP is at the higher end for a fully developed economy, indicating the
importance of renewable, primary production for Australia’s bioeconomy.

Australian farmers are amongst the most efficient agricultural producers in the
world. Agriculture in Australia is a knowledge-intensive sector, characterised by a
high degree of mechanisation, and increasingly, automation as a result of high labour
costs and often extensive landholdings. These are consequences of Australia’s
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Table 2 Economic snapshot of the bioeconomy’s contribution to each Australian state and
territory, and Australia as a whole; 2013 data: Gross State Product (GSP), GSP per person, farm
gate value of the bioeconomy (Australian Bureau of Statistics 2013)

GSP
($ million)

GSP per
person

Farm gate
value of
bioeconomy
($ million)

Bioeconomy’s
contribution
to GSP (%)

Population
(million)

TAS 24;191 47;222 1790 7.4 0:51

SA 94;210 56;674 4805 5.1 1:66

QLD 294;548 63;840 7953 2.7 4:61

VIC 333;393 58;682 8001 2.4 5:68

NT 19;860 83;828 338 1.7 0:24

NSW 471;354 64;098 6599 1.4 7:35

WA 252;999 102;232 2530 1.0 2:47

ACT 34;414 90;631 0 0.0 0:38

Australia (GDP) 1;524;969 66;549 38;124 2.5 22:91

biophysical conditions (a large and dry continent with high urbanisation and a low
population density) and a market economy with little or no subsidisation.

Agriculture’s contribution of 2.5% to the nation’s GDP masks considerable
variance across the eight Australian states and territories. Economic activities
are unevenly distributed and each state’s contribution to Australia’s GDP varies
considerably, as indicated by their Gross State Products (GSP; Table 2). The
GSP of each state for the 2012/2013 financial year varied from 1% for Western
Australia to 7.4% for Tasmania (excluding the Australian Capital Territory (ACT) of
Canberra, where no primary production takes place). There are many reasons for this
diversity that go beyond the scope of this chapter. The post-farm gate contribution
of Tasmania’s bioeconomy to the overall economic performance of the state is
estimated to range between 16% and 20% (Bennett 2015), which is proportionally
much higher than for any other state in Australia.

Agrifood products from Tasmania vary from traditional commodities based on
dairy, beef, sheep, vegetables, wine, fruit (such as cherries, berries and nuts), oysters,
abalone and salmon to rather unique produce such as leatherwood (Eucryphia
lucida) honey, medicinal opium poppies (Tasmania produces about 50% of the
world’s medicinal opiates such as morphine, codeine and thebaine), pyrethrum
(75% of current world demand for pyrethrum is serviced from Tasmania) and
various essential oils.

Tasmania faces constraints in transporting commodities. It is separated from
mainland Australia by Bass Strait, a 350 km wide and 500 km long, relatively
shallow, but often rough stretch of sea (max. depth 83 m; average 60 m) with
the central bathymetric Bass Basin 120 km wide and 400 km long (Jennings
1959). Bass Strait presents an barrier to the movement of perishable primary
produce that requires the coordination of multiple modes of logistics to reach
national or international markets. Two state-run ferries transport tourists and freight
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supplemented by a private freight service with an additional two ships. The more
profitable tourists compete with freight during the summer and the service lacks
economies of scale to reduce costs, making it as expensive to ship a container
across Bass Strait as it is to move it from Melbourne to Scotland. In January 2016,
the fragility of the service was illustrated when storm damage to port facilities
temporarily reduced capacity of the state-run ferries by 60% at the peak of the
harvest season.

3 Geography, Climate and Soils

Tasmania is comprised of about 68,000 km2, roughly the size of Sri Lanka or
Ireland and about twice the size of Taiwan (Fig. 1a, b). Located in the ‘roaring
40s’, between 40ıS and 44ıS, 144ıE and 149ıE in the Southern Ocean, Tasmania
has a temperate maritime climate ideally suited for a wide variety of crops, pastures,
livestock production and aquaculture. Mean maximum temperatures are 18–23 ıC
in summer and 9–14 ıC in winter (ACE CRC 2010). Average annual rainfall ranges
from 2700 mm in some highland locations (as a consequence of predominately
westerly winds and orographic lift) to 450 mm in parts of the central midlands,

Fig. 1 Satellite image originally processed by the Bureau of Meteorology from the polar orbiting
satellite NOAA—14 operated by the National Oceanographic and Atmospheric Administration
(NOAA). (a) Normalised Difference Vegetation Index (NVDI) for the whole of Australia, six
monthly average (1st June 2016 to 30th November 2016). The NVDI is a measure of vegetation
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Fig. 1 (continued) cover and photosynthetic greenness based on satellite data, with cover ranging
from highest to lowest. Tasmania is located to the south of the Australian mainland. Note the
darker area with <25% plant cover—Australia is the driest inhabited continent on Earth, being 75%
arid or semi-arid (Ummenhofer et al. 2009). (b) NDVI six monthly average (1st June 2016–30th
November 2016) for Tasmania. The NVDI is a measure of vegetation cover and photosynthetic
greenness based on satellite data, with cover ranging from highest to lowest. The lighter areas in
the west and east are largely mountainous, forested or the uninhabited south west. National Parks,
the Tasmanian Wilderness World Heritage Area, Reserved and Management Areas comprise about
45% of the state. The darker areas indicate the highest vegetation cover and photosynthetic rate,
reflecting plant conditions in traditionally arable agricultural land in Tasmania

located in a rain shadow to the east of Tasmania’s highland regions. However, these
average values mask a very high degree of annual variability. Scott (1956) remarked
that Tasmania’s rainfall variability is greater than experienced in some other regions
of the globe with similar climates such as the UK, British Columbia or the South
Island of New Zealand.

Like the rest of Australia, Tasmania is strongly impacted by the El Niño–
Southern Oscillation (ENSO) phenomenon, with most droughts associated with El
Niño (e.g. 1914, 1965–1967, 1972, 1982–1983, 1997, 2002–2003, 2006 and 2015–
2016) and floods associated with La Niña seasons (e.g. Bureau of Meteorology,
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http://www.bom.gov.au/climate/enso/lnlist/). In early 2016, Tasmania was in the
grip of another El Niño drought following the hottest and driest spring on record
(Australian Broadcasting Corporation 2015). By 2050, climate modelling suggests
climate-induced increases in rainfall over Tasmania’s coastal regions and reduced
rainfall over central Tasmania and in the north-west (ACE CRC 2010).

Tasmania’s soils are diverse due to its geological history and variations in
climate, landscape and vegetation. The Tasmanian landscape is dominated by an
old, erosion resistant geology that emerged about 650–1000 million years ago.
Several periods of submersion under Gondwana’s seas and metamorphic folding
has produced rocks rich in mica and quartzite and other minerals that have been the
basis for the mining industry of the west and north-west coasts. During the Tertiary
Period, basins formed in the Tasmanian landscape as a result of the separation of
Antarctica and the New Zealand sub-continent. This produced shallow soils on the
hard dolerite hills of the Midlands and Derwent Valley in the south, and the unstable
sandstone and mudstone-based soils susceptible to tunnel and gully erosion in the
south-east and northern parts of the state.

Agriculture generally occurs on slopes of less than 20% below 300 m altitude in
all areas of the state except the south-west wilderness region. The north-west and
north-east of the state are characterised by igneous basalt and high annual rainfall
(>750 mm), which has produced the characteristic brown or red ferrosol soils as
well as deep, well-weathered, well-drained and friable soils that originally supported
dense forests. Despite their rich colouration and apparent depth, the ferrosols are
not highly fertile but provide an ideal medium for intensive cropping of vegetables,
some berry and pome fruits, and the grazing of dairy and meat livestock (Scanlon
et al. 1990; Doyle and Farquhar 2000; Sustainable Development Advisory Council
2002).

The rugged, incised topography and Tasmania’s history of development
(described below) have resulted in landholdings being relatively small (100–250 ha)
in the fertile north and of marginal size for livestock commodity production in the
central midlands, south and east despite gradual aggregation over the latter half of
the twentieth century.

4 Some Historical Context

Tasmania was colonised by Europeans in 1803 as a penal settlement for Britain’s
overflowing prisons, leading to protracted confrontation and conflict with the
indigenous population. Approximately 65% of the current population are descended
from those convicts (Rubio et al. 2002). The average convict transported for life was
freed within four years to make their own way, often thriving by their own efforts in
an amazingly rugged landscape. When the transport of convicts ended in 1853, the
eastern half of the state was developed on the public purse with government land

http://www.bom.gov.au/climate/enso/lnlist/
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grants, food for 3 years and free convict labour. Land grants were large as were the
sandstone manors built by convict labour.

Until the mid-1850s, the rugged west and north-west were regarded as ‘waste-
lands’ and used as a security buffer against the very worst criminals that had been
sent to an isolated west coast penal settlement. By the late 1850s, the area was
starting to develop through unofficial mining, forestry and agriculture to supply the
Victorian goldfields. Finally, with government sanction, the north-west developed
without the support of free convict labour and was relatively neglected by the newly
established bi-cameral government, enduring cycles of boom and bust through the
mid to late nineteenth and early twentieth centuries (Stokes 1969; Morgan 2003;
Boyce 2008; Alexander 2010).

Tasmania’s recent history of European settlement exerts strong influences on the
modern culture and recent development of the state. Tasmania is considered to be
ethnically and socially homogeneous but suffers from highly parochial attitudes
between the south, which hosts the seat of government, the north which has the
wealth derived from agriculture, and the north-west which feels neglected and
isolated from power. The origins of these attitudes can be traced to Tasmania’s
history of development over a mere six to seven generations of European settlement.
Parochialism drives contemporary expectations of government support and affects
policy priorities for public development (Bonney et al. 2013b).

Historically, farmers have learned to cope on their small farms and the associated
risk of boom and bust cycles by producing a range of commodities. Pre- and post-
World War II there were long-term investments in the state’s fertile agricultural
north by large multi-national food processors and marketers. Despite this invest-
ment, ‘mixed farming’ prevailed and opportunistic behaviour became entrenched
as farmers used the leverage created from the threat of switching commodities and
outlets to improve the prices they received. This led to Tasmania’s agriculture being
largely focused on small-scale commodity production for processing, transactional
spot markets and a deeply held commitment to opportunistic behaviour.

New agribusiness companies exacerbated this situation by developing a pater-
nalistic protection of farmers as a means of maintaining their share of the raw
material market, which has shielded farmers from the change imperatives brought
by globalisation. This behaviour has reinforced the impression that current global
pressures for change are ephemeral because throughout history the ‘busts’ have
always been followed by ‘booms’. Farmers in Tasmania endeavour to ‘wait-out’
the downturns in anticipation of another upturn in economic conditions. However,
in recent years, agribusiness companies have sporadically attempted to facilitate
some change initiatives that have only been supported by a progressive minority of
farmers.

Today, two thirds of farms employ the owner-operator only and are reliant on
labour-hire contractors using international back-packers and itinerant labourers.
Around 63% of Tasmanian farms have an estimated value of agricultural output
(EVAO) of less than $150,000 and farm businesses rely on one or more family mem-
bers working off-farm to survive. There are probably less than 1500 economically
viable farms in the state and education levels are low relative to other industries,
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with around 5% of farmers having under-graduate qualifications and 15–20% having
vocational certificate three or four qualifications (Australian Bureau of Statistics
2007).

A large proportion of the current generation of farmers are approaching retiring
age. Consequently most are unwilling to change their current business models
or consider alternative business structures or practices to achieve the economies
of scale that would enhance their cost-competitiveness and enable access to new
markets, develop innovative value-adding or new products (Bonney 2006, 2011). It
appears that for some agricultural commodities the combination of farmer attitudes,
demographic aging and processor paternalism has resulted in a transactional or
resistant form of supply chain ‘followership’ in response to an increasingly transfor-
mational leadership by agribusiness and paradigmatic global change (Defee 2007;
Bonney 2011). Transformational followership might sometimes be more important
than leadership in developing adaptive, high performing value chains during times
of rapid change (Defee 2007).

Given this history, the state’s population has developed a highly resilient,
independent but parochial culture, focused on gaining government support for their
endeavours. To this day, despite in-migration, belief systems in Tasmania often
manifest as an ‘entitlement culture’, risk averse and isolated, but with economi-
cally important pockets of entrepreneurship and innovation. Notwithstanding these
constraints, the state’s farmers are highly efficient in commodity production and
technically advanced due to a history of high quality publicly funded research and
extension. A welcome addition has been the more recent development of a large and
innovative agricultural consulting sector (Bonney et al. 2013b, 2016).

Tasmania’s bioeconomy is characterised by diversity as a consequence of its
geography, history, climate and other geo-political factors. Its relatively small
size, surrounded by the pristine waters of the Southern Ocean, and the distance
from mainland Australia means that extensive agriculture based on low-value bulk
commodities are generally not economically viable.

5 Tasmania’s Awakening: Opportunities and Challenges

Tasmania is undergoing a phase of unprecedented intensification and transformation
of its primary production sector by rapidly developing a reputation for high quality,
often niche products, value adding, agri-tourism, fine food and beverages founded
on a reputation for having “clean and green” food safety. A further increase in
the profitable and sustainable production of these and other bio-based products
requires entrepreneurism; functional, co-innovative and transparent value chains;
innovative business models; proactive risk management; and knowledge creation
and collaboration to achieve market access. Future prosperity in Tasmania requires
transformational change that encompasses both the technical and social domains
and focuses on delivering superior value to consumer segments.
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Hence, the challenge for the future of Tasmanian agrifood producers encom-
passes overcoming the socio-cultural as well as geographic and economic con-
straints. Meadows (1999) identified that the most successful system interventions
are those that jump the paradigm, change the mindset (values, attitudes, goals, struc-
ture), the rules of the system (incentives and dis-incentives), and/or the structure
of information flows. The generational change that is currently underway in the
industry offers the opportunity for new, non-traditional farmers, many not from Tas-
mania and often without any agricultural background. These new farmers bring new
ideas, new attitudes, new ways of working, and new means of funding to address
Tasmania’s challenges. Tasmanian-born professionals returning to the state after
careers elsewhere, and often for lifestyle reasons, are also shaping the state’s future.

It is also incumbent on those who research and support the agricultural system
to develop a new paradigm of engaging with industry through openness and respon-
siveness to develop new, practical systems-focused research outcomes that meet
both business and educational needs. Modern approaches to agricultural innovation
involve the development of an ‘agricultural innovation system’, a set of principles,
analyses and actions that facilitate the identification, design and implementation
of investments, approaches and interventions that promote innovation. Hence,
consistent with systems theory, all relevant actors are affected by changes in the
system (Ashby 1957; Von Bertalannfy 1968).

6 Adding Water Is Not Enough

Here we briefly outline some of these challenges using, by way of example, the
current rollout of new irrigation schemes across Tasmania and in the context
of current government policy. More than 150 GL of new irrigation water will
be available when all the schemes become fully operational. Already irrigation
contributes to approximately 60% of the gross value of agricultural production.

The Tasmanian Government’s AgriVision 2050 policy (Tasmanian Liberals,
https://www.tas.liberal.org.au/sites/default/files/policy/Cultivating%20prosperity%
20in%20agriculture.pdf) sets a substantial stretch target for Tasmania’s
bioeconomy, namely increasing the farm gate to an annual value of AUD$10
billion by 2050, up from AUD$1.8 billion in 2012/2013 (Table 2). Although
this vision is underpinned by significant investment in irrigation infrastructure—
about AUD$500 million of private and public funds have already been invested
in new irrigation schemes—realising and sustaining the benefits will require
substantial investment in knowledge infrastructure, innovation platforms, value
chain approaches, benchmarking and monitoring. These efforts have already
resulted in an increase of nearly 5% of agrifood exports from Tasmania in 2015 to a
total value of $2.74 billion (Parliament of Australia 2016). In part, this is the result
of the once-off increase due to the increased irrigation capacity (Fig. 2).

Continuous value adding is now required to keep up the momentum and to
maintain the growth rates required for achieving the governments vision (Fig. 2).

https://www.tas.liberal.org.au/sites/default/files/policy/Cultivating%20prosperity%20in%20agriculture.pdf
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Fig. 2 Tasmania’s research and innovation challenge: the AUD$10 billion target for 2050,
commencing from the increase in irrigation capacity for 2010–2011. Innovation via research,
development and expansion, in addition to increased irrigation capacity, is essential to facilitate
investment and expansion in Tasmania’s bioeconomy. Source: Tasmanian Government’s AgriVi-
sion 2050 policy (http://bit.ly/1MxuovX) and R. Nelson, pers. com. 2015

This necessitates a dramatic increase in the value derived from each litre of irrigation
water. For example, if 80% of the $10 billion target is to be achieved via irrigated
agriculture, the value generated from irrigation water has to increase from currently
AUD$3500 to $16,000 per mL of water. This would require an extensive step-
change in productivity. But is that the only solution? Or, does the answer lie to
a large extent in the agrifood system moving into a new paradigm of creating
consumer value through advances in linked production, logistics and marketing into
new, targeted niches around the world?

The obvious pathway for achieving such an ambitious vision is through applied
and highly industry relevant research, development and extension. Researchers
from multiple disciplines must work with industry, community and policy makers
to achieve such a transformation. A key question for Tasmania is how such
intensification can be economically, socially and environmentally sustainable. Using
an Agricultural Systems Research (ASR) approach, industry experts, academics,
farmers, policy makers and representatives of Tasmania’s broader civil society are
jointly investigating improvements in four key areas:

1. On farm systems (productivity, management systems, precision technologies,
new crops and processes);

2. Business models and value chains (innovations, entrepreneurship and exporting);
3. Natural resource management (landscape health, ecosystem production, main-

taining soil productivity, drainage, waterlogging, salinity, interactions between
on-farm and landscape scale, biosecurity); and

4. Research, development, extension and education (arrangements and institutions,
effective innovation, education and adoption).

http://bit.ly/1MxuovX
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The conceptual model ‘just add water’ is unlikely to result in the desired growth
in economic development and value chain creation from irrigation. A value chain
is comprised of linked businesses where the chain partners decide to co-innovate
in order to create and deliver value for which their customers and consumers
will pay a premium price (Bonney 2011). Entrepreneurial value chains must be
created by aligning the strategic interests of knowledgeable and technically skilled
farmers, input suppliers, value adding processors and marketers through public-
private partnerships that are based on trust, shared values and co-innovation.

7 Systems Within Systems: Integrating Knowledge,
Innovation and Entrepreneurship

Tasmania’s situation exemplifies how modern agriculture and aquaculture are now
high knowledge intensive systems that can no longer rely on single transformational
innovations such as the ones that powered the green revolution of the 1960s and
1970s. Norman Borlaug’s contribution to agricultural science and plant breeding at
the time resulted in high-yielding, disease resistant crops that saved about a billion
people from starvation. Borlaug and colleagues managed to find a very effective
technological fix to overcome resource limitation. Much research, thinking, knowl-
edge and insight went into the creation of these green revolution technologies
resulting in an unprecedented increase in food production. Yet their application
was relatively simple and little additional knowledge was required to deploy these
technologies at farm level.

Now, during the first quarter of the twenty-first century, the challenge to our
agricultural and food systems is different. This time it is not only about increasing
yields per area. Instead the challenge is to increase productivity, rather than just
production, but without additional resources and without negative environmental
or social impacts. Today we are confronted with what the Shell Oil’s scenario
planning group (Shell Scenarios Team 2013; Bentham 2014) terms ‘resource stress
nexus (RSN)’. The RSN refers to increasing pressures on water, food, and energy
resources to meet the demands of an expanding global population. These demands
include rapid changes in consumer preferences requiring more of all three of these
interlinked resources. The RSN impacts on food and energy production as well as
the viability of urbanisation. All these sectors increasingly compete for the same
resources.

Tasmania is uniquely positioned in the Australian bioeconomy to be able to
exploit the RSN with abundant water, arable soils, and an economy based on a
renewable hydro-electric power grid. Further, modern Tasmania is characterised by
strong, cooperative partnerships across the research, education, policy and private
sectors via a dynamic joint venture between the Tasmanian Government and the
University of Tasmania. This vibrant partnership has led to the establishment of
innovation networks that span the public and private sectors and serve as an example
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of institutional innovation (OECD 2016; Tasmanian Institute of Agriculture 2016).
Tasmania’s small but mobile population and accessible government foster this
relationship and the science-government-industry interactions that are needed for
effective, economy-wide research and development. The island’s agrifood system
provides an ideal platform that demonstrates the effectiveness of boundary organisa-
tions, i.e. small groups of committed scientists, policy-makers and industry leaders
who are all concerned with translating science into action (Cash et al. 2003).

Exploiting the RSN presents issues that go beyond production. There is a
growing need to harness both bio-physical and social dimensions in system solutions
that focus on increasing total economic yield for whole value chains. The locus of
competition in modern value chains is increasingly shifting from single businesses
to whole chains. Products are only as competitive as the whole chain that delivers
them to a consumer. As a result, value chains are now regarded as recursive,
interconnected networks that reflect the hierarchy of emergent properties in the
overall food system (Collins 1999; Li and Wang 2007). Whilst they are frequently
depicted as linear sequences of processes, it is now recognised that value chains
are actually complex networks of relationships, both internal and external to the
chain (Moore 1993; Lazzarini et al. 2001). These relationships assist the chain
participants in acquiring the tangible and intangible resources needed to innovate,
collaborate and compete, often simultaneously (Allee 2008; Fig. 3). A permutation
of the value-chain network is the use of digital technologies to bring the consumer
closer to the producer through novel marketing strategies, social media and/or
direct investment by the consumer in business development. What could be more
important for Tasmania’s bioeconomy, given the island’s sparse population and
logistical challenges, than effectively managing value chain relationships and
interdependencies?

Continuous innovation requires resources beyond the capabilities of a single
farm. Hence, producers within chains are collaborating vertically to solve their
shared problems and to exploit their opportunities. They are also collaborating
horizontally with governments, research institutions and even their own competitors
where they do not directly compete, and there is sufficient common interest. For
example solving transport problems such as getting goods from Tasmania across
Bass Strait to the port of Melbourne (Mason et al. 2007).

While food security is a fundamental driver, vertical and horizontal integration
also serves to incorporate the unprecedented diversity in consumer demand and
interest in food quality. The production, preparation and consumption of food is
inextricably related to social identity. Food knowledge is entering a new era when
diffuse, ill-defined and often misleading concepts such as ‘organic’, ‘local’, ‘wild’,
‘sustainable’, ‘healthy’ and ‘national’ are being influenced and are influencing
global food consumption and hence the nature of production, transport and mar-
keting (Rhea and Bettles 2012). The Asian food boom now has tangible, local and
global impacts, with demand for some products (e.g. baby formula) outstripping
supply (SBS News 2015). Geopolitics has put Australia at the forefront of these
developments. Impacts such as increased demand are particularly noticeable in
Tasmania due to its low population and high reliance on the agrifood sector.
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Fig. 3 A value chain network depicting the vertical and horizontal interactions between producers
and consumers. Source: derived from netchain (Lazzarini et al. 2001); value network (Allee 2008);
and business eco-systems concepts (Moore 1993)

Agricultural value chains will need more skilled intermediaries to foster
knowledge flows and to build trust and productive relationships. Those seeking
knowledge-based services will need to make active choices about why, how
and what they access. In Tasmania the passive receipt of information and
historical sense of entitlement to publically-funded services for private benefit will
become increasingly uncommon. Attitudinal changes are inevitable. Institutional
arrangements need to: (1) foster a more effective linkage between the research
capabilities at the University of Tasmania and the needs of farmers, advisors,
agribusinesses and communities; and (2) recognise that innovation in agriculture is
facilitated through value chains that co-innovate for mutual benefit.

Innovation relating to Tasmania’s bioeconomy requires an environment con-
ducive to the interplay between society, producers and industry. The current needs
of society are embodied in market choices, the regulatory environment and a social
licence for agriculture. The practical needs and concerns of Tasmanian producers in
securing markets and creating profit will ultimately influence receptivity to change
and disruption. Agribusiness systems will be strongly shaped by information and
innovation that influences the options available.
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Producers themselves have aspirations and capacity that will affect the uptake
of innovation. Such entrepreneurism requires the right attitude and skills from
everybody involved in Tasmania’s value chain. While some attitudes will and need
to change, skills must also be developed. This relies on a supportive, accessible
and inclusive education system that caters for all educational needs—from primary
school to vocational training to associate, graduate and post-graduate qualification.
It also requires a supportive and responsive policy environment that clearly artic-
ulates the Government’s role in this process and helps to overcome a deep seated
entitlement culture that has far too often stifled entrepreneurial spirit in Tasmania
(West 2013).

8 Solutions to Complex Problems: Innovation Platforms
and a Theory of Change

Rural Australia and Australia’s agrifood sector faces unique, complex problems
that require development approaches emphasising endogenous or local rather
than external interventions (Khisty 2006; Tomaney 2010) to address the ‘wicked
problems’ (Rittel and Webber 1973) i.e. problems that can only ever be partially
resolved. One approach is to use ‘place-based’ strategies that identify how the
unique attributes of individual places determine the constraints, and the tangible
and intangible assets that influence the development of comparative advantages and
fosters innovation (Ryser and Halseth 2010; Woods 2012).

Traditional approaches have focused on economic analyses with little consider-
ation of the non-traded, knowledge-based intangibles that may be used to construct
regional advantage. A proportion of this knowledge is tacit, meaning it cannot
be fully codified or documented. Taking such tacit knowledge into account could
create meaningful government interventions that go beyond fragmented policies
and simple ‘place-branding’, instead focusing on coordinated, holistic strategies that
facilitate supportive, top-down, regional, whole-of-government policy support and
community cooperation (Bachtler 2010). In particular, rural-urban networking and
capacity have been found to be important to regional innovation (Dabson 2011;
Pritchard et al. 2012) as long as the influence of individual values, beliefs and
norms on adaptive behaviour in regional change are well understood and accounted
for in the planning stage (Raymond et al. 2011). Long-term approaches that focus
on innovation, facilitate the active involvement of stakeholders and develop human
capital are essential (Tomaney 2010).

Innovation platforms are a critical success factor for constructive dialogues and
capability development (Ekboir and Rajalahti 2012). They draw on networks of
diverse public/private actors who voluntarily contribute the necessary resources
and facilitate innovation. Such innovation platforms are often a consequence of
effective boundary organisations forming action-oriented communities of practice
(here we expanded the boundary organisation model discussed by Guston (1999)
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by including private sector actors as a third partner to the science—government
model). A very practical outcome of innovation platforms is the construction of
competitive advantages (McCall 2009; Eversole and McCall 2014) by creating
business ecosystems. Bonney et al. (2016) advocated this approach based on
Emery and Flora’s (2006) seven capitals (natural, cultural, human, built, financial,
political and social capital) as the basis for analysis and the development of a more
entrepreneurial, innovative agrifood industry in Tasmania. The capitals framework
is a typology to understand and analyse a community’s fundamental building blocks
of development from a systems perspective, and provides a lens to consider both the
inhibitors and enablers of innovation in the agricultural sector.

Continuing research into regional agricultural entrepreneurship and innovation,
that has compared seven Australian regions, suggests that there are similarities and
differences in regional factors that drive innovation. Even the most common factors
have a varying emphasis from region to region (Bonney et al. 2013b, 2015, 2016).
The research also suggests that there is a sequential influence of capitals in ‘place-
based development’ that moves from ‘foundational’ natural, cultural and social, to
the ‘enabling’ political and financial capitals. When these influences align, they can
create the human capital necessary to produce and deliver place-based products and
services.

These broader systems approaches are particularly important as Tasmania experi-
ences an entrepreneurial renewal with an emerging cultural tourism industry driven
by the Museum of Old and New Art or MONA (Lehman et al. 2016; MONA 2016).
Against the background of these cultural changes, a portfolio of new, agricultural-
based ventures is also emerging. These ventures market high value, premium
agricultural products such as organic farmed Atlantic salmon, ultra-fine wool,
Wagyu and organic beef, artisan cheese, leatherwood honey, flowers, pyrethrum,
pharmaceuticals, cherries, high quality whisky, gin and vodka, fine wines, craft beers
and ciders.

We know from experience that more knowledge doesn’t necessarily lead to better
action; the ‘know-do gap’ within agriculture and food systems has been widely
documented. For example, knowledge about the causes of diet-related diseases
does not necessarily change peoples’ eating habits. Behaviour change requires
empowerment through shared knowledge and individual attitudes, and a supportive
culture to convert intention to action (Fishbein and Ajzen 1975, 2010). Individuals
must be given the capacity to actively contribute to their aspired outcomes (such
capacity includes the availability, affordability and acceptability of, for instance,
healthier alternatives). Empowerment leads to informed decision-making and in
doing so creates value. Hence, empowerment can lead to well-reasoned action or
in-action.

Cooke (2007), an architect of regional innovation systems in Europe, has sug-
gested a framework for policy platforms to assist the development of ‘constructed
advantage’. It is a process of further developing existing social capital that produces
not only product innovation but also local governance that enables innovation to
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occur. According to Cooke (2007) this involves a strategic focus on:

• Economy: proactively ‘constructing’ future sources of economic competitive-
ness in the region with: inter-firm interactions; integration of knowledge genera-
tion; and, both local and global business networks.

• Multi-level governance: seeking out governance mechanisms that support a
proactive approach to the region’s future by: alignment of stakeholder interests
and management of expectations; strong policy-support for innovators; enhanced
budgets for outcomes-focussed research; and vision-led, principled and ethical
policy leadership.

• Knowledge Infrastructure: the active involvement of knowledge-based organi-
sations in constructing advantage in the region through horizontal co-innovation
solving shared problems.

• Community and culture: community and public, cultural orientation toward
proactivity, entrepreneurship and innovation.

Coordination of these policy instruments in order to achieve desired outcomes is
often one of the biggest challenges for an institution. This is where well-planned and
effective interventions based on a theory of change (ToC) and effective foresighting
can help.

The ToC approach is ‘ : : : a comprehensive description and illustration of how
and why a desired change is expected to happen in a particular context : : : it does
this by first identifying the desired long-term goals and then works back from these
to identify all the conditions (outcomes) that must be in place (and how these relate
to one another causally) for the goals to occur : : : ’ (Centre for Theory of Change
2016).

In practice this can be achieved by strategic foresight which anticipates future
events by articulating possible, plausible, probable and preferable futures as demon-
strated for the rollout of irrigation infrastructure in Tasmania (OECD 2016).
Foresight illuminates the implications of present actions thus helping to avoid
problems and develops plans to achieve the preferred future (Voros 2003; Slaughter
2004). More importantly though, the process facilitates the development of anticipa-
tory individual mental models and group cultures that enable an agility to cope with
the environmental drivers, critical uncertainties and wildcards (low probability, high
impact events) which drive their emergent future trajectory. In doing so, foresighting
facilitates unified, coordinated action in a general direction with an ability to cope
with the unexpected (Ingvar 1985; MacKay and McKiernan 2004). In this context,
foresighting effectively becomes a ‘construction of the future’ (McCall 2009) rather
than allowing serendipity to prevail or, more to the point, its antonym, zemblanity
to dominate (i.e. situation where humanity constructs their own misfortune in the
systems designed to avoid it; Giustiniano et al. 2016).

Hence, stakeholder engagement must happen at the onset and, ideally, through-
out the development process to generate additional means and ends. A useful
entrepreneurial method is effectuation logic (Sarasvathy and Venkataraman 2011)
in which actors use the status quo (“what I know, who I know, and who I am”)
as a starting point for the creation of a preferred, new future. Adaption of this
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method to policy making in Tasmania suggests that policies become most effective
when they are co-created with stakeholders allowing a preferred future to emerge as
contingencies are leveraged and new partnerships are created.

Effectuation consists of five principles (Society for Effectual Action 2016):

1. “Bird-in-Hand” or always start with the means you can control;
2. “Affordable Loss” to control the downside risk by using partners and pre-

committed stakeholders to co-create a policy draft;
3. Using wildcard surprises in policy to create a new insight into systems dynamics

and then use this to create new policy opportunities;
4. Co-create a policy draft via strategic conversations with stakeholders willing to

put “skin in the game” and risk financial, political, and reputation loss; and,
5. A “Pilot-in-the-plane” approach based around a philosophy that the future is

created rather than predicted and as such can be shaped to create a better future
for all.

Effectuation leads to a divergent and expanding effectual cycle that is recursive,
dynamic and flexible, and that results in both new outcomes and new means. It takes
into account the dynamic of messy, human interactions and relationships that exist
in real life (Bonney et al. 2013a).

In summary, methods such as strategic foresighting and effectuation logic allow
people to think ahead and consider, model, explore, create and respond to future
eventualities. The process includes questioning ingrained assumptions and (often
limiting) beliefs that underpin current strategy. Usually behaviour change only
occurs once a series of pre-conditions are met. Particularly in group settings,
practice change is contingent on positive experiences for any change in participants’
knowledge, attitudes, skills and/or aspirations (KASA). KASA-level change is
regarded as a pre-requisite to practice change.

The effectiveness of these methodologies was acknowledged by the OECD’s
Observatory for Public Sector Innovation as part of their ‘Stakeholder Engagement
for Inclusive Water Governance’ series (OECD 2016). In this series the OECD
has recognised the leadership of the Tasmanian Government and the Tasmanian
Institute of Agriculture, a boundary organisation that conducts extensive stakeholder
consultations across a broad range of local actors (business, service providers,
farmers, civil society, etc.). In response to three divergent foresighting scenarios, the
team established well-defined and agreed irrigation research priorities supported by
all stakeholders. This research and development (R&D) coalition is now delivering
the knowledge infrastructure needed to compliment hard investments in water
resource infrastructure. The coalition also needs to establish how Tasmania can
avoid the problems that have historically plagued irrigation: salinization, water
logging, erosion and the over exploitation of water resources.

In pursuing food security as a pillar of Tasmania’s bioeconomy, we need to
recognise that there are top-down constructs that will be shaped and influenced
by policy and institutional settings. In the end, however, embedded food-systems
will be implemented by farmers, agri-business leaders and processors pursuing
economic ends. Non-food products could play an increasingly important role
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in Tasmania’s bioeconomy as the current examples of medicinal alkaloids and
pyrethrum production already demonstrates. Technological disruptors such as
synthetic biology and the use of microbes to produce plant-derived chemicals will
further test the adaptive capacity of the agrifood sector. This will be an area of rich
social narrative, and in the process, norms, values and world views are and will be
challenged and nearly every proposed ‘solution’ is likely to be contested at some
level (Leith and Meinke 2013). Trade-offs will be inevitable, and compromises will
have to be reached, particularly in instances where a farmers’ economic viability is
often driven by short term gains that can compromise their long term sustainability.
There will be a need to resist short term solutions that more readily attract resourcing
than longer, but more sustainable approaches.

Tasmania’s bioeconomy is a microcosm that offers insights for other societies
and economies in transition. The ability for Tasmanian agricultural value chains
to be innovative and entrepreneurial is derived from its natural capitals such as its
land and water resources. Effective innovation (OECD 2005) that creates and com-
mercialises “new or significantly improved product (good or service), process, new
marketing method or a new organisational method in business practices” strongly
depends on such natural capital and needs to be paired with adequate human,
financial, and social community capital. While Tasmania’s natural capital requires
appropriate governance and protection (e.g. sound and enforced environmental
protection laws and effective biosecurity measures), the cultural and human capitals
require development and nurturing. For Tasmania this means a particular emphasis
on improved levels of education in order to overcome some of the deeply ingrained
cultural impediments to sustainable development. A focus on education and its
governance is critical for an island that has a worryingly high rate of functional
illiteracy and welfare dependency (Rigney 2013).

9 Conclusions

Over the last decades Tasmania’s bioeconomy has moved from a situation where
knowledge came embedded in the inputs delivered to the farm (e.g. hybrid seeds,
mineral fertilisers, etc.) to a situation where farmers now need to be highly
skilled, knowledgeable, technologically savvy and digitally connected if they
want to partake in the bio-based revolution that is taking place. Opportunities
abound but engagement and investment decisions are not simple, markets and
value chains are globalised and production methods are more scrutinised which
determines market access. The challenges ahead will increasingly be characterised
by technical complexity, uncertainty, a mix of social, economic and biophysical
drivers, abundant data and information of variable quality. Contested issues among
diverse stakeholders will create additional challenges.

Tasmania can have a very bright and vibrant future. With good governance of
all the components that make up Tasmania’s agriculturally-based value chains, the
island may get close to the vision articulated by Government in 2015: a more
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than fivefold increase in the value of Tasmania’s bioeconomy by 2050. To make
this future a reality, the relevant actors need to first imagine it. The community
need to agree on what they want and then jointly figure out and commit to
pathways that will get them there. Arguably, the age of business-as-usual with
occasional change management is over, necessitating structures that enable on-
going adaptation, knowledge and risk management. Tasmania has all the ingredients
and tools for this task, especially the natural capital and human potential. Here
we have outlined some of the well-tested principles and approaches to research,
industry development, knowledge creation and policy development that can achieve
the desired vision, create acceptable compromises, build socio-economic resilience
and, ultimately, create a better future. All we need to do is make it happen.
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Abstract This chapter address some key opportunities and challenges for the
bioeconomy development in Malaysia with an emphasis on biomass utilization,
energy and industry applications. A few related areas have been reported and the
discussion includes various resources including issues in supply chain pertaining to
biomass sustainability and availability. Some examples of the food and food related
ingredients project outcomes (rubber industry, banana, palm oil industry) were
exhibited and their significance in Malaysian bioeconomy is proposed. Case studies
and examples are provided to illustrate both driving forces and constraints (past,
present and future) of bioeconomy development in Malaysia. A few bioeconomy
projects in Malaysia which directly or indirectly contribute to international policy
related to climate change, food technology and technology transfer are reported.
An overview of the selected research project that was conducted by Universiti
Sains Malaysia’s researchers in relation to biomass resource development and
minimization of the environmental impacts was depicted through an integrated
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1 Introduction

We are living in the era which is facing a pressing concern towards moving
from heavy dependence on fossil fuels to opening up new doors for bio-based
material. Therefore, bioeconomy is under the spotlight of current research trend.
In 2005, National Biotechnology Policy was drafted in Malaysia with the aim of
transforming Malaysian economy into a high-income, inclusive and sustainable
economy. This then led to the launching of its very own bioeconomy program
known as Bioeconomy Transformation Program (BTP) in the year 2012. The
program provided a platform by the government for the private sector to maximize
commercial opportunities. The program is also designed specifically to benefit
Malaysian society through cultivating commercialization of bio-based products
from the industry (Albrecht and Ettling 2014).

The Malaysian economy is showing its potential, according to the Ease of Doing
Business Report. Malaysia has risen from twelfth to the sixth position among 189
economies that were appraised. Moreover, Bioeconomy Community Development
Programme (BCPD) was also introduced to boost the BTP. The BCDP was designed
to transform rural communities via adoption of bio-based technologies. Malaysian
Biotechnology Corporation (BiotechCorp) was selected in this regard to be the
prime mover in the efforts towards formulation and implementation of strategies
to improve those areas with vast potential. While the Ministry of Science and
Technology and Innovation (MOSTI) was chosen to facilitate interdepartmental
coordination between the relevant Bioeconomy ministries (Annual Report Bioe-
conomy Malaysia 2014). Figure 1 illustrates an overview of the road map to
bioeconomy in Malaysia.

In BTP, up to 20 entry point projects (EPPs) were introduced in 2012 and in
October 2015, a total of 48 EPPs were introduced which encompassed projects
for three major areas including agriculture, healthcare and industry (Annual Report
Bioeconomy Malaysia 2014). These EPPs are focusing in the area of bioremedia-
tion, biomaterials, bio-based chemicals, industrial bio-inputs, bio-based farm inputs,
high-value food varieties, high-value bio-ingredients, stem cells and regenerative
medicine, molecular screening and diagnostics, drug discovery and preclinical
services and biopharmaceuticals.
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Fig. 1 Bioeconomy in Malaysia: insight, initiative and potential (Annual Report Bioeconomy
Malaysia 2014)

According to Bioeconomy Malaysia, the focus of agricultural entry point projects
is divided into three categories which are (1) secure local-based farm inputs
(2) identify, produce and commercialize high value local bio-ingredients and (3)
develop and commercialize high value of food varieties. List of projects in lieu of
these categories is recorded in Table 1.
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2 Bioeconomy Research Scenarios in Malaysia

Various studies are being conducted in universities and institutes across Malaysia
which relate to the objectives of Bioeconomy Transformation Program (BTP). Some
of the BTP related areas shall be highlighted in the following section.

2.1 Energy and Environmental Related Research

National Biofuel Policy (NBP) was introduced in 2006 and was aimed at introducing
alternative energy in place of fossil fuels (Abdul-Manan et al. 2014). In Eighth
Malaysia Plan, renewable resources (biomass, biogas, municipal waste, solar and
mini-hydro) were given priority as an effort in promoting the so-called fifth fuels.

Hosseini and Wahid employed a newly designed lab-scale flames reactor named
“self-preheated flameless combustion (SPFC)” system. The flameless chamber is
used as a heater for preheating an oxidizer over the self-ignition temperature of the
fuel. The results obtained indicated power generation of 10.8 MW utilizing Palm
Oil Mill Effluent (POME). However, the downside observed was the high rate of
pollutant emissions (CO2 and NO3). In Malaysia, oil palm biomass is converted
into various value added products. Mesocarp fibre and palm kernel seeds were
used as fuel for boilers to generate electricity and steam for palm oil extraction
(Subramaniam et al. 2008). However, high moisture content in empty fruit bunches
(EFB) makes it impossible to be used as a fuel since high amount of energy is
required for drying it before it can be used as fuel (Kelly-Yong et al. 2007). Palm
kernel seeds, on the other hand, have lower moisture content (17%) and is a decent
biomass fuel (Prasertsan and Prasertsan 1996). The biogas generated in the mill can
be employed in boilers as co-combustion fuel which can reduce the usage of other
biomass as fuel.

Ying et al. (2014) reported that when EFB and kenaf core fibres were treated
with water, acid and alkaline mediums, they enhanced the hydrolysability. Hence,
the conversion of sugar from cellulose was improved and was crucial for increased
production of cellulosic ethanol. Oil palm ash from the mill boiler was reported
to have low levels of toxicity and contained potassium, and so it is being used as
fertilizer (Yin et al. 2008; Ying et al. 2014). Nevertheless, tonnes of EFB were
also reported to be used as raw material in brown paper production (Saleh et al.
2009). Empty fruit bunches (EFB) are a promising source of sugar for production
of bioethanol, a second generation biofuel which is generated from non-edible
cellulosic biomass (Kong et al. 2014). Malaysian Palm Oil Board (MPOB) had
carried out a study to convert EFB into papermaking pulp. Chlorine-free methods
were also used for bleaching the pulp for paper production (Gurmit et al. 1999;
Kamarudin et al. 2009). They were used for making cigarette paper and bond
paper (Agency 2001). Various studies have been carried out on other lignocellulosic
materials in manufacturing binderless board. However, Sulaiman et al. considered
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oil palm as a high potential, non-wood lignocellulosic materials in producing wood
based panels. Binderless particle board produced from oil palm trunk was reported
to have high mechanical strength. In recent studies, both young and old palm trunk
were used in producing binderless particle board. However, the binderless panel
made from young trunk showed superiority in terms of mechanical and physical
properties (Sulaiman et al. 2011; Lamaming et al. 2014; Embrandiri et al. 2015).

In oil palm mill that processes 60 t/h of EFB, up to 2.4 t of methane gas can be
derived from POME per year and if written in terms of calorific value, the amount
of POME is equal to about 3.4 million litres of diesel (Chin et al. 2013). Hence,
the biogas recovered in the mills has a high potential to work as replacement for
diesel. On the other hand, as an effort in conjunction with the implementation of
Entry Point Project No 5 (EPP 5) under National Key Economic Areas (NKEA), by
2020, the Malaysian government has aimed to accomplish the installation of biogas
facilities in all palm oil mills in the country (MPOB 2014).

Biochar can be created when biomass is heated to high temperature (300–
1000ıC) under limited or zero oxygen condition. Biochar is also defined as
charred organic matter and has the tendency to improve soil properties when
used. A collaboration was made between Universiti Putra Malaysia (UPM) and
Nasmech Technology Sdn Bhd in building a biochar production plant with the
aim of converting EFB and other residue materials into biochar in large quantities
(20 t daily) (Bernama 2010). However, one of the challenges faced by the biochar
production is the absence of long term partnership contract between individual
producers and oil palm biomass suppliers in the market. Setting up collection centres
to improve better collaboration may be needed for increasing the acceptance and
usage of value added products derived from palm oil mill waste (Sulaiman et
al. 2011). Palm shell has been used as fuel in the boilers of Malaysian cement
companies, and the results indicated a reduction in CO2 emissions by 366.26
thousand metric tonnes in the year 2006 alone (Dit 2007).

Production of hydrogen through gasification of oil palm waste (EFB, fibre, shell,
trunks and fronds) has also been reported as promising green technology (Azali
et al. 2005; Kelly-Yong et al. 2007). Hydrogen as a transportation fuel provides
higher engine efficiency as well as zero emissions (Neef 2009). Hence, utilizing
palm oil waste as an alternative to fossil fuel in Malaysian industries may still
be at an early stage, but, there is no doubt that it is exhibiting massive potential.
However, cost benefits analysis should also be conducted before introducing any
new technology into the market as many of the products and technology are merely
at the research and development stage. A model of future hydrogen demand in
the transportation of peninsular Malaysia was created by Kamarudin et al. (2009),
and the production of hydrogen from biomass resources has received attention
from government and researchers in Malaysia. However, further investigation and
research are still needed.
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2.2 Food and Food Related Ingredients

The production of the agricultural produces in Malaysia is a lot, however, the
abundant amount of agricultural biomass is not efficiently utilised. Thus, it is crucial
to mitigate this matter in order to enhance the Malaysian bioeconomy that indirectly
contributes to strengthen the economy of the country and vary the utilisation
and consumption of the agricultural biomass. Few agricultural biomasses as food
products will be discussed further in this section.

2.2.1 Rubber Industries

Rubber (Hevea brasiliensis) industries are known as one of the important agricul-
tural industry in Malaysia, however, the use of rubber biomass is limited compared
to other agricultural crops (Ratnasingam et al. 2015). Rubber can only be grown
in tropical climates of Malaysia and few other countries. Total rubber consumed
by the industry increased from 187,592 t to 579,248 t for the previous 17 years
(1990–2007) (Abu-Jarad et al. 2011). For food application, the biomass utilisation
is focussing on the rubber seed. Figure 2 illustrates the different maturity stages of
the rubber seed.

Fig. 2 Rubber seed that potential as food product (a) The young rubber seed (b) The old rubber
seed (c) Fruit of rubber seed (d) The kernel of rubber seed (Ishak et al. 2015)
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Table 2 The utilisation of rubber tree biomass

Biomass Summary of research References

Rubber seed Protein source Rubber seeds were dehulled, and the
kernel was milled using a household dry blender (50 Hz)

Eka et al. (2010)

Production of rubber seed oil Abdullah and
Salimon (2009)

The rubber wood biomass commonly contributes to biomass energy and pro-
duction of furniture wood for Asian, European or American markets (Zafar 2015).
In Malaysia about 62% of the rubber wood is used as fuel, 5% is used for other
purposes such as furniture, and there is no information about the remaining 30–
35% which could mean that such amount would be left unused (Lim 1986). To date,
there is scarce information on the development of agricultural biomass waste as food
products in Malaysia. Table 2 summarise the work related to the rubber seed on food
related application.

2.2.2 Banana

Banana is known as the earliest agricultural crop in the world. The origin which is in
India has expanded to South East Asia and the estimated gross production exceeds
139 million tonnes per year. The production of banana in Malaysia is approximately
294,000 metric tonnes from 29,000 ha of plantation (Malaysia Productivity Report
2014). Banana is also known as the second largest fruit crop in the world. Banana
is mainly demanded as a fruit but the other parts of banana which are considered
as agricultural biomass are also known for variety of usages. Banana is considered
as a fruit crop or cash crop alongside other crops such as oil palm, sugarcane, rice
and others. Native people tend to consume most parts of banana as their daily food
or for other purposes. Few inventions such as renewable energy, textiles and fibre
composites, food alternatives and livestock feed were also developed in order to
enhance the utilisation of banana biomass.

Figure 3 indicates the agriculture biomass that was produced from a banana tree.
The pseudo-stem gave the highest percentage of biomass which is 30.81% followed
by leaf and leaf base that is 23.14%. The roots produce 0.97% which is the lowest
biomass produced by a banana tree.

Banana biomasses related research are summarise in Table 3.
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16%

15%

31%

13%

1%

23%
1%

Fruit bunch

Leaf sheath

Pseudostem

Rhizome

Roots

Leaf & leaf base

Flower & bract

Fig. 3 The agriculture biomass of a banana tree (Saravanan and Aradhya 2011)

Table 3 The utilisation of banana biomass

Food
Biomass ingredients Summary of research References

Pseudo-
stem

Starch Food thickeners, gelling agent, reinforcing
agent in tablets, fillers

Aziz et al. (2011)

Flour Pasting properties of the type of flour
partially substituted with banana
pseudo-stem flour

Ho et al. (2012)

Flour Production of wheat bread incorporated with
banana pseudo-stem flour

Ho et al. (2013)

Banana
peels

Flour Production and analysis of physico-chemical
properties of banana peel flour

Haslinda et al. (2009)

Incorporation of banana pulp and peel flour
in yellow alkaline noodle

Ramli et al. (2009)

Production of banana pulp and peel flour Alkarkhi et al. (2011)

2.2.3 Palm Oil Industries

As of the year 2010, it had been reported that 4.6 million hectares of land in
Malaysia were planted with oil palm trees. These plantations produced 16.99
million tonnes of crude palm oil and 2.01 million tonnes of crude palm kernel oil
(MPOB 2015). Despite producing a large amount of palm oil, the vast plantation
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areas require replantation after a stipulated period which generates large amount
of biomass waste. It was reported that 40 million tonnes of biomass waste was
produced annually which included empty fruit bunch (EFB), oil palm frond
(OPF) and oil palm trunk (OPT). This biomass waste has the potential to be
consumed as raw sources for bioenergy and new food products (Low 2013). Various
investigations had been conducted to utilise this renewable source, thus improving
the waste management of palm oil industry.

Empty fruit bunch (EFB) is the leftover of the bunch from which fruits were
removed for palm oil production in the palm oil mill (Lee and Ofori-Boateng 2013).
In Malaysia, 15.8 million tonnes of EFB were produced annually (Sumathi et al.
2008). The production frequency of EFB is more frequent compared to other types
of wastes, as EFB is produced during the harvesting period along with the palm
fruits. It was reported that EFB was used as a source of nutrients in the plantation
area due to its inherent production of xylose (Rahman et al. 2006).

Locally, the biomass waste of oil palm frond (OPF) was reported to be approx-
imately 54.17 million tonnes in the year of 2010 and 54.24 million tonnes in 2011
(Zahari et al. 2004). Due to a large amount of OPF being produced annually, many
research studies were conducted on OPF for the production of binderless board
(Laemsak and Okuma 2000), pulp and paper (Wanrosli et al. 2007). The OPF has
abundant amount of hemicellulose that is made of polymers of pentoses, hexoses
and sugar acids (Sabiha-Hanim et al. 2015).

The oil palm trunk (OPT) is a biomass waste arising from the oil palm
replantation process. The OPT is usually high in moisture and starch contents. It
has been reported that 13.5 million tonnes of OPT were produced in the year of
2011, with an expected increase of 50% by the year of 2020 (Lee and Ofori-Boateng
2013; MPOB 2012). This oil palm biomass is utilised as particleboard (Hashim et
al. 2011), furniture and plywood (Khalil et al. 2010). This shows that most of the
OPT applications involve the dry matter (fibre) of the OPT, despite 70% of the
trunk weight consists of watery compound (sap). The OPT sap consists of 6.67%
sugar and significant amount of amino acids, vitamins and minerals (Kosugi et al.
2010).

Most of the biomass waste is high in hemicellulose and sugars making it an
important raw material for food industry. The EFB was used to produce cellulase,
an enzyme that is use in food processing (Ariffin et al. 2008). Besides, the utilisation
of OPF to produce xylose and xylooligosaccharides opens the opportunity for OPF
to be used in food industry (Sabiha-Hanim et al. 2015). In addition, extraction and
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Table 4 The utilisation of oil palm biomass waste of food industry

Biomass Summary of research References

Empty
fruit bunch

Raw material in cellulase production Ariffin et al. (2008)

Oil palm
frond

Hydrothermal treatment and physicochemical
properties analysis of hemicellulose extracted
from oil palm frond

Fazilah et al. (2009)

Production of xylose and xylooligosaccharides by
autohydrolysis and enzymatic treatment

Sabiha-Hanim et al. (2011)

Production of hemicellulose fractions
impregnated with alkaline or water and treated
with steam explosion

Sabiha-Hanim et al. (2011)

Oil palm
trunk

Oil palm trunk sap was used as sugar source for
lactic acid production

Kosugi et al. (2010)

Production of alternative sweetener from oil palm
trunk sap

Potential

Incorporation of oil palm trunk syrup as an
ingredient in toffee production

Potential

physicochemical properties of hemicellulose from OPF have been studied (Fazilah
et al. 2009). Hemicellulose was reported by Sabiha-Hanim et al. (2015) as one of
the sources for xylooligosaccharides (Bian et al. 2014; Sabiha-Hanim et al. 2011)
and xylitol, which is a valuable additive in food industry (Ping et al. 2013). Table 4
shows the summary of researches on oil palm biomass waste in the food industry of
Malaysia.

In addition to that, OPT has the potential to be utilised in food industry as well.
The OPT sap can be developed as a food ingredient. High sugar concentrations
with the presence of vitamins and minerals give the sap advantage as a potential
nutritional food ingredient. The fact that maple syrup and Birch syrup are produced
from tree sap eventually makes OPT sap as probable raw material in syrup
production.

3 Biomass Related Researches in School of Industrial
Technology, Universiti Sains Malaysia

Current work relevant to biomass industry in Malaysia, specifically Universiti Sains
Malaysia are summarised in Figs. 4, 5, and 6.
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Fig. 4 Utilisation of agriculture biomass for green material
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COMPOSTING SITE

AGRICULTURAL WASTE

ORAGANIC POLYMER FOR
FLOCCULATION-

COAGULATION PROCESS 

BIOGAS GENERATION

96% TURBIDITY REMOVAL BP ODOURLESS TO
REMOVE BAD ODOUR 

VERMIWASH

Fig. 5 Summary of BP odourless, bioflocculant and biogas processes
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Oil palm frond (OPF)

Oil palm trunk (OPT)

Food application

Oil palm trunk sap

(OPT sap)
• 70% of the trunk weight
• 6.67% sugar

Oil palm trunk syrup Oil palm toffee
(OPT syrup)

• glucose and fructose as

major sugar

Empty fruit bunch (EFB)Waste from palm oil industry
(40 million tons annually)

Fig. 6 Utilisation of oil palm trunk sap as potential food ingredients
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Fig. 7 Issues of agriculture biomass in Malaysia

4 Issue of Biomass Supply Chain in Malaysia

With massive experience in utilising natural resource of biomass for bioeconomy
related projects, Malaysia is formalizing a more comprehensive way in ensuring the
sustainability of the biomass resources. The complexities in the value chain process
will lead to the instability of the supply and demand. There is also some serious
underlying issue of a mismatch between supply and demand. Figure 7 illustrates the
common factors and way forward for a betterment of the process.

5 Conclusion

As Malaysia is a country that is vast in agricultural sources, there will be plenty
of agricultural biomass that can be utilised in the bio-economy. The agriculture
biomass is not only suitable for the energy production, but it can also be used as
a source for materials and food supply. The aspect of financial investor and the
expertise of researchers to broaden the potential of the agriculture biomass are cru-
cial areas which need to be focused on. More promotion and commercialisation by
the country and contribution of studies from Malaysia and international researchers
need to be done to realise the objectives.

However, to make the target a reality every party such as the authorities,
researchers, business community and industrial companies have to collaborate and
cooperate in order to make agricultural biomass as one of the potential and main
sources for the drive of the bio-economy in Malaysia. Thus, with the enhancement
and development of these sources, it is not impossible for the agriculture biomass to
become the financial contributor to the Malaysian economy. Indirectly, it may bring
positive outcomes not only to the nation but to the world and the people.
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University-Industry Relationships in the
Bioeconomy Innovation System of Denmark

Keld Ejdrup Markedal, Jens Christian Sørensen, and Susanne Sørensen

Abstract Creation of new innovative processes and products within the high
frequency of small and medium size enterprises in collaboration with academia
can unfold a large potential that can diminish some of the consequences of the
four major crises comprising the environmental crises, the food crises, the energy
crises, and the economic crises. To unfold this potential the gap between SME’s and
academia must be bridged. Combining university research and industrial knowhow
in an effort to develop holistic, environmentally friendly and economically feasible
technologies for optimal processing of agricultural products may result in sustain-
able production of high value food and feed ingredients as well as bioenergy and
non-food products. The technologies must ensure optimal use of natural resources as
well as having focus on quality in all parts of the supply chain and thereby increasing
the overall economic feasibility of the process. The challenge thereby appears that
the processing has to be defined by numerous quality standards which needs to
be prioritized by considering parameters like environmental impact, minimizing
the formation of waste and optimizing the product portfolio and the profitability.
Involving SME’s in industrial collaboration ecosystems facilitated by academia,
where the residual product of one enterprise is used as a resource by another may
serve as a potential solution for utilizing the competences of these companies and
the public research in a sustainable bio-economy.

1 Introduction

The annual Danish budget for research and development (R&D) is according to the
Danish Ministry of Higher Education and Science around 6.5 billion AC including
the public funding of approx. 1% of the gross domestic product (GDP) making
Denmark one of few European countries that fulfill the common European goals of
investing a total of 3% of GDP in R&D (Concern Statistics and Analysis 2012) as
defined in the Lisbon strategy (European Commission 2005).
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The R&D activities can be divided into subclasses i.e. basic research, applied
research and experimental development (Organisation for Economic Co-operation
and Development 2002). The Danish universities and other public research insti-
tutions have traditionally focused their main research activities on basic research
whereas the research activities in the private sector generally are directed towards
applied research and experimental development. This picture is very simplified
because also private enterprises conduct basic research, aiming at creation of a broad
foundation of knowledge in the company (Concern Statistics and Analysis 2012).

The main focus of the private enterprises is business development whereas
the public research institutions have a scope of expanding the general knowledge
for the benefit of the society and provide the basis for research based teaching
and consultancy assignments for the public sector. This is not always conducted
in timeframes suitable for private business or with a scope of creating business
potential, but may on the other hand have a strength in being shared, tested and
further developed by a potentially large group of scientists and may then show
potential for commercial utilization in a broader range of industrial sectors. In
the early nineties the Danish Government launched a new strategy for funding
initiatives to support co-operation between industry and academia and increase
knowledge transfer for the benefit of the industry. The timespan for industrial
commercialization of academic research therefore seems to decrease (Concern
Statistics and Analysis 2012) indicating a tendency towards increased research
collaboration between public institutions and private companies or a sharpened
focus from the academia research on applied research. Regardless of this trend the
majority of the research conducted within the two sectors are still financed internally
and only app. 3.2% of the accumulated Danish research budget is transferred across
the sectors (Concern Statistics and Analysis 2012).

2 Strategic Focus on Research Collaborations

Governments in several European countries have during the last decade created
strategies to improve compatibility and growth in the national private sector. In
December 2012 the Danish Minister of Higher Educations and Science published
the strategy ‘Denmark—Land of Solutions; Strengthened cooperation and better
framework for business innovation’ in collaboration with Minister for Business and
Growth. The aim is to initiate innovative solutions to major societal challenges that
will translate into growth and jobs (Denmark and The Government 2012).

The three focus areas that are described in the strategy are:

1. Social challenges must drive innovation: Demand for solutions to specific
challenges in society must be given priority in the public innovation efforts.

2. More knowledge should translate into value: Focus on mutual knowledge
between businesses and knowledge institutions and effective innovation systems.

3. Programs must increase innovation capacity: a change of culture in the education
system with more focus on innovation.
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Even though the overall growth of the European economy in 2015 seems to be
recovering after the financial crisis this is mostly due to the increasing demands
from the domestic markets and accelerated exports (World Bank Group 2016),
whereas the social challenges mentioned in the Danish 2012 strategy are still valid.
Furthermore The World Bank estimates that there is a risk of spillover from a decline
in the GDP growth in Brazil, India, China and especially Russia making innovative
growth even more necessary. The challenges described in the 2012 strategy that
particularly calls for new innovative solutions are within areas such as sustainable
energy supply, reducing environmental and climate impacts, securing healthy and
safe food supply, ensuring clean water supply, creation of cheaper and better health
and welfare solutions and the creation of a more efficient public sector (Denmark
and The Government 2012).

The main drivers in creating the innovative solutions needed to assist solving
these global challenges and to generate increased growth and employment are
according to the strategy utilization of strong business competences in combination
with strong research capabilities. Innovation and knowledge-driven development
focusing on solving the global challenges is foreseen to have a large potential as
an area to help the recovery of the Danish economy and the consequences inflicted
by the recent financial crises.

The high frequency of small and medium size enterprises (SME’s) in Denmark
and a hypothesis that large enterprises are often more innovative than minor
companies (The Ministry of Economic and Business Affairs 2011) has resulted
in a strategy that through a change in the public research support system aims at 25
specific focus areas (Denmark and The Government 2012) to support more:

– Professional clusters and networks,
– Establish a combined program for knowledge-based innovation in SME’s
– Prioritize research and development that support Danish production as well as

put specific focus on innovation in knowledge institutions.

3 Global Challenges in Relation to Danish Innovation

Sustainable energy supply, reducing environmental and climate impacts, healthy and
safe food supply and ensuring clean water supply are closely linked (Danish Ethics
Committee 2012).

The world population has in 2015 reached 7.3 billion, which indicates a linear
growth of 1 billion people in 13 years since 1990, a tendency that according to
United Nations will result in a world population of 8.5 billion people in 2030 and
between 9.5 and 13.3 billion in 2100. The vast majority of population growth is
expected to be in countries with a high fertility rate or with large populations;
these countries include India, Nigeria, Pakistan, Democratic Republic of the Congo,
Ethiopia, United Republic of Tanzania, United States of America, Indonesia and
Uganda. At the same time Europe is expected to experience a decline in the total
population (United Nations 2015).
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A decrease in the population growth rate is expected to result in a stagnation of
the world population over time but as long as the world population is increasing the
demand for both food and energy will grow. The demand for agricultural products
is according to World Health Organization (WHO) still expected to increase with
approx. 1.5% annually over the next 30 years which is less than half of the rate seen
over the past 30 years (WHO 2016) but still at a level that calls for attention.

A shift in the dietary composition is furthermore expected as average income
increases particularly in developing countries. Staples like cereals, roots and tubers
will decrease their share while commodities like meat, dairy products and oil crops
will increase. In the developing countries in particular the demand for dairy products
and meat is predicted to grow faster than the production. Therefore additional speed
in the production growth or increased imports is needed unless a change in the
consumer behavior is achieved (WHO 2016).

Increased food production and especially meat with special emphasis on cattle
meat production will have a negative impact on water use and water quality,
greenhouse gas emission and other factors (Eshel et al. 2014) that may affect the
local environment as well as the global climate. Apart from this the productions will
also require an energy input that further adds to the energy crises inflicted by an
increased global population.

The Danish Ethics Committee has discussed how to address the four major
global crises regarding food supply, energy supply, conservation/protection of nature
and climate changes, and how to accommodate the apparent need of 50% more
food, 45% more energy and 30% more water in 2030 compared to 2012 without
destroying or hurting the environment (Danish Ethics Committee 2012). Some
ethical questions discussed by the committee concerns how to prioritize. Are
humans the sole factor and should a global or a local perspective be applied. Does
the effect on nature, environment and animals also conduct an ethical issue that must
be addressed and to which extend should this be prioritized compared to the human
aspect (Danish Ethics Committee 2012).

One ethical dilemma can be exemplified by the fossil fuel replacement. Fossil
fuels are gradually being replaced by renewable energy such as wind, water, and
solar power but also from bioenergy sources like biogas, bioethanol and biodiesel.
Bioenergy crop production can to a minor extent be performed on marginal lands
where growing and harvesting crops like tufted hair grass (Deschampsia cespitosa,
L., P.Beauv.), rough bluegrass (Poa trivialis, L.), couch grass (Elymus repens, L.,
Gould) or common rush (Juncus effuses, L.) in wet grassland areas can increase
the botanical biodiversity by removing nitrogen, phosphor and potassium from the
soil as a side effect to the biomass harvested for biogas production (Berglund et
al. 2012). On farm land the most common bioenergy source is wood, wood chips
and straws but crops like rapeseed or willow for energy purposes are also being
produced (Bentsen 2011). Wet land grass crops or dry land straw and wood chips
production for bioenergy use are in terms of land use not in direct competition
with the food production if one disregards the use of straw and hay as feed for
animal farming. The Danish production of rapeseed on the other hand has been
used primarily for bioenergy with 75% of the production being used for biodiesel
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(Bentsen 2011). Based on 2015 harvest data (“Statistikbanken,” 2014) this equals
145,000 ha of farmland that could have been used for food or feed production. The
yield of rapeseed on this land was approx. 615,000 t rapeseeds containing 300,000 t
of rapeseed oil that might alternatively have been used for human consumption.
The remaining 315,000 t post-extraction rapeseed meal is primarily used in pig or
cattle feed but could with the right technology (Andersen et al. 2012) have been
converted into food ingredients comprising 100,000 t proteins and 50,000 t dietary
fibers and thereby left only 165,000 t for cattle feed with low nutritional value due
to low protein and oil content. The incentives to choose either scenario depend on
consumer demands or on the policy and subsidies of individual countries all over
the world.

According to WHO there are three main sources of growth in crop production:
expanding the land area, increasing the frequency at which it is cropped (often
through irrigation), and boosting yields. It has been suggested that growth in crop
production may be approaching the ceiling of what is possible in respect to all three
sources (WHO 2016).

Ethical considerations combined with the actual political and financial situations
and the available production engineering technologies are factors that must be
evaluated when setting up strategies for developing a society based on bio-economy.
An alternative strategy that could supplement the three WHO scenarios mentioned
is development of new technologies for more intelligent use of materials already
grown and harvested in primary production today.

4 Reduction of Waste

Foods and most feeds are produced with the intention of being used at the end of the
supply chain as source of essential nutrients and energy for humans. Not only the
product but all the resources used for its manufacturing, storing, transportation etc.
are wasted when this intention is not met. On a daily basis huge amounts of foods
are discarded on the journey from primary production to final consumption at the
end-users. The annual loss of food in the US has been calculated based on 1995 data
where a total production of around 43,500 million kg (Heller and Keoleian 2000)
resulted in a usage of 73% of the produced foods and a loss of 27% equal to 11,700
million kg primarily in the foodservice chain or as consumer losses. Similar data
has been shown for combined figures for USA, Canada, Australia and New Zealand
(Gunders 2012). This study also includes seafood and divides the losses between
food categories. Here, the post-harvest handling and storage as well as processing
and packaging have the lowest incidences of loss in the food supply chain. The main
part of the losses was found to be related to consumer losses including out-of-home
consumption.

In Europe a directive has defined a waste hierarchy that shall apply as a priority
order in waste prevention and management legislation and policy where preventing
waste has the highest priority followed by preparation for re-use, recycling, other
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recovery, e.g. energy recovery, and finally disposal (Organisation for Economic
Co-operation and Development 2002). This indicates that energy recovery from
materials that could otherwise be used for food or feed production is politically
unaccepted and a strategy for producing foods prior to energy has to be developed.

5 Trends in Food Demands

For adult women exercising moderate physical activity USDA recommend an
energy intake of 7500 kJ/d whereas for men the recommendation is 8400–
10,000 kJ/d. It is also recommended that 10–35% of the energy should originate
from protein which equals a daily protein intake of 45–63 g for women and 50–
210 g for men (U.S. Department of Agriculture and U.S. Department of Health and
Human Service 2010).

In Scandinavia the Nordic nutrition recommendations estimates a daily energy
intake based not only on gender but also takes height and weight into consideration
(Nordic Council of Ministers 2008), with an average Danish man being 179 cm high
and weighing 74 kg and an average Danish woman being 166 cm and weighing
64 kg [Body mass index (BMI) of 23]. With a low to moderate activity level
the average intake of energy can then be estimated to 9200 kJ/d for women and
11,550 kJ/d for men, thus being slightly higher than the USDA recommendations.
The Nordic recommendations state that 10–20% of the daily energy intake should
originate from proteins resulting in a recommended daily protein intake of 55–112 g
and 69–139 g for the two genders, respectively.

In the human body the muscles serve as the only storage capacity for proteins and
amino acids and that protein has to be built directly into the skeletal muscles; surplus
proteins will face the fate of being degraded in the liver. Recent research has thus
stressed that an optimal utilization of the dietary protein requires that the protein
intake is done throughout the day, and it is therefore suggested that an average of 25–
30 g high quality protein should be included in each major meal, and that this will
help prevent sarcopenia (Paddon-Jones and Rasmussen 2009) which is noteworthy
as the average age of the world population is expected to increase (World Health
Organization 1998).

This indicates that the average daily protein intake should be around 75–90 g and
that the protein should be of high quality, meaning having a high biological value
(Food and Agriculture Organization of The United Nations et al. 1981), and that it
must be consumed evenly throughout the day.

Over the last four decades a globally increasing consumption of total energy,
meat, vegetable oils and wheat has occurred. This tendency is predicted to continue
at least 25 years and will show a shift from high prevalence of under-nutrition to a
situation where too high and unhealthy food consumption may cause overweight,
obesity and other diet-related illnesses in middle-to-low-income countries (Kearney
2010).

At the same time the availability of fats of animal origin, particularly in many
developed countries are decreasing (Food and Agriculture Organization of the
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United Nations and World Health Organization 1994). In Europe some trends
indicate that consumers strives towards a healthier lifestyle increasing the demand
for oil with at least assumed health-promoting properties such as having high
concentration of ¨-3 fatty acids, lipid soluble vitamins and antioxidants. European
food industry expects to decrease their use of oils and gradually shift towards using
lesser amounts and replacing the used oils with types of higher quality with respect
to functionality in the products. Thereby health driven consumer demands can push
the industrial development of functional oils (Pierrot 2015).

The tendency of industrial replacement of oil and fat could furthermore indicate
a decrease in the overall energy intake preventing overweight and obesity. An
American study however showed that a decrease in oil intake was accompanied
by an increased carbohydrate intake resulting in an overall increase of the energy
consumption and an increase in obesity prevalence, and it is suggested that
substituting protein intake in place of carbohydrate and fat intake could be part of a
solution (Austin et al. 2011).

The question is though, how increased demand for high quality proteins, healthy
oils and functional food ingredients comply with securing healthy and safe food
supply, ensuring clean water supply, decreasing non-communicable diseases as well
as reducing environmental and climate impacts?

6 Biofractionation for Food and Feed Ingredients

Vegetables like asparagus, leeks, lettuce, spinach, spring onions, etc. are examples
of crops where the entire plant material is harvested and fully usable in the food
industry and in theory they do not create any losses or spillover to the feed, energy
or fertilizer sector except perhaps the small part of the root system that is left in
the field and not used in the future growth season. Other crops are, however, only
partly used in the food sector since only part of the plant comprise the edible part
that is harvested or because the harvested part is further processed before it is used
for foods. Most berries, fruits and vegetables belong to the first group whereas
cereals, rice, corn, and oil crops like rapeseeds and sunflower seeds belong to the
second group. A fraction of the crops are in particular being processed industrially
as alternative to domestic processing e.g. soybeans and lupine seeds used for
oil production with the subsequent extraction residue being used as food protein
ingredient, as protein supplements in feed applications or for further fractionation
into protein concentrates or isolates. Side-streams after processing also follows use
of fresh fruits for e.g. juice and wine production leaving a pressed residue for animal
feeds, or for further processing, e.g. for extraction of pectin, sugar, acid and/or
antioxidant extraction.

The part of the raw material that is not entering the food chain thus faces different
possible fates. The cabbage plant, potato plants, soybean plants, carrot tops, straws,
roots and stems from cereals etc. may be further processed into foods or food
ingredients or is downgraded but still represent a certain value, e.g. as feed or feed
ingredient or even as fertilizer after biological conversion and degradation.
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Several factors determine how our raw materials are processed and our food
produced. Politics, legislations, subsidies, market structures, culture, and traditions
are examples of parameters influencing which and how foods are produced. Certain
traditions may define which foods you prefer and how you want your foods and
groceries presented; it also defines what we find attractive to eat and what we do not.
Traditions and preferences shifts, new technologies and food types are developed
and inspirations from other parts of the world influence our preferences and mixes
with our traditional foods. But how should the ideal food production be designed?

7 Holistic Approach to Biofractionation

The optimal way for product and production optimization is ideally to focus on
quality in all parts of the supply chain as a mean to generate overall economic fea-
sibility driven by an increased willingness to pay for the products. Optimal quality
from primary producer to end-user is essential for production and consumption of
high quality, healthy, nutritious and appealing food.

Defining good quality of a product usually refers to a product having a high
standard for the intended use. A product showing low quality in one application
may be considered a very high quality product in another. This implies that the
specifications and requirements linked to high standard and good quality in the final
application must be evaluated and incorporated into every step of the production
of a certain product. The challenge thereby appears that most primary products are
starting materials for production of various compounds used in several applications
and the processing thereby has to be defined by numerous quality standards which
do not necessary comply.

Prioritizing between quality standards can be done through the development of a
system that through production of a crop and the related harvest, storage, transport,
and processing systems ensures the highest possible quality for all ingredients in
all sectors and applications. Furthermore the system must contain a hierarchy that
defines which products and applications are prioritized over others in the production
chain.

Requirements to be considered when defining such a product hierarchy include
the environmental impact e.g. by focusing on limiting the consumption of resources
and energy, minimizing the formation of side streams and waste and optimizing the
product portfolio. All three parts of this strategy will secure minimal environmental
impact.

Another parameter that naturally has to be evaluated is the functionalities of the
various products and how they comply with the different applications. A suitable
strategy is to aim at preserving the natural, native structure of the components in
the plant material by avoiding autolysis reactions, un-controlled enzymatic or non-
enzymatic degradation during processing or denaturation due to changes in pH,
temperature or other physico-chemical parameters. The assumption behind this is,
that the structures created naturally has various functionalities that are difficult to
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re-create if they are lost unintentionally. If a modification is preferred it can be
introduced directly in the primary processing, but if this modification limits the
usage of the product, modifications can preferably be done on the whole fraction or
part of this after the native product has been produced. Thereby tailored modification
of products directed to specific applications can extend the usage of the product and
the remaining side streams increasing the overall quality and value.

8 Need for Extended Collaboration

Developing a strategy for optimal use of the natural resources increasing the product
portfolio and product quality is only part of the challenges in shifting towards a more
bio-based economy. The production needs to be implemented and the products need
to be introduced to the market and customers need to buy them.

Optimization of product portfolio and product quality is not always compatible
with the market and business strategy for a single company. Optimization of
earnings is crucial for the compatibility and survival of a company and developing
and producing products that are outside the focus area of the company may lead
to increased costs and losses negatively influencing the overall economy of the
production. Introduction of new production methods and new products must be done
in a pace that complies with the development plan of the company and that can be
handled by the employees. If the tasks are to complex or to challenging for the
company they will not be introduced. The Danish philosopher Søren Kierkegaard
has stated that “If one is truly to succeed in leading a person to a specific place,
one must first and foremost take care to find him where he is and begin there”
(Kierkegaard 1859; “Søren Kierkegaard Forskningscenteret—Citater,” 2015). Some
of the psychological aspects of business development can be exemplified by the
theory of zone of proximal development introduced by the Russian psychologist
Lev Semyonovich Vygotsky. This concept relates to the difference between what
a person can achieve independently and what he/she can achieve with guidance
and encouragement from a skilled partner (“Zone of Proximal Development—
Scaffolding j Simply Psychology,” 2012). If the new concept or new products are
outside the development zone it most likely will not succeed.

Leaps in technology therefore require the right timing. Making a differentiated
introduction of the individual parts of a new production method or a new prod-
uct range over a period of time according to technological development in the
production, financial surplus or market acceptance may ripen the whole concept
both within the company and in the market. Otherwise a single company, especially
if SME’s are involved, will not be able to handle all aspects of the idea. In
such a case collaborations between several companies may be a solution thus
introducing generation of a value chain between companies. Through extended
collaborations different parts of the developed bio-economical sustainable concept
can be utilized by various companies with different business strategies working in
different markets.
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The Danish agricultural sector is based on a long tradition of cooperative
farm marketing and farm supply organizations collaboration primarily based on
the principles of consumer cooperatives developed by The Rochdale Pioneers as
described in the paper by Zeuli and Cropp [26]. For more than 150 years there has
been a history of supply collaboration within the Danish food sector covering areas
like creameries and slaughter houses generally between partners whose interests and
social, political and cultural position are characterized by high uniformity and who
does not appear as being in direct competition (Bjørn 2014).

Cooperative businesses are still successful in Denmark but other types of
collaborations may also be beneficial. A food producer may e.g. introduce new
production methods increasing the quality and value of a product by removing parts
of the original product that decreases the functionality. This extracted material is
in its pure form unsuitable for inclusion in foods but may be sold as high quality
raw material to a non-food or bio-energy company. Each company then carries
a small part of the investment for the whole concept, but is on the other hand
dependent on the performance and deliverables of the companies upstream in the
production line. These types of industrial collaborations are running in selected
areas in Denmark. One example is The Kalundborg Symbiosis between large
companies like Novo Nordic, Novozymes, Gyproc, Novoren and the municipality of
Kalundborg conducting a collaboration described as an industrial ecosystem, where
the residual product of one enterprise is used as a resource by another enterprise, in
a closed cycle (“Kalundborg Symbiosis Center,” 2015).

Involving SME’s in similar collaboration with private and public enterprises
are still not widespread in Denmark but entails large potential for utilizing the
competences of these companies in a sustainable bio-economy.

9 Collaborations Between Academia and Private Enterprises

The innovative capability of a company and thereby the knowledge gain achieved by
companies in network research projects with academia, depends on the ‘absorptive
capacity’ of the company defined by Cohen and Levithal as the ‘ability to recognize
the value of new, external information, assimilate it, and apply it to commercial
ends’ (Cohen and Levinthal 1990; Easterby-Smith et al. 2008). The absorptive
capacity refers to the ability to acquire and assimilate new information from the
external source but also to the capability to transfer the knowledge across the
internal sections in the company and onto the relevant people or divisions that can
utilize the knowledge (Cohen and Levinthal 1990).

The company structure may therefore have significant influence on the absorptive
capacity. Large companies that are or have been involved in R&D projects normally
have an organization that is capable of handling new innovative knowledge and
can easily acquire new knowledge from external partners. On the other hand the
complex structure of large companies may be an obstacle for the internal transfer
of knowledge and thereby may decrease the absorptive capacity. The size of
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SME’s makes the company structure less complex and generally there is a short
distance between the individual company sections making knowledge transfer less
complicated. The drawback of the smaller company structure is that a limited
number of employees reduces the likelihood of presence of employees within
the company that have the capability to receive and recognize the value of the
new information. This is especially difficult in SMEs lacking R&D experience or
experience with research collaborations.

Collaborations between SME’s and academia must aside from creating scientific
knowledge also focus on identifying, absorbing and distributing the knowledge and
the potential benefits of this throughout the relevant departments in the SME and
sometimes even beyond the sales and marketing division to the customers or end-
users to identify and illustrate the value. This type of collaboration requires an
open and easy flow of knowledge between the different partners. Insight to business
plans and company strategies are highly valuable for the development of tailored
solutions suitable for the individual partners. Building a tight network between core
industrial partners significantly increases the innovative capability of the companies
and increases the likelihood to access useful knowledge generated in the project
(Tsai 2001) and at the same time provides the industrial partners with the best
position to utilize and benefit from the collaboration also with academia.

10 Critical Success Factors for New Product Development

The commercial success rate of industrial innovation ideas depends to a certain
extent on the type of industry in which it is generated. In general industrial
innovations have <1% likelihood to reach the market as a commercial success
even after an initial self-screening process performed by the person or team
responsible for the idea (Stevens and Burley 1997). Increasing the success rate of
collaboration projects may find inspiration through comparison to intercorporate
success parameters. Cooper and Kleinschmidt (2007) have pinpointed four key
drivers to profitable new product development. The existence of a high-quality,
rigorous new product process including preliminary market assessment, preliminary
technical assessment, detailed market studies, detailed technical assessment and
financial and business analysis as well as a sharp and early product definition was
found to be the strongest driver. Secondly having a defined new product strategy
with clearly defined areas of strategic focus, setting goals or objectives for the total
new product effort as well as communicating of the role of new product development
in achieving business goals is also a key driver. Furthermore the needed resources
in terms of allocated time and money as well as overall commitment to the product
development have to be devoted to the project if the success rate should improve
(Cooper and Kleinschmidt 2007).

SME’s can have difficulties handling the above mentioned requirements by them-
selves, and collaborations with external partners can increase the success rate of an
innovative project idea. Therefore we have developed a model for initial screening
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Fig. 1 Project life circle model for collaboration between academia and SME’s. The initial
pre-project phase is aiming at making preliminary market assessment, preliminary technical
assessment, initial market studies, initial technical assessment and preliminary financial and
business analysis as well as attempting an early product definition. This creates the basis for
identifying the technology and developmental needs to define a project idea and setting a relevant
and motivated project team from the initial project partner networks both within academia, larger
private companies as well as other SME’s

of potential product specifications, market potentials, technical requirements and
needed resources in terms of time, manpower, expert knowledge and money. These
preliminary data are used for preparing and filing a research project application for
performing the more thorough research and product development. A scheme of the
developed method is shown in Fig. 1.

One important feature of this project process is the production of prototypes.
Developing prototypes may for some applications be possible from laboratorial
scale trials, but within the food ingredient and especially the feed ingredient
market larger quantities are required for performance and functionality testing. For
this reason pilot plant productions are essential for several reasons. First of all
product quality and application performance can be tested and modified to fulfill
requirements defined by the end-users, but larger scale trials also gives possibilities
of estimating mass balances of the various products, energy consumption etc.,
and finally calculations of expected investments and variable production costs can
be done based on results from the pilot plant trials. All of this contributes to
increasing the likelihood of getting the optimal processing technology developed
producing high quality and high value products and getting the developed products
successfully introduced to the right markets.



University-Industry Relationships in the Bioeconomy Innovation System of Denmark 173

11 Final Remarks

SME’s have large potential for expanding the Danish economy and creating new
innovative processes and products that can mitigate some of the consequences
of the four major crises comprising the environmental crises, the food crises,
the energy crises, and the economic crises. To unfold this potential the gap
between SME’s and academia must be bridged. Thereby university research and
the industrial knowhow from the private companies can be combined in an effort to
develop holistic, environmentally friendly and economically feasible technologies
for optimal processing of agricultural products, producing food and feed ingredients
as well as bioenergy and non-food products.
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Increasing Biomass Production to Sustain
the Bioeconomy

Iris Lewandowski

Abstract The bioeconomy builds on biomass as a resource base. Increased demand
for biomass in a growing bioeconomy will lead to increased competition for this
resource. However, current bioeconomy strategies are not sufficient to ensure the
additional biomass demand is met sustainably. This contribution describes the
criteria for a sustainable production and supply of biomass and suggests approaches
for increasing the availability of sustainably produced biomass. In this context,
the concept of sustainable agricultural intensification is elaborated by showing
how breeding and more efficient cropping and land use systems can contribute
to increasing biomass production. The participation and empowerment of farmers
is addressed as a prerequisite for the implementation of sustainable biomass
production. It is concluded that sustainable intensification on available agricultural
land has large potential for increasing biomass supply and appears a more promising
strategy than mobilizing additional land resources, mainly marginal land. In this
strategy, the integration of land use functions, biomass production systems and
biomass uses offer an encouraging method for avoiding competition for biomass
and land for its production. A biomass supply strategy is envisioned, which makes
use of all forms of biomass in an integrated approach and takes account of the
interactions between them through the conceptualization of bioeconomic networks.
The implementation of efficient strategies for the securing of sustainable biomass
production and supply will require both continued research and political support.

1 Biomass Resources

The bioeconomy builds on biomass as a resource base. The term “biomass” refers
to all organic material originating from plants, animals or microorganisms. This
includes edible biomass, such as starch, sugar and oil-rich biomass, and non-
edible lignocellulosic biomass from dedicated crop production, residues and wastes
(Lewandowski 2015). Today, “biomass” is most frequently used to refer to organic
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Requirements of biomass
production in a growing

bioeconomy    

Sufficient quantities Continous and reliable supply 

Reasonable prices
Optimal biomass quality 

Sustainable production

Fig. 1 What is required of biomass production and supply in the bioeconomy?

material utilised for energy production and other non-food applications such as the
production of biogenic materials and chemicals. In the following text we use the
more general definition of biomass, which includes edible as well as non-edible
organic material.

The envisioned “ideal” bioeconomy will pay heed to ecological, social and health
considerations and at the same time be internationally competitive. It will enable
the use of biomass as a resource for food, feed, materials and energy through the
development of new technologies and biotechnological processes (Staffas et al.
2013). It is thus apparent that the transition to a bioeconomy will be dependent
on a sufficient supply of biomass of adequate quality for its intended application
and that this biomass should derive from reliable and sustainable production (see
also van Dam et al. 2005) (see Fig. 1).

The lessons learnt from the development of bioenergy have shown that concerns
about the security of feedstock supply, sustainability of biomass production and
impact of increased biomass use on food security are major bottlenecks for the
further expansion of bioenergy production (Lewandowski 2015). It is estimated that
by 2020 an additional 33 million tonnes of biomass will be required for the growing
bioeconomy in Europe.

This leaves us with the main challenge to the sustainable growth of the bioecon-
omy: the sustainable production and supply of biomass. Therefore the objectives
of this chapter are, firstly, to discuss how sustainability of biomass production
and supply can be defined and, secondly, how the production of biomass can be
increased in a sustainable way.

2 What Is Sustainable Biomass Supply?

There are various approaches to defining the sustainability of biomass supply,
including legislative ones such as the EU directive 2009/28/EC (EC 2009). The main
aspects of sustainable biomass supply addressed in this directive are (1) achieving
minimum greenhouse gas (GHG) emission savings and (2) banning the use of
land with high biodiversity (e.g. primary forest and highly biodiverse grasslands)
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or high carbon stocks (e.g. wetlands, continuously forested areas and peatlands)
for biomass production. It also regulates agricultural production according to
EU Cross Compliance rules and the traceability of biomass origin (EC 2009).
However, the EC definition ignores the social and economic criteria involved. To
date, the most comprehensive approach to the definition of sustainable biomass
production and supply has been developed by roundtables, such as the Roundtable
on Sustainable Palm Oil (RSPO) http://www.rspo.org/, Roundtable Responsible Soy
(RTRS) http://www.responsiblesoy.org/?lang=en, Bonsucro (for sugar cane) http://
bonsucro.com/ and the Roundtable on Sustainable Biomaterials (RSB) http://rsb.
org/. Roundtables are multi-stakeholder initiatives that develop sets of principles,
criteria and indicators for sustainable or “responsible” biomass production and
supply, mostly for a specific feedstock and for the purpose of providing the basis
for certification schemes (Lewandowski 2015). Table 1 gives an overview of criteria
used for sustainable biomass supply addressed by those roundtables. In this study,
we refer to “biomass supply” as the process of biomass production, harvesting, pre-
treatment and transport to the plant gate. This broader scope is chosen because
the sustainable production of biomass alone cannot guarantee that this biomass
is available to consumers and industry, should processing facilities to prepare the
biomass for transport or transport infrastructure be missing.

These criteria for sustainable biomass supply were developed in response to
the increasing demand for biomass in the context of biofuel mandates and biofuel
consumption, especially in the EU and the US. However, despite the efforts to
define sustainable biomass supply for bioenergy, public perception of a non-
sustainable production of biomass for bioenergy is one of the main barriers to
the introduction and expansion of modern bioenergy (Alasti 2011). Clearly, the
wide diversity of opinions and positions on sustainability of biomass supply is
grounded in the different and often contradictory interests and perceptions of the
stakeholders involved (Wicke et al. 2014). There is as yet no consensus on the best
approach to a more sustainable biomass supply due to the manifold criteria applied
(see Table 1) and the numerous trade-offs between productivity and environmental
performance (Pretty 2008). Therefore the development of a common understanding
of sustainability is a prerequisite for sustainable biomass supply in a growing
bioeconomy (Ros 2014; Schnabel 2014).

What can the development of bioenergy tell us about the sustainability of biomass
supply?

1. The theoretical potential for sustainable biomass supply is very high (Smeets
et al. 2007; van Vuuren et al. 2009; Dornburg et al. 2010), but the actual
implementation is currently extremely limited.

2. We are aware of the demand for and expectations of sustainable biomass supply
(see Table 1 for an overview of criteria), but we are struggling with their
simultaneous implementation and with the trade-offs between them (Pretty 2008;
The World Bank 2009; Dornburg et al. 2010; Pfau et al. 2014; Lewandowski
2015). The question of how to conduct agricultural production in such a way
that productivity, farmers’ income and environmental aspects (such as nitrogen

http://www.rspo.org
http://www.responsiblesoy.org/?lang=en
http://bonsucro.com/
http://bonsucro.com/
http://rsb.org/
http://rsb.org/
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Table 1 Summary of criteria for sustainable biomass supply, compiled from the sustainability
studies of the Roundtable on Sustainable Palm Oil (RSPO), Roundtable Responsible Soy (RTRS),
Bonsucro and the Roundtable on Sustainable Biomaterials (RSB) (from Lewandowski 2015)

Social criteria

Respect of human and labour rights

� No child labour

� Consultation/stakeholder involvement

� Payment/fair salary

� No discrimination (sex, race)

� Freedom of association

� Health and safety plans

� Respect of customary rights and indigenous people

Smallholders’ rights

Responsible community relations

Socio-economic development

Well-being

Ecological criteria

Protection of biodiversity/wildlife/HCV areas

Environmental responsibility

� Minimization of waste

� Reduction of GHG

� Efficient use of energy

� Responsible use of fire

Soil degradation

Water resources/quality

Air pollution

Use of best practice/responsible agricultural practices

� Responsible use of agrochemicals

� Training of employees

Responsible development of infrastructure and new areas of cultivation/plantations

� Impact assessment prior to establishment

� No replacement of HCV areas after year X

� No establishment on fragile soils

� Restoration of degraded land

� Compensation of local people, informed consent

� Maintenance of sites with high carbon soil content

General and economic criteria

Commitment to continuous improvement

Wise use of biotechnology

Climate change and GHG mitigation

Food security

Use of by-products

Traceability

Transparency

Legality

Responsible business practices

Respect for land-use rights



Increasing Biomass Production to Sustain the Bioeconomy 183

leaching and soil erosion) are balanced has been on the agenda of agricultural
research for decades (Pretty et al. 2010; Wolters et al. 2014). At the same time
we need to address sustainability criteria on different levels. These range from
aspects of soil conservation—relevant at field level—through maintenance of
biodiversity—relevant at landscape level—to food security—relevant at local to
global level. Therefore, we will need to think of new approaches to defining
sustainable biomass production. One approach could include the ranking and
prioritizing of sustainability criteria. A priority list could help to reduce the
complexity and support the implementation ability of sustainable biomass
production and supply.

3. Of all the sustainability criteria for biomass, food security has emerged as one of
the most relevant in public perception (Solomon 2010; Tait and Barker 2011;
Pfau et al. 2014; Lewandowski 2015). Tait and Barker (2011) even suggests
an ethical standard for biofuels which puts food security in first place. At the
same time its implementation has turned out to be rather complex. Whereas
certification schemes can offer concrete implementation strategies for most
criteria for sustainable biomass supply, as listed in Table 1, there are no effective
strategies available for dealing with the competing claims on biomass or on land
used for its production. These competing claims include the “food-versus-fuel”
as well as the “biomass-production-versus-biodiversity” conflicts (Tilman et al.
2009; Pfau et al. 2014).

In the context of biomass production there are two types of competition which
need to be addressed:

(a) Competition for biomass per se
(b) Competition for land on which biomass is grown

The discussion on the competition for biomass has been most controversially
led in the context of road transportation biofuels (Solomon 2010). So-called “first
generation” biofuels, which make up the majority of biofuels consumed today,
are produced from sugars and starch (ethanol) or vegetable oils (biodiesel). Two
examples of the direct effects of the expansion of transportation biofuels on the
supply and costs of foodstuffs are the so-called “tortilla crisis” in Mexico and the
increase in palm oil prices in Asia:

– From 2008 onwards the US used about half of its corn supplies for ethanol
production instead of exporting them to Mexico. Until then, Mexico had imported
corn at dumping prices from the US. Mexican farmers had previously produced
enough corn for the total population but, as a consequence of being forced to
open their markets to heavily subsidized imports from the US, they struggled
to compete and eventually gave up production (Levitt 2011). However when the
US started to increase its production of ethanol from corn, exports to Mexico
decreased and corn and tortilla prices in Mexico tripled.

– Palm oil, which makes up 35% of global vegetable oil production (USDA 2015),
is increasingly being used for biofuel production. In 2011, 68% of palm oil was
used for food, 27% for industrial and 5% for energetic purposes (FNR 2014).
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Additional demand for palm oil for food (especially by poorer people as palm oil
is the cheapest of all vegetable oils) and for fuel purposes has been predicted for
the future and has already led to price increases (OECD-FAO 2012). Increasing
food prices impact low-income households in particular as these often spend up
to 75% of their income on food (Naylor et al. 2007).

These examples show that the energetic or material use of edible biomass in
particular should be carefully considered on account of its direct effect on food
prices and availability. However competing claims not only impact on food prices
and availability. The rapid expansion of palm oil plantations in Indonesia has been
and still is at the cost of deforestation of tropical rainforest, which often stands on
carbon-rich peatlands (Laurance et al. 2010; Wilcove and Koh 2010). This has led to
losses in biodiversity and high GHG emissions (Wicke et al. 2008). Although there
is an estimated potential of 8–30 million hectares of degraded imperata grasslands
in Asia which could be used for oil palm plantations (Kosonen et al. 1997; Otsamo
et al. 1995), none of this grassland is currently employed for this purpose. This is
because the high establishment costs of oil palm plantations are financed by the
sale of wood from the rainforest and the exploitation of imperata grasslands incurs
additional costs.

Another example of competing claims on land can be seen in Madagascar. In
2009 foreign companies tried to gain access to land here to establish jatropha
plantations. The state government was interested in granting access to land because
it wanted to attract investment into the country and create new jobs. But local
villagers use the land as pasture and claimed a right to the management of the area
(Burnod et al. 2013). In this example there was competition for land control between
the central and local governments and the conflict centred around the question of
whether it is more important to create new jobs or to maintain traditional land-use
rights (Burnod et al. 2013).

The following section looks at approaches to increasing the sustainable pro-
duction and supply of biomass for a growing bioeconomy in ways which avoid
competition for biomass and agricultural land.

3 How Can Biomass Production and Supply be Increased
Sustainably?

In the context of the bioeconomy, three approaches to increasing biomass production
are currently being discussed: (1) Sustainable agricultural intensification; (2) Use
of fallow or marginal land; and (3) Reducing losses and increasing efficiency of
biomass utilization.
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3.1 Sustainable Agricultural Intensification

The term “sustainable intensification” dates back to the 1990s and was first
discussed in the context of African agricultural development (Reardon et al. 1997).
It became common following the UK Royal Society’s report “Reaping the benefits”
of 2009, which explored the future of crop production (Garnett and Godfray 2012).
Thoughts on sustainable intensification resulted from debates about increasing
yields, mainly of arable crops, in the face of resource scarcity and environmental
challenges (Garnett et al. 2013). The Royal Society (2009) defined sustainable
intensification as a form of agricultural production whereby “yields are increased
without adverse environmental impact and without the cultivation of more land”.
More recently, Pretty et al. (2011) extended this definition of sustainable agricultural
intensification to “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 environmental services.”

Sustainable intensification of agriculture clearly targets “land sparing” (high-
yield farming combined with protection of natural habitats from conversion to
agricultural land) and “land sharing” (integration of several functions on the same
land) as opposed to increasing the area of agricultural land, because the latter carries
high environmental costs (Garnett et al. 2013). According to Garnett et al. (2013),
for sustainable intensification to be successful, the following questions need to be
addressed:

– How can land sharing deliver sufficiently high yields and also multiple ecosystem
services?

– How can trade-offs between yields and the various environmental benefits be
quantified?

– How can these trade-offs be best resolved on different spatial scales?

Approaches to sustainable intensification include: increasing yield per hectare;
increasing cropping intensity (i.e. two or more crops per unit of land) or other
inputs (water); and changing from low-value to higher-value crops (Pretty et al.
2011). According to Pretty et al. (2011), the intention is to achieve productive
and sustainable agricultural systems that make the best use of both crop varieties
and livestock breeds and also their agro-ecological and agronomic management.
Strategies include:

– Utilizing crop varieties and livestock breeds with a high productivity ratio;
– Efficient use of external inputs and avoidance of any unnecessary use;
– Harnessing agro-ecological processes such as nutrient cycling, biological nitro-

gen fixation, allelopathy, predation and parasitism;
– Minimizing the use of technologies or practices that have adverse impacts on the

environment and human health:
– Productive use of human capital (knowledge and capacity to adapt) and innova-

tive and social capital to resolve common landscape-scale problems.
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Clearly, sustainable intensification in agriculture strives to make best use of new
breeds, modern technologies and efficient novel systems to increase productivity.
These are discussed in the following sections.

3.1.1 Breeding

The improvement of biomass production and land-use efficiency by increasing
yields has been at the forefront of breeding and agronomic research for decades.
The combined efforts of plant breeding and crop management improvement in the
period 1961–2007 led to annual yield increases of 2.1% for wheat, 0.7% for sugar
cane, 2.5% for rapeseed and 3.1% for palm oil (Lywood et al. 2009). The potential
for yield increases in “new” biomass crops currently under development, such as
miscanthus, willow and jatropha, is estimated to be particularly high because these
crops have not yet been bred and selected intensively and they exhibit a large genetic
variability which can be exploited. However, because investment in the development
of these crops is relatively low, the rate of yield increase is likely to be lower than
that achieved for cereals in the past. In addition, perennial crops have long breeding
timelines, the yield response of perennial grasses to fertilizer is particularly low and
the manipulation of the harvest index is not applicable (Searle and Malins 2014).

Important goals for the development of improved crop varieties are: higher
yields; optimal quality of the biomass for its intended use; tolerance and adaptability
to biotic and abiotic stresses such as pests and drought; and an improvement
of resource use efficiency, especially water and nutrients. Sugar cane is the
most productive crop for ethanol production in Brazil, as is maize for biogas
production in Germany. Both are so-called “C4” crops which have a more efficient
photosynthetic pathway than so-called “C3” crops, such as wheat and rape seed.
The theoretical maximal photosynthetic energy conversion efficiency is 4.6% for
C3 and 6% for C4 plants (Zhu et al. 2010). Therefore, the development of C4
crops could be one method of achieving higher yields. These are however only more
productive than C3 crops in temperate to warm climates. Zhu et al. (2010) discuss
several possibilities of increasing photosynthetic efficiency, including physiological
approaches such as plant architecture modifications, and biochemical approaches
such as carbon metabolism engineering. Another crop production mechanism for
optimizing resource-use efficiency is perennial growth. All “new” biomass crops,
such as miscanthus and willow, are perennials, which are planted only once in a
plantation lifetime of 20–30 years. They use nutrients very efficiently because they
recycle a large proportion of them back from the leaves into underground rhizomes
(perennial grasses) or stems and roots (short rotation coppice trees) during the
growth period, from where newly emerging shoots and leaves are nourished in the
spring (Jørgensen 2011; Lewandowski 2013).

There is large variation in “crop:residue ratios”, for example 0.8–1.6 for wheat,
0.9–1.2 for maize and 1.4–2.0 for rape (Scarlat et al. 2010). This is due to differences
in cultivation practices for the same crop, adverse field conditions over the years,
climatic conditions, variation in soil quality and the use of different varieties
(Lindenẽt al. 2000; Graham et al. 2007; Scarlat et al. 2010). This indicates that
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there is potential to increase residue yields through proper cultivation practices and
the use of improved varieties. The use of residues has only recently become relevant
in the context of increasing biomass demand for bioenergy. In the past decades,
breeding has concentrated on high grain yields and these were partly achieved at the
expense of straw yields. Future breeding programmes for bioeconomy crops should
strive to optimize the overall crop yield and maximize biomass yields also from the
“residual” part of the crop.

Presently, around 60% of globally available biomass is used for animal feed
(von Braun 2014). Considering the upward trend in global meat consumption, it is
unrealistic to assume that biomass potentials can be mobilized through a reduction in
feed demand by changing human diets. Therefore the use of feed biomass should be
optimized by the improvement of feed-use efficiency in animal husbandry. Animal
breeding can significantly contribute to this. The magnitude of the differences in
feed-use efficiency can be seen by comparing the amount of fodder required in
different regions. The production of 1 kg bovine meat requires 99 kg feed in Sub-
Saharan Africa and 72 kg feed in East Asia, but only 24 and 26 kg feed in West
Europa and the US, respectively (Bouwman et al. 2005; FAO 2003).

Biomass resources other than land-based crops and animals, for example algae,
are presently being sought. The production of algae in open or closed systems is
not dependent on agricultural land and could therefore be performed in areas with
unfertile soil, such as deserts, that are close to the sea or a water supply. Because
their production in closed systems is very expensive and technically challenging,
algae biomass is currently only used for high-value niche products, such as caroti-
noids (Wijffels and Barbosa 2010). Algae production in open raceways faces the
challenge of contamination issues and is not yet cost-competitive (Gallagher 2011).
The search for algae strains suitable for large-scale, commercialised production
that can concentrate the target substances, such as oils, in sufficient quantities is
still at the research stage (Rodolfi et al. 2009). Other challenges, such as the high
water content of the algae suspension, difficulties in separating the algae from the
suspension, and the target substances from the algae biomass, have altogether led
to a situation in which it has not yet been possible to establish commercial algae
production plants (Reijnders 2012).

3.1.2 More Efficient Cropping and Farming Systems

At the level of cropping systems, agricultural research investigates the optimal
combination of crop and variety choice, soil cultivation, crop establishment, fertil-
ization and crop protection regimes. The aim is to maximize yield, ensuring biomass
quality and at the same time balancing ecological impacts (Wolters et al. 2014). The
highest potentials for increasing yields by improving cropping systems are seen in
approaches targeted at closing the gap between obtainable and actually harvested
yields. In many regions of Africa, Latin America and Eastern Europe this yield gap
averages up to 55% (FAO 2003) and as much as 77% for specific crops, such as
sweet potato in Cameroon (Yengoh and Ardö 2014). This is often not a problem of
the biophysical suitability of the site or “site x crop combination”, but of insufficient
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agronomical practices and policy support (Yengoh and Ardö 2014). Strategies for
closing the yield gap are: use of improved varieties; use of fertilizers or improved
fertilizer application regimes; crop protection measures and weed control; and
efficient harvest technology (Yengoh and Ardö 2014). Avoiding losses to pests is
an important contribution to closing the yield gap, as this is currently in the order of
30–40% depending on the type of crop (Oerke 2006). While increasing crop yields
will remain an important objective of agricultural research, the future challenge
lies in the combination of increased productivity and environmentally beneficial
performance of biomass production (Pretty et al. 2010; Wolters et al. 2014). For
this purpose, agricultural research focuses on efficient cropping systems, which
on the one hand improve yields and biomass qualities by choosing efficient crops
and varieties and on the other hand minimize inputs, especially of agrochemicals
with a high potential environmental impact such as nitrogen fertilizers. The range
of management and technical solutions for improving the efficiency of cropping
systems is very broad and includes, for example:

– Optimizing crop rotation to allow maximum exploitation of the productive season
and of nutrients in the system and to reduce pressure from pests and diseases (see
e.g. Krupinsky et al. 2002);

– Optimizing fertilization amount, timing and application technology, especially
nitrogen fertilizer, and use of designer fertilizers adapted to specific crop needs
in order to reduce nutrient losses (see e.g. Weisz et al. 2001; Adegbidi et al. 2003;
Lewandowski and Kauter 2003);

– Optimizing the use of organic material for fertilization and soil carbon mainte-
nance (see e.g. Adegbidi et al. 2003; Triberti et al. 2008);

– Optimizing soil cultivation regimes by appropriate soil cultivation timing and
technologies to help avoid erosion and soil degradation and simultaneously
prepare optimal conditions for crop establishment and growth. In this context,
tillage systems with reduced soil cultivation intensities, such as low- or no-till
soil cultivation or strip-till techniques are currently being investigated and no-till
systems are already widely applied in the US (see e.g. Lal 2004; Fu et al. 2006);

– Reclaiming contaminated and degraded soils by means such as phytoremediation
(see e.g. Dickinson et al. 2010) or increasing soil fertility and carbon contents by
additives, for example biochar (Biederman and Harpole 2013);

– Optimizing crop protection regimes by applying preventive measures, biological
crop protection, thresholds for intervention decisions and effective application
technologies. These technologies prevail in ecological and integrated farming
systems (see e.g. Doyle 1997; Letourneau and van Bruggen 2006);

– Optimizing irrigation regimes (if required) by applying efficient irrigation tech-
nologies which use water sparingly (see e.g. Howell 2001);

– Optimizing harvest regimes by reducing pre-harvest and harvest losses through
optimal timing of harvest and efficient, well maintained harvest technologies (see
e.g. Meehan et al. 2013);

– Applying precision farming technologies including sub-area-specific application
of agrochemicals (Lencsés and Takács-György 2014).
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Integration of functions at the farming system level is an important approach
to reducing competing claims on biomass. The integration of production for the
4 Fs (Food-Feed-Fibre-Fuel) and the integration of the agricultural sectors (Crop-
Animal-Bioenergy) are addressed here. There are many examples of modern
bioenergy uses where the production of bioenergy is integrated with crop and animal
production. In Germany, the number of biogas plants quadrupled in the last decade
up to 7772 in the year 2013 and biogas now contributes 7% of electricity production.
Over 40% of the biogas substrate used here is animal slurry (FNR 2014). This
use of slurry in biogas plants can fulfil several functions. First, renewable energy
is produced from a waste product. Secondly, gaseous N emissions from slurry
are reduced. Thirdly, the accumulation and oversupply of nutrients in areas with
high livestock densities is diminished because the nutrients are channelled into
feedstock (slurry) for biogas plants and consequently into the biogas digestate.
They can be processed to transportable and storable fertilizer, e.g. by separating
and/or drying of the digestates or by extracting the nutrients (Fraunhofer IGB 2014).
Other examples of integrated food and fuel production are the combustion of wheat
straw in combined heat and power plants in Denmark (CADETT 1998) and sugar
cane production in Brazil. In the former, the straw is a by-product of wheat grain
production. In the latter, 30% of the by-product bagasse is used to fuel the process
of sugar extraction and concentration, and 70% is used to produce electricity. The
fibrous bagasse can also be used for material applications, such as biocomposites.

Multi-product use of crops is an important part of integrated systems, as can be
seen clearly through the example of cassava. Currently, the starch-rich cassava roots
are used for food or ethanol production and the leaves are left as residues in the
field. However the protein content of the leaves (approximately 17.7–38.1% of DM)
could also be used as protein and the biomass remaining after extraction could serve
energetic purposes, such as biogas production (Latif and Müller 2014). Another
multi-product example is the use of wheat grain for bread making and wheat straw
as feedstock for CHP or second generation ethanol production. Biorefinery concepts
are currently being developed to support the full exploitation of crops and their
residues for various uses. In order to avoid the use of crop residues in these systems
leading to soil carbon depletion (see e.g. Lal 2005), the residues from the processing
or energetic use of biomass, such as biogas digestates, can be returned to the field
(Möller et al. 2009).

Urban farming—the integration of food production into urban areas—can
improve the food supply situation of the local population and decrease the demand
for food imports from rural areas. While some urban agriculture concepts, such
as skyfarming (Sauerborn 2010) are still theoretical, other forms, for example
commercial farms in first-ring suburbs and rooftop gardens, are already in place in
major cities such as New York and Berlin (Hodgson et al. 2011). Urban farming
is seen as an approach to improving the supply of fresh food (e.g. vegetables),
significantly reducing food transportation, creating jobs and income and making a
positive contribution to the urban environment (Ackerman et al. 2014).
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3.1.3 Improved and Novel Land-Use Systems

An important approach to the reduction of competition for land is the combination of
different land-use functions in multiple land-use systems (MLU). Nature conserva-
tion, extraction of abiotic renewable resources, waste treatment and disposal, buffer
zones and infrastructural improvements are among the land-use functions that can
be combined with biomass production (Lewandowski et al. 2004). Many of these
functions, e.g. soil erosion prevention, carbon sequestration, providing habitats for
wildlife and soil decontamination, can best be combined with the production of
perennial crops, mainly due to the long periods of soil rest and lower input demands
(Freibauer et al. 2004; Jørgensen 2011; Lewandowski 2013). A practical example
for an MLU biomass production system can be seen in Sweden, where willows
are produced to supply the CHP Enköping with biomass. The willow plantations
are irrigated with municipal waste water and benefit from the nutrients in this
water. At the same time the plantations clean the waste water and therefore serve
as a replacement for sewage plants (Grelle et al. 2007). This example shows how
MLU systems can increase the value generation of and income from biomass
production systems. Another example is described by Lewandowski et al. (2006) for
the remediation of heavy-metal-contaminated soils by willow. However, most land-
use functions are ecological functions of the agro-ecosystem for which farmers are
not remunerated, but which are well suited to balancing productivity with ecological
needs. The fulfilment of some of these functions creates additional workload for
farmers or can compromise the productivity of the biomass production system, for
example when limiting the amount of fertilizer or pesticide leads to lower yields.
For such cases in particular, mechanisms or policies need to be developed which
provide incentives for the implementation of ecological land-use functions. The EU
agricultural policy (CAP) is an example of this. Direct payments are coupled with
environmental measures, such as greening or environmentally benign fertilization
regimes, through cross compliance (CC) rules.

Another land-use system where biomass production and environmental functions
can be combined is grassland. Estimates of the proportion of the earth’s land area
covered by grassland vary between 20% and 40%, depending on the definition
(FAO 2014). In 2000 there were an estimated 3.5 billion hectares of pasture and
fodder crops globally, representing 26% of the earth’s land area and 70% of global
agricultural land (FAO 2014). The nature of grassland varies widely and ranges from
natural to intensively managed. In the EU, the conversion of grassland to arable
land is limited and in some countries it is prohibited altogether because grassland,
especially natural grassland, is of high biodiversity value (Peeters et al. 2014) and
important for soil carbon storage (Freibauer et al. 2004). While the existence of
natural grasslands is not related to human activities, other grasslands are dependent
on management regimes (Peeters et al. 2014). The conservation of biodiversity
in semi-natural grasslands requires continuous management (Heinsoo et al. 2010).
When managed carefully (e.g. by appropriate cutting frequency and timing; adapted
fertilization strategies), the harvesting of grassland biomass can help maintain
typical grassland communities and landscapes and at the same time potentially
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increase biomass supply (Rösch et al. 2009; Buhle et al. 2010). On account of
the decreasing demand for roughage fodder in Europe, a surplus grassland area of
9.2–14.9 � 106 ha has been estimated in the European Union for the year 2020,
which represents about 13–22% of permanent grassland (Prochnow et al. 2009). The
yields and properties of the harvested biomass and hence the options for its use vary
widely depending on the type and intensity of the management of these grasslands
(Thumm et al. 2014). The use of biomass from natural to semi-natural grasslands
may be uneconomical due to the low yields harvested and infrastructural limitations.
However, on the other hand biomass use from these grasslands could create a win-
win situation if it helps maintain the grassland community and simultaneously
provides additional income for farmers. If the selling price for the biomass does
not meet the extra costs that farmers incur to harvest it, the question arises of how
the “service” of landscape maintenance should be paid for and who should pay for it.

3.1.4 Empowerment of Farmers

Sustainable intensification requires farmers to have greater knowledge and skills
because they need to able to apply the often more complex management systems
and techniques involved (Pretty et al. 2011).

The provision of technical solutions for the improvement of cropping systems
alone will however not be sufficient to close the yield gaps. Farmers must also
be willing to adopt these solutions and see an advantage in their application. For
example, modern improved crop varieties often do not always possess the qualities
of traditional cultivars preferred by farmers and consumers (Nhamo et al. 2014).
Farmers also need to have the financial means to acquire the necessary agricultural
inputs and knowledge and skills to apply them. This could be promoted through
credit services and training programmes for farmers and by facilitating access to
markets (Nhamo et al. 2014). The direct involvement of farmers in the development
of improved varieties and agricultural systems using participatory approaches would
serve to enhance their acceptance (Hilger et al. 2015; Nhamo et al. 2014; Pretty et
al. 2011). This would also support the design of locally specific approaches which
are necessary for successful yield improvement, especially in smallholder farmer
systems (Nhamo et al. 2014; Krawinkel 2012).

Also, land-use planning for biomass production should involve smallholders and
any farmers that actually use the land. In Madagascar, regional governments granted
licenses to international companies for the establishment of jatropha plantations
without involving the local farmers. These then sabotaged the project (Burnod et al.
2013). There are many other examples. To avoid local farmers’ interests and rights
being neglected and to prepare the ground for their support and co-operation in
land-use projects, participatory approaches such as IREPA (Integrated Renewable
Energy Potential Assessment) should be applied (Hilger et al. 2015). IREPA
provides a people-centred, bottom-up approach to assessing the implementation
potential of renewable energy technologies in smallholder agricultural systems
(Winkler et al. 2016). The key to assessing the sustainable biomass potential is
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the ranking of sustainability criteria in a participatory approach. The search for
operational methods to define the sustainable biomass potential often fails due to
trade-offs between sustainability goals and the manifold criteria which are expected
to address ecological, economic as well as social aspects. In this respect, natural
science approaches alone are not sufficient to identify “the” way to sustainability.
Social science approaches also need to be applied in the identification of the “best
compromise” for sustainability.

3.2 Use of Fallow and Marginal Land

Marginal land is often seen as an untapped resource, in this case as land that could be
used to improve sustainable biomass supply (Dauber et al. 2012). Potential analyses
estimate that about 250–1580 Mha of marginal, degraded or abandoned agricultural
land could be available for biomass production (Smeets et al. 2007; van Vuuren
et al. 2009; Dauber et al. 2012). The figures depend on the definition of the term
“marginal land” and which categories (waste land, degraded land, abandoned land
etc.) it includes (Dauber et al. 2012; Lewis and Kelly 2014). Marginal production
conditions can be defined in economic and biophysical terms (Dauber et al. 2012).
If marginal land is defined as land that does not support economically viable
agricultural (food) production, the status of marginality will depend on and change
with land-use and biomass prices. This can be seen by the example of Germany,
where land-use prices in some areas increased sharply in the vicinity of emerging
biogas plants that require a supply of local biomass (Theuvsen et al. 2014). One
of the consequences was that grassland was converted to biogas maize production
(Bundesamt für Naturschutz BfN 2014). Another caveat to the use of land which is
marginal in economic terms is the fact that the production of whatever biomasses,
be it for food or energetic or material uses, on this land will result in low profit (van
Dam et al. 2009; Dornburg et al. 2010; Dauber et al. 2012). It is to be expected
that the GHG reduction potential of biomass production on marginal land will
also be lower than on good quality land because the same level of inputs (energy,
fertilizer etc.) results in lower yields (Dauber et al. 2012). Another socio-economic
consideration is that the low yields harvested may lead to only low levels of income
which require cheap labour and generate only low-value employment (Giller et
al. 2007). Therefore the potential of economically marginal land to contribute to
sustainable biomass supply should not be overestimated.

The effect of marginal land use on biodiversity should be assessed carefully
before projects are implemented. The relatively low yields to be expected may
require highly automated systems and large, monoculture plantations (Dauber et
al. 2012). Another point of consideration is that land susceptible to agricultural
marginalization is often in extensive farming regions where small-scale farming
systems prevail. These are considered important for the preservation of agricultural
biodiversity (Baldock et al. 1996). From a biodiversity perspective, the vegetation
type dictates whether the use of marginal land has a positive or negative effect. There
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are many examples where biodiversity comes under pressure due to the expansion
of energy crop plantations, for example the forests of the Chaco in Brazil (Beringer
et al. 2011, Raghu et al. 2011), and where careful ex-ante assessment of potential
impacts on biodiversity is advisable (Dale et al. 2010). An assessment should not
only be performed with regard to impacts on biodiversity but should also consider
the actual use and rights of use of the marginal land in order to avoid displacement
of smallholder farmers or people who use the land for cattle production (Beringer
et al. 2011).

Biophysical marginal land includes areas that are contaminated, degraded or
have biophysical constraints such as steep slopes. Such production conditions can
best be dealt with using perennial cropping systems, which can contribute to the
amelioration of the land, as discussed above. These production systems mainly
supply lignocellulosic biomass. There are also promising perennial systems that
produce vegetable oils under biophysical marginal conditions, such as the oil-
bearing shrub jatropha and the oil-bearing palm acrocomia (Poetsch et al. 2012;
Becker et al. 2013). However, these crops and their management systems require
further development before commercial production can be recommended.

3.3 Reducing Losses and Improving Biomass Use Efficiency

3.3.1 Harvest, Pre-treatment, Storage and Transportation

A large proportion of the biomass produced agriculturally does not reach the con-
sumer due to losses in the supply chain. According to FAO estimates, approximately
1.3 billion tonnes of food are lost or wasted globally per year (Gustavsson et
al. 2011). Food losses vary considerably depending on commodity and region.
Taking the whole value chain into consideration, these can be as much as 25–
35% for cereals and more than 50% for perishable products such as roots, tubers,
fruits and vegetables (Aulakh and Regmi 2013). The reasons for these losses are
manifold and mainly dependent on the three factors weather, infrastructure and the
availability of technology (Aulakh and Regmi 2013). In less developed countries
with less mechanized supply chains the largest losses occur during drying, storage,
processing and transportation (Aulakh and Regmi 2013). More efficient farming and
management systems in more developed countries, including crop protection, better
transport, storage and processing facilities, lead to considerably lower food losses in
the middle stages of the value chain. Here they occur mainly at the consumer level
(Hodges et al. 2011). Losses also occur in biomass production for feed and energy
chains. These are mainly due to inefficient harvesting and drying procedures and
storage problems, for example if the biomass is too wet (Jirjis 1995).
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Reduction of food and biomass losses is an effective way of increasing biomass
availability without necessitating additional production resources. Relevant mea-
sures for reducing losses include:

– Improved training of farmers, enabling them to make better management deci-
sions

– More efficient harvest technologies
– Providing farmers access to credit
– Drying of biomass
– Improved storage facilities and conditions
– Protection from insect pests, mites, rodents and birds
– Transportation infrastructure
– Adequate and efficient market systems
– Improved and more efficient processing technologies
– Use of by-products

The best approaches to the reduction of post-harvest losses vary depending on
region. In developed countries, where most food is wasted at the consumer level,
consumer education would be a promising strategy. In the less developed world the
most important measures include better training of farmers, improved infrastructure
to connect smallholders to markets, provision of sufficient financial incentives at the
producer level and improved technologies supported by easier access to microcredits
(Aulakh and Regmi 2013). Finally, in these regions large investments will be
required to enable an effective and cost-efficient transportation of biomass. This
is a prerequisite for making the biomass available to the market. Here the question
remains as to who is able and willing to invest and whether the sharing of these
investments by the public and private sector is a feasible option.

3.3.2 Biomass Conversion

As biomass is a limited resource, its use needs to be efficient. The energetic use
of biomass in particular exhibits large variation in efficiency, ranging from 10%
in traditional biomass for cooking in open fires to 60–90% for combined heat and
power production in modern combustion plants (IEA 2007). A comparison of the
efficiencies of biofuel production pathways by Huang and Zahng (2011) revealed a
biomass-to-fuel (BtF) efficiency of only 36.5% for sugar-based ester diesel and up
to 81.3% for methane production from maize via fermentation. The efficiency of
biomass conversion depends both on the conversion technology and the properties
of the biomass, such as water and target component contents [see e.g. van Loo
and Koppejan (2008) for combustion]. Similar considerations hold true for the
conversion of biomass into food and feed products. Therefore the optimization of
biomass properties in line with the demands of the conversion technology along the
supply chain is an important prerequisite for efficient biomass conversion.

Biorefineries are also seen as a promising approach to the efficient exploitation
of biomass resources (Parajuli et al. 2015). Biorefining can be defined as “the
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sustainable processing of biomass into a spectrum of marketable products and
energy” (IEA Bioenergy 2009). Part of the biorefinery approach is that all biomass
components and by-products are made use of and materials are recycled during the
process as much as possible. A simple example of a biorefinery concept is the biogas
digester. Here the biomass is first used energetically and the remaining biodigestate
is then made available for other purposes. The main application of biodigestates is
as fertilizers because digestates contain significant amounts of plant nutrients, such
as N, P and K, and can fully replace mineral fertilizer (Möller et al. 2009). Pulp
and paper factories are an example of wood-based biorefineries. Green biorefining
technologies are used to exploit fresh grass or silage-based feedstocks and convert
them into a number of materials for feed, material and energetic uses (Mandl 2010).
There are currently several green biorefinery activities being pursued, for example
in the Netherlands, Denmark, Austria and Germany. However, most of these are in
the pilot phase and not yet economically viable (Cherubini 2010).

In addition to the physical integration of material and energetic applications of
biomass in biorefineries, the sequential integration of its use in cascade systems has
been proposed as an approach to increasing biomass use efficiency and maximizing
greenhouse gas (GHG) emission reduction potentials. Cascading concepts foresee
biomass being utilised for various functions throughout its life cycle. These func-
tions successively follow on one after the other starting with material use, followed
by recycling and energy recovery (Dornburg and Faaij 2005). It is anticipated that
the cascade use has a higher GHG emission reduction potential compared to a single
energetic use of biomass because carbon is sequestered in the material use phase
and not released until sometime afterwards when the biomass is used energetically
(Dornburg and Faaij 2005). However, this is only the case if the material is recycled
efficiently and incinerated instead of being disposed of in landfill. Recently, the
term “cascade use” is also applied to the combined and simultaneous energetic and
material use of different biomass components.

3.3.3 Optimizing Biomass Use and Allocation

The efficient use of biomass and biogenic products can reduce competition for
biomass by lowering the demand for and consumption of these products. The
relevance of reducing food losses at the consumer level has been discussed in
previous sections. It is estimated that in Germany and the US about a third of
all food losses or approximately 100 kg per capita and year of food are wasted
at the consumer level (Gustavsson et al. 2011). Therefore a large proportion of
the additional food necessary to feed undernourished people could be fulfilled by
reducing losses elsewhere—if the distribution issue is neglected in this theoretical
consideration.

Generally we need to make wise choices about the use of whatever biomass
is available. There is wide agreement that the energetic use of biomass should
not compromise food security. For energetic use, the pathway with the highest
potential for reducing GHG emissions is often recommended as the optimum. The
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European biofuel policies were initiated with the main aim of greenhouse gas
emission reduction. The 2009 European Directive on Renewable Energy set a target
of 35% GHG emission reduction (compared to fossil fuels) for current biofuel
production and 50 or 60% (for old and new conversion plants respectively) GHG
emission reduction for future biofuel production. However there are other biomass
applications that actually reduce GHG emissions by much more than liquid biofuels.
For instance, combined heat and power production by combustion of lignocellulosic
biomass can achieve GHG emission reductions of more than 90% (Giuntoli et al.
2014). Another example is biochemicals, where the GHG reduction potential per
hectare can be seven times that of sugar-based ethanol, provided they are produced
from lignocellulose crops (Barry et al. 2011).

Often the criteria for the most efficient are not the same as those for the most
sustainable biomass use. This is further complicated by the varying perceptions of
what should be considered sustainable. Therefore the definition of sustainability
criteria for biomass use should be specified in a participatory societal process
and the optimal allocation of biomass to the various uses should be supported by
political measures (Kidane et al. 2006). However, political measures can become
counterproductive. For instance, the EU policy incentivizing the production of
biodiesel from vegetable oils is often criticised as being in competition with food
production (Grethe et al. 2013). To avoid the support of one bioeconomic value
chain threatening sustainable development, the impacts of each value chain should
be analysed in the context of bioeconomic value chain networks. These networks
integrate value chains into the diverse sectors and activities of the bioeconomy and
show their interrelations (Lewandowski 2015).

4 Conclusions

Increased demand for biomass in a growing bioeconomy will increase competition
for this resource, or at least reinforce the perception of competing claims on biomass
and land for its production. Current bioeconomy strategies are not sufficient to
secure this additional biomass supply.

The bottlenecks to a sustainable biomass supply become apparent from the
analysis of the development of bioenergy. Here, political programmes mainly had
the effect of increasing demand for biomass by setting targets for bioenergy use
and by incentivizing biofuel and bioelectricity production. However they failed to
support the mobilization of the available biomass potentials. This study suggests that
this mobilization should start at the level of farmers, with their direct participation
in the development of solutions from the beginning and with training schemes.
Both should focus on supporting smallholder farmers in particular, as these supply
the largest proportion of globally-produced agricultural biomass. The prerequisite
for mobilizing the biomass potential and securing sustainable biomass supply is
the establishment of a legal and political framework for efficient and sustainable
production, use and allocation of biobased raw materials.
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There should also be a renewed effort to define “sustainability” in biomass
production. Due to the numerous trade-offs involved, demanding the fulfilment of all
relevant sustainability criteria at the same time and to the same extent will become
a show-stopper in bioeconomy development. Therefore the ranking of sustainability
criteria by stakeholder participation in a local to regional context should be applied
in order to find the best compromise.

The “food-versus-fuel” discussion needs to be conducted in a more informed
and less biased manner. In this context it will doubtlessly become clear that
solutions to food security need to start at a local to regional level and that an
impact assessment on food security should be performed first before considering
any biomass production or land-use change strategies.

There is currently a large untapped potential capable of increasing sustainable
biomass supply by technical means and improvements. The more efficient use
of biomass resources and avoidance of biomass losses along the value chain
up to the consumer are the most promising approaches in quantitative terms to
increasing security in biomass supply and avoiding food shortages and competition
for biomass. They are also the easiest to implement.

Sustainable intensification on available agricultural land has a large potential for
increasing biomass supply and appears a more promising strategy than mobilizing
additional land resources, mainly marginal land. This is due to the fact that marginal
land is often characterized by low productivity and high production costs on the one
hand and high ecological value, which may be compromised by agricultural use, on
the other.

The integration of land-use functions, biomass production systems and biomass
uses seems a promising approach to avoiding competition for biomass and land
for its production. A bioeconomy which makes use of all forms of biomass in an
integrated approach and takes account of the interactions in the context of bioeco-
nomic networks, therefore seems more promising than the isolated development of
bioenergy. For the implementation of efficient strategies, both research and political
support are necessary to secure sustainable biomass production and supply. With
the impact of climate change, the sustainable increase of biomass production in
sufficient quantity to feed the growing population and provide biomass to replace
depleting fossil resources will become even more challenging.
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Importance of Sugarcane in Brazilian
and World Bioeconomy

Reges Heinrichs, Rafael Otto, Aline Magalhães,
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Abstract The area of sugarcane (Saccharum spp.) cultivation totaled 27 million
hectares in the world and 10 million hectares in Brazil. Sugarcane is a valuable crop
considering the potential to produce sugar, ethanol, biodegradable products, energy
generation and food for animal production. In tropical conditions, high biomass
production in the range of 150–300 Mg ha–1 year–1 can be achieved, depending
on the management and production system employed. Due to great adaptation to
different types of soil and environment, sugarcane could be produced in over 100
countries to supply biofuel and food to the world. Improvement in the production
process adopted in Brazil in the last decade, including mechanical planting and
harvesting, new methods of sugarcane planting, control of pests, diseases, nutrition
and fertilization, has increased sugarcane yield in Brazil while improving work-
conditions and social aspects of sugarcane cultivation. Therefore, the high potential
production of sugarcane, its varied uses and its ability to be cultivated in regions with
low economic and social development indicates that sugarcane cultivation could
become a key source of income and improve life-quality in many regions. However,
political and governmental organization is required to achieve this goal.
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1 Introduction

Sugarcane is a key crop in the Brazilian economy. Brazil has the world’s largest
cultivated area and is the world’s largest producer of sugar and ethanol, being
a world leader in the international market with the use of biofuels as an energy
alternative. Brazilian production accounts for more than half the sugar traded in
the world and production is estimated to increase 3.25% per year until 2018/2019.
This corresponds to an increase of 14.6 million tons as compared to 2007/2008.
Exports are expected to reach a volume of 32.6 million tons of sugar by 2019.
Ethanol production should reach 58.8 billion liters in 2019, more than double the
amount produced in 2008. Due to the increase in domestic consumption, internal
consumption is projected at 50 billion liters and exports at 8.8 billion liters (MAPA
2010).

The success of Brazilian ethanol production started in 1975 with the creation of
Proálcool to support the production of ethanol in Brazil. This was a good example
of public policy for the development of biofuels, allowing Brazil to reach second
position in ethanol production in 2008, and also to have the lowest production costs
(Amaral et al. 2008).

Production of sugarcane in Brazil is estimated to increase by 3.3% per year until
2024, rising 884 Mt, i.e. 42% higher than production obtained in 2008, mainly due
to the increase in cultivated areas. In the same period, the total cultivated area is
estimated to increase by 2.9% per year. In contrast, the average yield fell between
2010 and 2014 due to climatic and management constraints, but should moderately
increase during this projection (FAO 2015).

Energy production from sugarcane also plays an important role for the Brazilian
economy. There are currently around 408 sugarcane mills in Brazil, and all of
them are self-sufficient in the production process through burning bagasse. This
results in a significant cost reduction. Some mills also present the cogeneration
of electricity, allowing them to sell on the surplus energy, increasing income and
reducing dependence on other sources of energy (thermal, hydroelectric, etc.).

The agroindustrial system of sugarcane is complex. The sector depends on
suppliers of raw materials and high capital investment for sugar, ethanol and energy
production (Neves and Conejero 2007). After industrialization, ethanol, sugar and
energy are transferred to fuel distributors, electrical power systems, food industry,
wholesale and retail, and export trading companies. The byproducts generated, such
as filter cake, vinasse, and residual water, are used as bio-fertilizer in the production
process, thus reducing expenses with synthetic fertilizers.



Importance of Sugarcane in Brazilian and World Bioeconomy 207

2 Planted Area and Production of Sugarcane

2.1 Brazilian Planted Area and Production

The Brazilian Agro-Energy Statistical Yearbook 2014, consolidating data from the
agroenergetic chain of the Ministry of Agriculture, Livestock and Supply (MAPA
2015), presents the areas planted and harvested in the country during the period
2002–2013 (Table 1). The planted area increased more than 80% from 2002 to 2012.

Sugarcane production in Brazil in the 2014/2015 season reached 630 million
tons, of which 575 million tons were grown in the South Central region, 48 million
tons in the Northeast and 7 tons in the North (MAPA 2015). From this amount 35
million tons of sugar and 29 million cubic meters of ethanol were produced. The
State of Sao Paulo, located in the South Central region of the country, accounts for
60% of total production of sugarcane in Brazil.

2.2 World Planted Area and Production

The total area cultivated with sugarcane in the world increased from 20.5 million
hectares in 2002 to 26.1 million hectares in 2012. During this period, Brazil took
first place among the main producing countries with a total area of 8.5 million
hectares, followed by India (5.1 million hectares), China (1.8 million hectares) and
Thailand (1.3 million hectares) in 2012 (Table 2).

Worldwide sugarcane production reached 1.8 billion tons in 2012. From that
amount, Brazil reached 594 million tons, followed by India (348 million tons) and
China (134 million tons) (Table 3).

Considering the expansion in area and production of sugarcane in major countries
(Tables 2 and 3), it can be seen that from 2003 to 2012 the four major producing
countries (Brazil, India, China and Thailand) consistently increased the area and

Table 1 Planted area and
harvested area of sugarcane in
Brazil

Year Planted area (ha) Harvested area (ha)

2002 5,206,656 5,100,405
2003 5,377,216 5,371,020
2004 5,633,700 5,631,741
2005 5,815,151 5,805,518
2006 6,390,474 6,355,498
2007 7,086,851 7,080,920
2008 8,210,877 8,140,089
2009 8,845,833 8,617,555
2010 9,164,756 9,076,706
2011 9,616,615 9,535,194
2012 9,424,615 9,407,078
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Table 4 Variation in area
and production of sugarcane
from 2003 to 2012

Country
Increase or reduction
in area (%)

Increase or reduction
in production (%)

Brazil 58:0 70:0

India 12:6 21:1

China 25:9 36:9

Thailand 17:6 29:9

Pakistan –5:0 12:1

Mexico 14:1 7:2

Philippines 12:9 –3:2

USA –7:9 –17:7

Australia –24:4 –29:7

Argentina 18:6 13:1

Indonesia 36:0 7:3

Colombia –12:2 –2:6

Guatemala 30:2 25:3

Vietnam –5:0 12:4

South Africa –2:1 –15:2

Egypt 4:4 1:9

World 27:2 32:9

Source: Adapted FAO (2015) and MAPA (2015)

production of sugarcane (Table 4). In Pakistan there was a reduction in planted area,
although production increased, reflecting gains in productivity. On the other hand,
countries with large potential for expansion of the crop, such as the USA, Australia,
Colombia and South Africa reduced area and production; results that can be linked
to specific agricultural policies of each country. However, these policies can change
as demonstrated during the Paris Climate Change Conference (November, 2015)
during which leaders of 195 countries pledged to reduce emissions of greenhouse
gases. As a result, sugarcane is a crop with great potential for expansion due to its
production of clean, renewable energy.

It is noteworthy that Brazil and India account for 52% of the total harvested area
of sugarcane. The sum of the six highest sugarcane producing countries accounts
for 70% of the total world area of sugar cane. Similar results are observed in the
production of stems, with Brazil and India accounting for 51% of world production.
With the addition of China, Thailand, Pakistan and Mexico this figure reaches 72%
of world production of sugar cane (Fig. 1). Through analysis of these data it is
apparent that sugarcane production is concentrated in a small number of countries.
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Brazil

India

China

Tailand

Pakistan

Mexico

Others

20.9%

32.4%14.7%

2.7%

3.2%

5.2%

7.7%

Fig. 1 Major producing countries of sugarcane. Source: Adapted by FAO (2015) and MAPA
(2015)

However, there is a good possibility of expanding the area cultivated with sugar
cane, by finding favorable climatic and soil conditions between latitudes 36.7ı N and
31ı S (Humbert 1968), covering the tropical and subtropical regions of the world.
In this scenario, more than 100 countries could supply biofuels to 200 nations.
Comparatively, currently only 20 producers provide fossil fuels to the rest of the
world.

3 Technological Evolution in Cultivation and Productivity

Besides an increase in area, sugarcane production in Brazil also has the potential
to increase due to development of technologies in planting and harvesting systems.
This would allow an increase in production of bioenergy, technological advance-
ment and also discovery of new products such as biobutanol, cellulosic ethanol
and bioplastics, causing major changes in the industry’s structure (Viana and Perez
2013).

The main advance in sugarcane production systems in Brazil in the last decade
was the elimination of burning before harvest, with social, economic and envi-
ronmental benefits. In the system without burning, the harvest is performed
mechanically, leaving the crop residues (straw) on the soil surface. This conser-
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Fig. 2 Pre-sprouted seedling (left) and planting in the field (right). Source: Authors

vational system has advantages such as soil protection against erosion and water
loss, increase in carbon storage (Leal et al. 2013), improvement in soil fertility and
reduction in CO2 emission to the atmosphere.

New technologies such as no tillage and manure application have also been
incorporated into the sugarcane system in Brazil. The no-tillage system, as com-
pared to the conventional system, has increased productivity and improvement in
soil conservation (Duarte Junior and Coelho 2008).

The use of vinasse provides higher concentrations of potassium in the soil,
increasing the potential productivity, especially in sandy soil. The filter cake (press
mud) provides better soil fertility by providing macronutrients and micronutrients,
lower levels of aluminum, by acting as a corrective of acidity, providing higher
levels of phosphorus and nitrogen in the plant. Sugarcane fields receiving either
vinasse or filter cake display an increase in yields compared to non-amended fields,
reduction in fertilizers usage and a decrease in costs.

Another developing technology is the planting of pre-sprouted seedlings, in order
to reduce the amount of cane-bullets used during field establishment, as well as
improved control of diseases (Fig. 2). Changes in plant spacing has also been
evaluated, such as planting alternating double-rows (1.5 � 0.9 m) which allow
controlled traffic, reduction in row compaction and thus increases in yield and
longevity.

The removal of straw from fields for energy or second-generation ethanol
production is in full expansion in many producing regions of sugarcane in Brazil
(Cantarella et al. 2013). However, despite the economic appeal of this practice,
sustainability issues need to be clarified, given the positive effect of straw in
maintaining soil moisture, increases in C and N stocks and sugarcane productivity
(Leal et al. 2013), especially in regions subjected to high temperatures and limited
rainfall.
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4 Employment in Sugarcane Production System

Historically, the Brazilian sugarcane industry was associated with poor working
conditions, especially for manual harvesting of sugarcane. Currently, with the
advancement of mechanized harvesting, which has already reached 85% of the
cultivated area in the South Central region, working conditions have improved
significantly.

However, there is concern related to unemployment that may be caused by
mechanization. In this view, despite the reduction in jobs caused by mechanization,
an increase in demand for better-qualified manual labour has been recorded. The
mechanization process is creating opportunities for tractor drivers, truck drivers,
mechanics, combine harvester drivers and electronics technicians, among others. As
a result, this reduces the demand for low qualified hand-labor (Moraes and Momenti
2006).

The economic development of the regions varies due to different local or national
actions, which could determine growth rates and can generate socio-economic
inequality between regions. Some regions have advantages in structure and higher
productivity, favoring the development of the sugar and ethanol industry and
creating jobs.

5 Strategies to Increase Productivity and Sustainability

Brazil has a large area available for growing sugarcane, without causing damage
to the production of other foods, as well as having production structures and
distribution of technological products. The country incorporates the whole cycle
of ethanol production, beginning in fields with high yields all the way to installation
of equipment for the providers of this biofuel industry (MAPA 2015).

The expansion in sugarcane fields often takes the place of degraded areas with
grains or pastures due to economic reasons, i.e. the availability of areas with low
production efficiency transformed into productive areas with sugarcane cultivation.
Sugarcane expansion is not occurring over areas of native vegetation. For recovery
of degraded pasture, for example, areas can be used to plant soybean for one or more
years to improve soil conditions for implementation of the sugarcane crop (Macedo
and Seabra 2008).

In order to guide the sustainable expansion of sugarcane in Brazil, the federal
government launched a policy based on environmental, economic and social factors.
The Agro-Ecological Zoning of Sugarcane defined areas suitable for planting the
crop considering climate types, soil, biomass, land slope and need of irrigation,
among other characteristics (MAPA 2015). The study revealed an available area to
expansion of sugarcane or other crops up to 65 million hectares, without the need for
deforestation or encroaching upon protected areas such as the Amazon or Pantanal.

However, the increase in sugarcane production can not be based exclusively on
an increase in the cultivated area but, in contrast, should be driven by increases
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in productivity. The sugarcane yield in Brazil increased from 43 Mg ha–1 in 1961
to 75 Mg ha–1 in 2013 (FAOSTAT 2014). The increased productivity of sugarcane
comes from the improvement in varieties, plant protection treatments, changes in
cultural practices, correct use of fertilizers, choice of regions with favorable climate
and soil production and better control of weeds, pests and diseases.

6 Green Energy from Sugarcane

The production of ethanol from sugarcane in Brazil is a model that is well accepted
because it is renewable and from biomass stocks for which the world has more
sustainable agricultural production. The recent growth of the sugarcane industry
is essentially due to the development of new technologies for the production of
duel-fuel vehicles, or flex fuel, that is, vehicles capable of using both ethanol
and gasoline, or even a mixture of both. The final aim is to increase the use of
clean energy sources in order to reduce carbon monoxide emissions to meet the
requirements of the Kyoto Protocol (Souza and Miziara 2010).

Internally in Brazil, sugarcane mills signed the “Environmental Protocol of the
Sugarcane Sector” in order to conserve soil and water resources, protecting forests,
recovering river basins, reducing the emission of greenhouse gases and increasing
the efficiency of fertilizer use and agrochemicals products (Amaral et al. 2008).
Reducing water in the industrial process is a requirement for sustainable ethanol
production. Re-use of water in a closed circuit in the processing stage can reduce
90% of water usage (Salazar et al. 2013).

The cogeneration of energy has been an option for sugar and alcohol companies,
due to the fluctuation of energy production by hydropower and the variation in
rainfall, so cogeneration is a safe, cheap and environmental friendly option.

Competition for bagasse for energy generation, genetic and physiological
improvement of sugarcane, and requirements for pre-hydrolysis of bagasse are
variables that can affect second-generation ethanol (Raele et al. 2014).

Different levels of integration between first and second-generation ethanol
are possible, using technologies for hydrolysis and fermentation of pentoses,
resulting in great benefits due to higher ethanol production and better economic
results. Second-generation ethanol has higher production of cane processed per ton,
between 200 and 400 L ton–1 of dry matter in the fermentation and degradation of
pentoses (Dias et al. 2012a, b).

The integrated system, based on the use of biomass and the combined cycle
gasification used in sugar mills, provides better generation and power exportation
than the direct consumption of bagasse combustion in the high-pressure steam cycle.
This is beginning to be used in the sugar industry (Deshmukh et al. 2013). The
increased volume of bagasse in the last few years represented 19.3% of Brazil’s
energy matrix in 2010, and all renewable energy sources accounted for 47.6%.
Meanwhile, on the global scale renewable sources reached approximately 15.6%
(Hofsetz and Silva 2012).
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7 Byproducts of the Sugar and Ethanol Manufacturing
Process

In the sugar and ethanol production process, the byproducts generated are reused in
the industrial or agricultural processes, reducing production costs and environmental
impacts. Bagasse is a fibrous residue from the extraction of the juice by the mills
and the amount produced depends on the processed sugarcane fiber. Bagasse can be
used as a source of fuel (energy) for boiler, pulp production and cattle confined feed.

Filter cake (or press mud) is a byproduct generated mainly in the production of
sugar, in rates varying from 5 to 30 kg Mg–1 of sugarcane processed, depending
on the extraction process of the juice. It contains around 75% of humidity and
composting processes have been adopted to reduce humidity, dosages and quality
of application to the fields. Filter cake is applied to the fields as a source of organic
matter, phosphorus, nitrogen, calcium, sulfur and other nutrients, in planting or to
the ratoon, in rates varying from 5 to 20 Mg ha–1 of dry matter.

The vinasse is the main byproduct of ethanol production. It is produced at a
rate of 13 L per 1 L of ethanol produced and presents considerable amounts of
potassium. This liquid byproduct is applied to sugarcane in the form of irrigation,
supplying the whole amount of potassium required by sugarcane, as well as a portion
of sulfur and nitrogen. Environmental legislation has advanced greatly in recent
years and, currently, the industrial plants must draw up a vinasse implementation
plan to be submitted annually to the environmental agencies to permit the milling.
One strategy to adjust the vinasse application to environmental requirements refers
to the concentration of vinasse. Equipment is available in Brazil for installation
annexed to the mills, allowing concentration of between 8 and 10 times the vinasse.
In this system, the dosages of conventional vinasse normally used (between 60 and
150 m3 year–1) are reduced to 6–12 m3 ha–1 year–1, with operational, economic and
environmental benefits.

8 Animal Feed

Livestock activity is expensive and the production sector seeks lower costs of
alternative food sources. Grinding sugarcane for feeding is a potential strategy, since
the sugarcane production coincides with the period of lowest forage production
(winter), when a loss of weight of animals is often observed (Murta et al. 2011). The
sugarcane can also be used as silage, usually available in feedlots, being effective
as forage for beef cattle. Cattle farmers have sought alternatives to reduce their
production costs with feeding, since the confinement is a high-risk economic activity
(Pinto et al. 2010). Sugar cane is commonly used in feedlots in the form of roughage
food, being an economically viable alternative to substitute the silage when properly
supplemented (Barros et al. 2010).
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The sugarcane bagasse as a form of animal feed can be implemented with the
use of treatments to improve digestibility, such as alkalizing agents that can been
used for hydrolysis (Murta et al. 2011). Another technique that can be used is
the ammonization of bagasse with urea to improve nutritional characteristics, by
increasing the digestibility of fiber and crude protein content (Pires et al. 2004).

Final remarks
The sugarcane cultivated area is expanding rapidly in Brazil, but without replacing
areas of native forest or other protected areas. Sugarcane yield has also increased
consistently in the last decades in Brazil. Sugarcane is a renewable alternative to
the production of sugar, ethanol and electricity. Second-generation ethanol requires
further development, in order to allow ethanol production through enzymatic
hydrolysis of bagasse or straw.

Brazil is the largest producer of sugarcane in the world and better farming
practices are being developed to increase productivity. These include mechanical
harvesting without burning, mechanical planting, soil amendments and fertilization
practices, changes in the form of planting and the development of varieties
adapted to the soil and climate of the expanding areas. Increased mechanization of
planting and harvesting has offset the reduction of jobs by increasing requirements
of qualified labor. The mechanization of harvest process has reduced historical
problems of labor relations and improved social aspects of biofuel production in
Brazil.

An international public policy to expand the sugarcane planted areas in the world
is required in order to make sugarcane a commodity to meet the global energy
demand. Brazil, due to its technical and scientific knowledge of the production
chain, can contribute to the diffusion of agricultural and industrial technology
needed for high productivity in a variety of soil and climatic environments, which
would significantly advance sustainable energy production.
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Economic Evaluation of Short Rotation
Eucalyptus Plantation Harvesting System:
A Case Study
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Giulia Lembo Caterina, and Maura Seiko Tsutsui Esperancini

Abstract Recently, the New Holland Company brought to Brazil a forager machine
to harvest short rotation coppice (SRC) Eucalyptus plantation focusing on high
quantity of low-priced woodchips. There are other harvesting machines available
on market and each harvesting system has pros and cons. Since, in general, the
harvesting and chipping costs represents the main operational costs, evaluating the
economic feasibility of the chosen harvesting system is crucial. Therefore, a case
study was conducted to analyse the cost of this new system in Brazil that uses
a modified forager harvester and a pulled-tractor silage trailer in SRC Eucalyptus
plantation. The cost analysis methodology was adapted from ASABE and the costs
obtained were determined in two units: cost per time and quantity harvested in
oven-dry ton (odt). The system’s effective field productivity and productivity were
0.44 ha h–1 and 31.0 odt h–1, respectively. The harvest system’s total operational
cost was AC 258 pmh–1 or AC 18.9 odt–1 and the harvester machine was the largest
contributor of total cost with fixed total cost of AC 87 pmh–1 and AC 6.4 odt–1. In spite
of high labor charges values and high exchange rates in Brazil, the total estimated
cost was cheaper than the ones found in temperate countries. From the total cost,
depreciation and fuel consumption were the biggest influences. Thus, the experience
levels of the harvester and tractor operators are crucial to this system economy.
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1 Introduction

In Brazil, Eucalyptus is a promising genus for renewable energy production in short
rotation coppice (SRC) (Guerra et al. 2012) given that the surface area covered
by this species plantations designed for production was around 5.6 million ha in
2014 (IBA 2015). Conventional commercial plantations (of 3.0 � 2.0 m spacing,
harvest at 6–8 years) can reach mean productivities of 45 m3 ha–1 year–1 due to
genetic improvement and ideal edaphoclimatic conditions (Gonçalves et al. 2013).
The key components of Eucalyptus high growth rate are its nutrients capture and
use-efficiency and abundant water supply, mainly (Stape et al. 2004). According
to Guerra et al. (2014), eucalypt short-rotation plantations, clearcut at 2–3 years,
may present superior biomass production in shorter time when compared with the
conventional forestry, reaching 120 m3 ha–1 in just 1 year.

Short rotation coppice (SRC) systems are design to increase the population
density resulting in high quantity of low-priced final biomass product (Spinelli
et al. 2009). In addition, as a fast growth species, eucalypt cultivated in SRC,
system characterized by constant removal of biomass, requires an extra fertilization
to maintain the soil fertility and high productivity rates (Mitchell et al. 1999).
Therefore, this system demands highly efficient operations to active success,
especially within harvesting, whereas its cost can account of 50% of total (Spinelli
et al. 2009). In addition, as energy source, the final product woodchips should have
uniform size (Spinelli et al. 2011) and low moisture content. This latter quality
parameter is directly linked to market price (Nyström and Dahlquist 2004) and
calorific power (Ergül and Ayrilmis 2014). It is important for power plants that
the delivered woodchip has low moisture content variation to avoid combustion
problems (Nyström and Dahlquist 2004).

In some European and American countries, the use of modified forager machines
for forest harvesting has been the target of studies since the 1990s. Modified foragers
have the characteristic of transforming the entire tree into woodchips in one-single
pass, mostly known as cut-and-chip system (CAC). Some researchers like, Spinelli
and Magagnotti (2010), Schweier and Becker (2012a, b) and Eisenbies et al. (2014)
analysed the operating performance of available forage harvesters in the market
from the following brands; Jaguar, Class, John Deere, and New Holland. In these
studies, the main trees genus used were poplar (Poplar spp.) and willow (Salix spp.).

Forest mechanized harvesting is normally composed by two different systems
in Brazil: cut-to-length (CTL) and whole-tree logging (WTL). In the former case,
the machine responsible for cutting the trees, the harvester header cut-base the
stems, delimber, cross-cut and bunch in one process, then, the forwarder machine
collect the harvested stems and remove from the plot to alongside the road
(Nurminen et al. 2006). In the latter case, the operation consists of a feller-buncher,
responsible for cutting-base the trees and bunching, a processor, for delimbering,
and a grapple skidder, to remove the logs outside the plot (Ghaffariyan et al. 2011).
The CTL system is considered more environmental friendly because has higher
productivity rate and requires less machines on the field. Both harvesting types need
another machine in order to process the logs and cut them into woodchips, known
as woodchipper. Chippers can be divided in mobile or stationary (Spinelli and
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Fig. 1 Woodchip pile, forager and Eucalyptus SRC

Drum chipper
with knives

Pushbar

Header’s infeed roll
Outlet pipe

Blower

Forager’s infeed rollsFeed tower and
circular saw

Fig. 2 Main features scheme of adapted forage harvester

Magagnotti 2010) and be classified for its cutting device, drum or discs (Manzone
and Balsari 2015). Drum devices are more productive than discs (Spinelli et al.
2013) but produce higher diversification of medium-size chips (Spinelli et al. 2005).

The introduction of modified forager machines in forest systems is quite recent
in Brazil. A few years ago, New Holland brought to the country a forager machine
(Fig. 1) with the purpose to harvest SRC Eucalyptus plantation with high quantity
of low-priced woodchips.

A forager machine and a coppice header (Fig. 2) compose the harvester. The
header or cutting head is equipped with two circular saws that cut-base located at
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Fig. 3 Woodchips length: 30 mm (top) and 5 mm (bottom)

the bottom of two feeding towers, one push-bar that push the felled trees towards
opposite direction to the machine, one paddle roll that lifts up the trees into two
verticals infeed rolls toward inside the forager. The drum chipper with knives is
located inside the forager after the forage’s infeed roll and metal detector roll. After
the chipper, the woodchips are engaged by the blower and discharged through the
outlet pipe.

The chip length can be chosen electronically from the cab through increasing or
decreasing the feeding speed, giving the option for chip length from 30 to 5 mm
(Fig. 3) in 1 mm steps. The largest one is recommended for directly burning and the
smaller, can be used for pellet manufacturing.
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Fig. 4 Cut quality: low (top) and high (bottom)

The further concern regarding this kind of harvesting is the stump quality after
the coppice (Fig. 4). In order to produce high standard cutting, the circular saw must
have the following features: be sharpened, ideal rotation speed and ideal forward-
motion speed (forager harvesting speed). Low cutting quality decrease the odds
for stumps to produce vigorous resprouts. In other hand, “clean” cutting allows
both healthy resprouting (Soler et al. 2013) and increase the biomass productivity



224 S.P.S. Guerra et al.

Fig. 5 Eucalypt resprouts on stump few weeks after mechanized harvested

Fig. 6 CTL, WTL and CAC harvesting process (Eufrade Junior et al. 2016)
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(Dillen et al. 2013). However, one must have in mind that the regrowth ability varies
between species (Fig. 5).

Hence, there is plenty harvesting machines available on market. However,
evaluating the economic feasibility of the introduction of eucalypt as energy crop,
the harvesting and chipping cost represents the main cost item (Sgroi et al. 2015).
For this reason, a wisely choice is necessary for a profit production. Each harvesting
system has pros and cons (Culshaw and Stokes 1995). Figure 6 represents each
harvesting system discussed above.

Thus, a case study was conducted to analyse the cost of this new system in Brazil
using modified forager harvester and pulled-tractor silage trailer in short-rotation
eucalypt plantation.

2 Material and Methods

The study was conducted at Sao Paulo State (48ı2404300W, 22ı5801000S), in a 1.7 ha
Eucalyptus grandis � Eucalyptus urophylla hybrid short-rotation plantation. The
plantation spacing was 3.0 � 1.0 m (3333 plants ha–1) and at harvest time, trees
had 2.8 years and an average base diameter (at 9 cm of height) of 10 cm. The area
maximum land slope was 6%. The climate is mesothermic with dry winter and an
average temperature of 20ıC. The average annual precipitation is 1500 mm with
58% occurring from January to June. The annual potential evapotranspiration is
945 mm with 33% occurring in summer time (Cunha and Martins 2009).

Integrated the harvest system: a New Holland self-propelled forager machine
attached to New Holland coppice header, two New Holland tractors and four TMA
24 m3 silage trailers (Table 1).

Table 1 Equipments
description

Forager

Make New Holland
Model FR9060
Power kW 441
Mass kg 12,600
Header

Make New Holland
Model 130FB
Mass kg 2000
Tractor

Make New Holland
Model TM7040
Power kW 132
Mass kg 6800
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The system’s cost analysis methodology was adapted from ASABE (2011a) and
the costs obtained were determined in two units: cost per time and quantity harvested
in oven-dry ton (odt).

Ownership costs or fixed costs (FC) consist of depreciation, interest on fixed
assets and other costs (taxes, housing and insurance), which focus on all the
equipment of the mechanized harvesting system (harvester, tractor, and silage
trailer) and are detailed in the equation:

FC D
˚�

VACVR
2

C i
� C �

VA�VR
EL

� C THI
�

pmh

Where:

FC D fixed cost (AC hour–1)
VA D acquisition value of machinery and equipment (AC)
VR D residual value of machinery and equipment (AC)
i D interest rate per year (%)
EL D economic life (years)
THI D taxes, housing and insurance (% of VA in AC year–1)
pmh D productive machine hours per year

Operating costs or variable costs (VC) consist of fuel, oil and lubricants, repairs
and maintenances, and labor focusing on forage machines and tractors. The average
fuel consumption is based on the actual power that is required or on the actual
consumption measured in the field. The data of fuel consumption were collected
using the machine’s on-board computer (Intelliview). To collect the tractor’s hourly
consumption we followed the methodology described by Fiorese et al. (2012). To
calculate oil lubricants and greases costs, we used the 15% factor in the cost of fuel.

According to ASABE (2011b), the accumulated costs of repairs and maintenance
to a typical field velocity can be determined with the following expression using the
repair and maintenance factors RF1 and RF2:

CRM D

�
VA � RF1 �

�
hCpmh

1000

�RF2
�

�
n
VA � RF1 � 	

h
1000


RF2
o

pmh

Where:

CRM D cost of repair and maintenance (AC hour–1)
RF1 and RF2 D repair and maintenance factors
VA D acquisition value of machinery and equipment (AC)
h D hours accumulated
pmh D productive machine hour per year
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Labor cost was calculated based on the monthly wage and work hours, including
a correction factor of 25% due to idle time, in other words, time taken for repairs and
supply of machines. Cost spend with employees transportation to the workstation
were discarded. One workday consisted by two shifts of 4 h each. Wages and labor
charges were based on the database provided by the forestry companies’ partners.

Some harvester data were estimated because the product is not considered as
commercial machine in Brazil. Prices were acquired in Brazilian currency (R$) and
converted to Euros (AC) using the average exchange rate for 2015 of R$ 3.16 AC–1

according to the official website of the Central Bank of Brazil (www.bcb.gov.br).
Only repairs and maintenance cost were included on variable costs for silage trailers
(Table 2).

In order to estimate the cost per tonne it was used the productivity expressed in
dry tonne per hour, once the woodchip moisture was 52%.

The effective field productivity (EFP) was calculated as shown:

EFP D d � s

1000 � t

Where:

EFP D effective field productivity (ha h–1)
d D distance (m)
s D space between rows (m)
t D time (h)

Table 2 Input parameter for cost calculation

Description Harvestera Tractor Silage trailer

Estimated acquisition value AC 316,500.00 55,380.00 28,500.00
Expected economic life years 7 9 12
Annual use pmh 600 1500 n.a.
Residual value % 10.00 10.00 10.00
Interest rate % 5.00b 5.00 5.00
Housing % 0.75 0.75 0.75
Insurance % 0.25 0.25 0.25
Fuel consumption L h–1 80 25 n.a.
Fuel price AC L–1 0.80 0.80 n.a.
Repair factor 1 0.03 0.003 0.16
Repair factor 2 2.0 2.0 1.6
Operator wage AC month–1 633.00 633.00 n.a.
Labor charges % 125.00 125.00 n.a.

Note:
pmh productive machine hours, n.a. not applicable
aFR9060 and 130FB
bKTBL (2014)

http://www.bcb.gov.br
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3 Results and Discussion

EFP and productivity were 0.44 ha h–1 and 31.0 odt h–1, respectively. Using the
same forage machine in a SRC poplar in Germany, an EFP average of 0.90 ha h–1

and a productivity of 14.6 odt h–1 were obtained (Schweier and Becker 2012a).
Tests conducted in the United States, harvesting willow, showed results from 1.8
to 2.3 ha h–1 of EFP and a productivity between 23.9 and 24.9 odt h–1, requiring
speeds from 8.0 to 10.0 km h–1 in which is unrealistic regarding a SRC (Eisenbies
et al. 2014). These studies were conducted in temperate regions where the most
common source of raw material are Salix spp. and Poplar spp. Plantations. These
species are generally harvested around 3 and 4 years, and the basic wood density
average is 350 and 410 kg m–3, respectively (Tharakan et al. 2003). Eucalyptus spp.
has an average basic wood density of 430 kg m–3 (Garcia 2013). This information
might justify the result of higher productivity in Brazil, once Eucalyptus’s wood
density is 4.6% and 18.6% higher than willow and poplar, respectively.

The harvester EFP is related to the working speed in which could be limited by
terrain conditions (i.e. slope and soil type), planting condition (i.e. trees diameter,
planting spacing and presence of old stumps between planting lines), operator
experience level, and forage harvester power.

The harvest system’s total operational cost was AC 258 pmh–1 or AC 18.9 odt–1

being the harvester the largest contributor of total cost with fixed total cost of
AC 87 pmh–1 and AC 6.4 odt–1 (Table 3).

Table 3 Operational costs

Harvester Tractorsa Silage trailersb

Element AC pmh–1 AC odt–1 AC pmh–1 R$ odt–1 AC pmh–1 AC odt–1

Fixed costs
Depreciation 67:81 4:97 7:38 0.54 5.70 0.42
Interest rate 14:50 1:06 2:03 0.15 2.09 0.15
Housing 3:96 0:29 0:55 0.02 0.57 0.04
Insurance 1:32 0:10 0:18 0.01 0.19 0.01

FCT 87:59 6:42 10:15 0.71 8.54 0.63
Variable costs

Fuel 64:05 4:70 40:03 2.93 – –
Oils and lubricants 9:61 0:70 12:01 0.88 – –
Repairs and maintenance 5:70 0:42 0:50 0.04 5.81 13.21
Operator 4:94 0:36 9:89 0.73 – –

VCT 84:30 6:18 62:43 4.58 5.81 13.21

Total cost 258:83 18:95

Note:
FCT fixed costs total, VCT variable costs total
Exchange rate (2015 average value): AC 1.00 D R$ 3.16
aTwo tractors
bFour silage trailers
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Schweier and Becker (2012a) determined an estimated total cost ofAC 281 h–1 and
AC 19.70 odt–1. The harvester per unit time individual cost (excluding labor costs)
was found by Berhongaray et al. (2013), which was 212.5 AC h–1. Despite the high
value of labor charges on the operator’s wage and the rise of the exchange rate,
operational costs are below those found in the literature. This difference is even
greater due to the mean annual increment (MAI) of eucalypt in SRC in Brazil and
its impact on the productivity generated by the harvester in this system.

The percentage contributions to total cost of each equipment item are listed in
Table 4.

Depreciation and fuel are the two factors that most contributed to the total cost
of the harvester, justified by the high purchase price and high fuel consumption of
this equipment. Operator’s experience can be crucial to reduce fuel consumption
because it is necessary to adjust the speed according to the forest conditions in
order to increase wood chips production while manage operational time and fuel
consumption efficiently, without wasting trees and preserving both sets of base
cutting disks and cutting knives.

Whereas this forager harvester is non-commercial equipment, lifespan and
productive annual hours were estimated, thus, with the adaptations improvement
for Brazilian forests conditions both parameters can be even greater reducing the
depreciation cost of the harvester.

The greater part of the tractor’s cost is related to the consumed diesel and here,
again, the experience of the operator is decisive. Proper engine rotation for each
harvest stage, proper adjustment of ballast weights, the type of tires and their internal
calibration are factors that significantly influence the tractor’s performance (Lopes
et al. 2003; Filho et al. 2010; Monteiro et al. 2011; Berhongaray et al. 2013).

Suitable fleet sizing is essential to reduce idle time in the harvesting process;
however, this analysis demands full time studies and measurement of the maximum

Table 4 Participation in percentage of each element on individual cost

Harvester Tractor Silage trailer
Element (%)

Fixed costs

Depreciation 39.5 10.2 39.7
Interest rate 8.4 2.8 14.5
Housing 2.3 0.8 4.0
Insurance 0.8 0.3 1.3
Variable costs

Fuel 37.3 55.2 –
Lubricants 5.6 16.5 –
Repairs and maintenance 3.3 0.7 40.5
Operator 2.9 13.6 –

100 100 100
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distance between harvested area and wood chip discharge area in order to optimize
the logistics. In this assessment, the required fleet sizing was estimated from
authors’ experience.

Once the produced biomass destination is bioenergy production, the calorific
value contained in this material becomes relevant. Guerra et al. (2014) conducted
a study testing the same clone in order to quantify the calorific value of a SRC
under different spacing and fertilization levels. At 2 years old, in 2.8 � 1.0 m
spacing (3571 plants ha–1) and applying the conventional fertilization dose, this
clone reached an average of 20 GJ t–1 or 761 GJ ha–1. Converting to megawatt-hour,
a productive day of harvesting would be able to produce around 2500 GWh. This
energy is sufficient to generate electricity during 3 h in a European city with 542,000
households (Kavgic et al. 2013), or 16 h in a large Brazilian city with 2,000,000
inhabitants (Pereira and de Assis 2013). Clearly, this comparison is both informative
and illustrative because it does not include generation neither transmission loss of
energy, among other factors.

4 Conclusion

The use of modified forage machines for harvesting eucalypt in SRC, despite
harvesting a smaller area per time, could reach a greater amount of harvested
material per area compared to consolidated harvesting systems for willow and
poplar plantations in temperate countries due to the difference of wood basic density.

Even with high labor charges values and high exchange rates, the total estimated
cost is cheaper than those from temperate countries, with depreciation and fuel
consumption being the biggest influences of total cost. The experience level of the
harvester and tractor operators is crucial to this system economy.
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Abstract Composites containing fibres from biological sources, such as residues
from field crop production, are being increasingly used for manufacturing consumer
products, automobile parts and construction materials because of their low costs,
as well as their ecological and performance benefits. The chapter examines the
sustainability of using plant fibres for bioproduct manufacturing in Ontario, Canada
from annual and perennial crops. It also examines parameters that affect the
performance of composites compounded with polypropylene and (Zea mays) corn
fibres. In particular, the study identified relationships between specific performance
characteristics of the corn fibres and their chemical compositions and confirmed
that plant genetics and crop production environment play significant roles in both
traits. Further, it identified cell wall traits, genomic regions and genes that might
be used to select corn lines that have improved fibre characteristics for bioproduct
manufacturing.

1 Introduction

Natural fibre composites are emerging as a viable alternatives to mineral, carbon
and glass-reinforced composites for manufacturing automotive parts, construction
materials, and for electrical and electronic uses because of their low costs, as well
as their ecological and performance benefits. The global natural fibre composite
market is anticipated to grow by 12% annually with a value of $5.8 billion (US) by
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2019.The growth of the global automotive and construction industries, promulgation
of new environmental regulations, local availability of natural fibres, the suitability
of natural fibres for various manufacturing processes (including compression and
injection moulding) and consumer acceptance of bio-filled composite materials
are some of the key drivers for the expansion of natural fibre-based composite
market (http://www.researchandmarkets.com/reports/2881528/global-natural-fiber-
composites-market-2014-2019; accessed on May 21, 2015).

The province of Ontario is one of the largest agricultural biomass producing
regions in Canada. It and its neighbouring state of Michigan in the USA host
more than 95% of the automotive industry in the North America. In 2014
Canada built 2.1 million vehicles—10th highest in the world (http://www.cbc.ca/
news/business/loss-of-corolla-doesn-t-have-to-be-lethal-blow-for-canadian-auto-
production-1.3033914). The use of A. Schulman’s AgriPlas™ Wheat Straw Bio-
filler for an injection-molded storage bin in the interior of the Ford Flex was
an early adoption of this technology (http://www.prnewswire.com/news-releases/
a-schulmans-agriplastm-wheat-straw-bio-filler-on-ford-flex-receives-innovation-
recognition-from-spe-automotive-division-70197502.html). The advantages of
using this material in automobiles include: weight savings of approximately 10%,
increased dimensional stability, reduced energy use in manufacturing due to lower
machine temperatures, and lower carbon footprint (1.30 kg less of carbon dioxide
per kilogram of product, based on Ford’s analysis).

The chapter examines the sustainability of using plant fibres for bioproduct
manufacturing in Ontario and presents results from polypropylene reinforced
with corn (Zea mays) fibres as a model for bio-filled thermoplastic composite
manufacturing. Corn is examined in detail because large amounts of stalk and cob
residues are readily available in Ontario and they are, currently, left in the field to
decompose after the harvest of the grain. However, there is increasing interest in
harvesting and utilizing the residue for energy or bioproduct manufacturing.

2 Sustainability of Biomass Production from Field Crops
in Ontario

Approximately 5% of Ontario’s land base is suitable for agriculture. In 2011, crop
production occurred on 3.6 M hectares with corn, soybean, winter wheat, forage and
pasture dominating (Statistics Canada, Census of Agriculture, 2011, http://www.
statcan.gc.ca/eng/ca2011/index). In Canada, land capability is determined using the
Canada Land Inventory (CLI) for agriculture. CLI is an interpretative system for
assessing the effects of climate and soil characteristics on the limitations of land
for growing common field crops. Class 1 soils have no significant limitations in
use for crop production. The soils are deep, are well to imperfectly drained, hold
moisture well, and in the virgin state were well supplied with plant nutrients. They
can be managed and cropped without difficulty. Under good management they are

http://www.researchandmarkets.com/reports/2881528/global-natural-fiber-composites-market-2014-2019
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Ontario Soils

Canada Land Inventory (CLI)

1,2

3

4

5

Fig. 1 Map of Class 1, 2, 3, 4 and 5 lands in Southern (S), Western (W), Central (C), and Eastern
(E) Ontario (reproduced from Kludze et al. 2013a)

moderately high to high in productivity for a wide range of field crops. Class 2 soils
have moderate limitations, and moderate conservation practices required to achieve
moderately high to high in productivity. Class 3 soils have moderately severe
limitations and the range of crops is restricted or special conservation practices
required. Class 4 soils have severe limitations. Class 5 soils are restricted to forage
crops and improvement practices are feasible. (http://sis.agr.gc.ca/cansis/nsdb/cli/
class.html). Figure 1, shows the distribution of Class1–5 land in Ontario. It can
be seen that Ontario has considerable acreage of Class 1–3 land. In Ontario, the
majority of annual crop production occurs on Class 1–3 soils and corn-soybean
are increasingly the dominant rotation (Gaudin et al. 2015). Pasture and forage
production tends to occur on Class 4–5 soils which, as can be seen in Fig. 1, are
more dispersed. In Ontario biomass for emerging markets can be derived from
either (1) crop residues removed from crop rotations, or (2) dedicated biomass crops
which would require displacement of existing crops and land use. In either case,
the evaluation of sustainability of these systems must occur and must consider the
context above.

2.1 Crop Residues

In Ontario, corn, soybean and winter wheat are the main candidate crops for residue
removal with 0.8 M, 1.0 M and 0.44 M hectares grown in 2011, respectively

http://sis.agr.gc.ca/cansis/nsdb/cli/class.html
http://sis.agr.gc.ca/cansis/nsdb/cli/class.html
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(Statistics Canada, Census of Agriculture, 2011). Like much of the U.S. Northern
Corn Belt, corn-soybean rotations dominate the Ontario landscape (Gaudin et al.
2015), and corn-soybean-winter wheat rotation is less common. Five-year (2004–
2008) average aboveground crop residue biomass yields for corn, soybean and
winter wheat are 8.6, 2.6 and 4.6 Mg (Dmetric tonne) ha�1. Based on these estimate,
complete removal of all residue from these three crops would yield 11.5 M tonnes
year�1 of biomass.

Complete residue removal would have significant ecological, soil health and
erosion implications, so complete removal is unlikely to be advocated. Crop residue
requirements to maintain soil organic carbon and nutrient pools are higher than those
required to control soil erosion (Varvel and Wilhelm 2008); thus, sustainable residue
removal levels are often determined by an objective to maintain soil organic matter
levels. This objective furthermore recognizes the importance of soil organic matter
in maintaining soil health and crop productivity. Based on the assumption of soil
organic matter maintenance, Kludze et al. (2013b) estimated how much crop residue
can be removed from Ontario cropping systems. Sustainable residue removable
rates were determined using a five-step approach that accounted for maintenance
of soil organic matter in the presence of yield and rotation variations across
Ontario counties. Under typical soil organic matter formation and decomposition
conditions, and assuming typical corn-soybean and corn-soybean-winter wheat
rotation scenarios, about 1.1 million Mg of residue could be sustainably removed
each year, primarily from the major (Southern and Western, see Fig. 1) agricultural
regions in the province. For a given region in Ontario, the amount of residue
that could be sustainably removed was determined by rotation complexity and
crop yield. Rotational complexity, through the addition of winter wheat, increased
sustainable residue removable rates, while inclusion of soybean decreased available
residue compared to maize and winter wheat. To increase sustainable residue
removal level above 1.1 million Mg year�1 will require greater rotation diversity,
adoption of cover crops, and increased crop yields. Note that, in Ontario, no-till
systems are assumed to not impact sustainable residue removal rates since no-till
production systems are not associated with elevated soil organic matter (Powlson et
al. 2014) and tend to be associated with yield reductions (Pittelkow et al. 2014).

Removal of corn and soybean residues can be challenging under the Ontario envi-
ronment. Long season corn hybrids and soybean varieties are grown to maximize
yield potential, consequently planting occurs as early as field conditions permit in
the spring and harvest occurs late in the season. Spring collection of maize residue
(Fig. 2) can interfere with timeliness of subsequent panting operations or may cause
soil compaction if conducted when soil are still too wet. Fall collection of corn and
soybean residues may interfere with fall operations, for example, soybean residue
collection may delay timely planting of winter wheat which is associated with winter
survival and spring vigour. Late season collection of corn and soybean also increases
probability of high moisture levels in crop requiring drying or risk or storage losses.
Winter wheat residue collection has fewer of these concerns however, currently
a significant portion of winter wheat residue is already collected for competing
markets such as livestock bedding, mushroom compost, mulch, or as a fibre source
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Fig. 2 Baling corn stover (left) and handling bales (right) in a field in Ontario

for ruminant livestock. Corn cobs can be harvested in a one-pass system with a
commercially available modified combine that collects cobs into a trailing wagon.
Based on a cob to grain ratio of 0.16 and a 5-year (2004–2008) grain yield average,
cob yield is 0.9–1.4 dry t ha�1 and total annual production potential in Ontario is
0.9 M tonne. Moisture content at harvest however, is 25% (% weight) or greater, so
drying and storage conditions must be considered.

2.2 Dedicated Biomass Crops

Numerous crops have been evaluated in Ontario as candidates for dedicated
biomass crops. These include: (1) perennial grass species such as switchgrass
(Panicum virgatum), miscanthus (Miscanthus spp.), big bluestem (Andropogon
gerardii) and reed canary grass (Phalaris arundinacea); (2) annual species such
as hemp (Cannabis sativa L.) and energy corn; and (3) short rotation woody species
such as poplar (Populus trichocarpa) and willow (Salix viminalis). In Ontario,
the perennial grass species have received the most attention as potential biomass
crops, particularly the C4 species, switchgrass and miscanthus. These species are
adapted to Ontario conditions (Sage et al. 2015), have high yield potential (Heaton
et al. 2004), low input requirements, utilize existing commercial equipment for
production (e.g., Fig. 3), and have favourable greenhouse gas balances (Eichelmann
et al. 2016). The use of only 5% of all arable land in Ontario (i.e., Classes 1–5 lands)
can provide over 2 million t DM of either switchgrass or miscanthus biomass. Due
to higher yield potential (approximately 2�), a miscanthus-based biomass system,
compared with a switchgrass-based system, would require a significantly lower
percentage of available land area to produce an equivalent amount of biomass.

Both miscanthus and switchgrass cultivation are associated with increases in soil
organic matter and improvements in soil health; however the magnitude of this effect
is dependent on previous land use (Sanscartier et al. 2014a, b). Figure 3 shows
fall harvest of miscanthus (left) and switchgrass (right) in Ontario. Introduction of
dedicated biomass crops in Ontario necessarily requires displacement of existing
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Fig. 3 Fall harvest of miscanthus (left) and switchgrass (right) in Ontario

crop production, since there is little to no idle land in the area represented by Fig.
1. Displacement of pasture and forage production by C4 perennial grasses will have
minimal impact on soil organic matter since these systems are already associated
with high levels of soil organic matter. Also, since pasture and forage production is
most common on Class 4–5 soils, and yield potential of miscanthus and switchgrass
is lower on these soils, opportunity for increasing soil organic matter is reduced. In
contrast, soybean dominated systems tend to be associated with reduced soil organic
matter levels, and also occurs on Class 1–3 soils that have high yield potential
for C4 perennial grasses increasing organic matter returns to soil. Displacement of
soybean based rotations by C4 perennial grass can significantly increase soil organic
matter and improve soil health. Although soil health and direct greenhouse gas
benefits tend to be greatest on Class 1–3 soils, there is concern in Ontario regarding
displacement of food crops by non-food crops; consequently there is considerable
interest in producing dedicated biomass crops on Class 4–5 lands. However, there
are significant challenges associated with producing biomass on Class 4–5 lands in
Ontario, including:

1. Production of significant quantities would require the conversion of a relatively
high percentage of the Class 4 and 5 lands in Ontario. If production is distributed
across land classes, the impact on any given land class would be minimal.

2. Availability of Class 4 and 5 lands in Ontario is very region-dependent (Fig.
1) and restricting biomass production to marginal land would disadvantage the
development of biomass in regions dominated by Class 1–3 land.

3. Production on marginal lands, due to lower yield potential and scattered distri-
bution (Fig. 1), would significantly increase production costs and transportation
costs.

In conclusion, there is significant opportunity for biomass production in Ontario.
Feasibility from an economic, technical and sustainability perspective will depend,
to a large part, on decisions regarding source of biomass and where it is produced
in the province. It is expected that a combination of market forces and government
policies will dictate these decisions.
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3 Case Study of Corn Fibre Reinforced Polypropylene as
a Model Material for Bio-filled Thermoplastic Composite
Manufacturing

This study was initiated to investigate the performance characteristics of composite
materials produced with polypropylene (PP) and fibres extracted from agricultural
residues, in particular, fibres obtained from corn stalks and cobs. The study was
structured to examine the influences of the genetic background (genotype) of the
corn plant and the environment in which the crop was grown on the functional
properties of the corn fibres after they are incorporated into composites (Fig. 4). We
have examined the influences of genotype and environment on the functionalities of
fibres obtained from soybean stems in PP composites (Reinprecht et al. 2015) and
corn fibres in polylactic acid (PLA; Riaz 2012) but have not previously conducted
tests with corn fibres in PP.

CG62 CO387

CO381 x CG62          
RIL population

40 RILs (seed phenolic levels)
Field (2 years, 3 locations)

DNA extraction

1e

1f

1g

Physical traits
Plant height

Lodging
Maturity

1a
Fiber isolation 

1b

1c

1d

Chemical analyses
Ankom (NDF, ADF, ADL)

Pectin
Phenolics (free & wall-bound)

FTIR

Composite production &
characterization 

(20%  corn fibre + 77.5% PP + 2% coupling agent + 0.5% antioxidant)
Tensile strength 

Flexural strength & modulus
Impact strength

Marker evaluation
PCR-based

Microarray-based

Linkage map
In silico map 

Gene isolation
Candidate-gene

Microarray

Correlation
QTL mapping

2

Application
3

Fig. 4 An overview of the study to identify environmental and genetic effects on the functional
properties of corn fibres in composites with a polypropylene (PP) matrix
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3.1 Stage I: Production of Corn Stalk and Cob Fibres PP
Composites

3.1.1 Materials and Experimental Design for Corn Fibre-based
Composite Tests

In the current study 40 recombinant inbred lines (RILs) created by selfing F2 s
from a cross between parents (CG62 x CO387) that differed for a number of
characteristics, including their disease resistance (Ali et al. 2005) and phenolic
content (Bily et al. 2003), were used as sources of stalk and cob fibres. The selected
RILs included the top 20 and the bottom 20 lines from a population of 144 RILs for
the levels of phenolic compounds [esterified ferulic acid (EFA), dehydrodimers of
ferulic acid (DFA) and p-coumaric acid (PCA)] in their kernels (Fig. 4).

The selected lines along with their parents were grown in two Ontario locations
over 2 years and evaluated in the field for their physical traits (Step 1a). At
maturity five plants were randomly selected for fibre analysis. Dried stalks and
cobs were ground (Step 1b) with a Thomas Wiley Mill Model 4 (Thomas Scientific,
Swedesboro, NJ, USA) to pass through a 2 mm sieve in stage I of the study. In stage
II the materials were ground with a commercial fibre grinding machine (OMTEC
Inc. Ridgetown, Ontario) with a 2 mm sieve.

The chemical compositions [cellulose, hemicellulose, lignin and phenolics (total
free and cell wall-bound)], particle sizes, moisture contents and thermal stabilities
of the fibres were determined (Step 1c) before compounding in the polypropylene
(PP) matrix. A sequential detergent fibre analysis (Van Soest et al. 1991) was used
to characterize ground corn stalks and cobs for neutral detergent fibre [NDF, cell
wall (cellulose, lignin and hemicellulose)], acid detergent fibre (ADF, lignin and
cellulose) and acid detergent lignin (ADL, lignin) contents. A three-step analysis
using a filter bag method was performed with the Ankom 200 fibre analyzer (Ankom
technology, Macedon, NY) according to the manufacturer’s instructions (http://
www.ankom.com/analytical-procedures.aspx). The amounts of cellulose (ADF–
ADL) and hemicellulose (NDF–ADF) were estimated from the NDF, ADF and ADL
measurements and expressed as a percent of dry fibre.

The free phenolic contents in the ground corn residues were determined with
a 50% Folin-Ciocalteu’s phenol reagent (Sigma Chemicals Company, St. Louis,
USA) using a microwave-based protocol (Fletcher et al. 2005) and determined at
725 nm with a SpectraMax

®
Plus384 absorbance microplate reader using SOFTmax

PRO 4.0 controller software (Molecular Devices Corporation, Sunnyvale, CA,
USA) with gallic acid (Acros Chemical Company, NJ, USA) in 50% ethanol
as a standard. The quantities of free phenolics were expressed as an average
of three (10 mg) subsample measurements (from each replication/location/year)
in �g phenolics mg�1 dry fibre. The concentration of cell wall-bound phenolics
(p-coumaricacid and ferulic acid) was determined by high-performance liquid
chromatography (HPLC) and expressed in mg phenolic acids g�1 dry fibre.

http://www.ankom.com/analytical-procedures.aspx
http://www.ankom.com/analytical-procedures.aspx
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Fig. 5 Stages in corn fibre PP composite preparation

The thermal properties of the fibres, including thermal stability and onset
degradation temperatures, were measured by heating 5–10 mg samples from 35 ıC
to 700 ıC at a rate of 20 ıC min�1 under nitrogen gas at a flow rate of 50 mL min�1

using TA Instrument Q500 TGA Model 19720 (TA Instruments, New Castle, DE,
USA). TGA thermographs were used to measure fibre weight loss for RILs. Onset
degradation temperatures were recorded as the temperatures (ıC) after 150 ıC at
which the sample showed 1% weight loss.

Compounding was done to obtain homogeneous materials through the melt blend
process (Step 1d). Corn stalk or cob residues [20 wt-% (stage I) and 30 wt-% (stage
II)], were mixed with homopolymer polypropylene [PP, grade D180M (Sunoco
Chemicals, Inc., Philadelphia, PA—Braskem America) with 18 melt flow index
(MFI); 77.5 wt-% (stage I) and 67.5 wt-% (stage II)], coupling agent [Fusabond
P-353, Maleic anhydride grafted (Dupont, Canada); 2 wt-%] and antioxidants
[0.25 wt-% each Irganox 1010, Phenolic and Irgaphos 168, Phosphate (Ciba, Inc.,
Canada)]. Composite components were blended together using a conical twin-screw
micro-extruder (HAAKE Mini Lab, Thermo Electron Corporation, Canada) with
processing conditions of 190 ıC and 40 rpm machine speed. Test specimens and
bars were injection moulded according to the ASTM standards using a RR/TSMP
machine (Ray-Ran, Warwickshire, UK) with a barrel temperature at 190 ıC, mould
tool temperature at 50 ıC, and 15 s hold time at 100 psi. The specimens were
annealed in an air circulating GC 5890A oven (Hewlett Packard, USA) at 151 ıC
for 11 min and then cooled down to room temperature at a rate of 10 ıC min�1.
Five test specimens for each flexural (ASTM methods D790-10, 2010a), impact
(ASTM methods D256-10, 2010b) measurement and five test bars for the tensile
measurements (ASTM method D1708-10, 2010c) were used to measure the physical
properties of the corn stalk and cob fibre PP composites (Fig. 5).

3.1.2 Effects of the Genotype and Growth Environments on the Chemical
Composition of the Corn Fibres

Significant variations in the corn stalk and cob fibre chemical compositions
(cellulose, hemicellulose, lignin, total free phenolics, p-coumaric acid and ferulic
acid quantities) and onset degradation temperatures were identified among RILs
(Table 1). The environments in which the corn crops were grown significantly
affected the chemical compositions of the fibres (data not shown).
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Fibres from stalks and cobs had different chemical compositions. In general, cob
fibres had higher onset degradation temperatures and contained larger amounts of
cellulose, hemicellulose lignin, and ferulic acid than the stalk fibres. In contrast,
stalk fibres had higher quantities of p-coumaric acid and twice the levels of free
phenolics, compared to the cob fibres.

3.1.3 Characteristics of Corn Fibre PP Composites

In stage I of the study, a total of 336 corn stalk and cob fibres PP composites
(20% wt/wt from 40 RILs and two parents grown in four environments) were
tested for flexural, tensile and impact properties. The corn fibre PP composites were
significantly different from pure PP with respect to their physical properties. In
particular, the addition of 20% of corn fibres (wt/wt) from all 40 RILs improved
the flexural properties (strength and modulus) of composites compared to the pure
PP (Fig. 6). However, tensile and impact strengths were all reduced, compared to
pure PP.

The environments in which the corn plants were grown (Elora 2008 [E8]; Elora
2009 [E9]; Ottawa 2008 [O8]; Ottawa 2009 [O9]) from which the stalk and cob
fibres were extracted, had significant effects on the composite properties (Table 2).
Composites produced with stalk fibres had significantly higher values for flexural
strength, flexural modulus, and tensile strength than cob fibre composites, across
the environments. Impact strengths of the corn stalk fibre and cob fibre composites
(23.0 and 24.0 Jm�1) were not significantly different.

3.1.4 Relationships Among Corn Fibre Chemical Compositions
and Composite Mechanical Properties

A principal component analysis (PCA) was conducted to determine the associations
among fibre chemical compositional traits and the performance characteristics of
the fibres in composites.

The first and second principal components comparisons of composites containing
corn stalk and cob fibres with composites prepared with wheat and soybean residues
show that the corn containing materials perform as well as the latter (Fig. 7). In
fact, for the impact strength the corn fibre composites had better values than the
wheat straw composites (Fig. 8). The comparison to the wheat straw composites is
particularly interesting because wheat straw PP/composites have commercial uses
by the automotive industry. Cob fibres have an additional benefit that is associated
with their high onset degradation temperatures ( 200 ıC compared to 187 ıC for
wheat) which allows the composite materials to be processed at higher temperatures
and consequently faster speeds. The use of abundant corn fibres for the production
of composite materials would significantly expand the opportunities for using field
crops to manufacture bioproducts in Ontario for the reasons described above.
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Fig. 7 Principal component analyses of corn fibre chemical traits and the physical traits of
composites produced with corn fibres. Relationships among corn stalk (a) and corn cob (b) fibre
samples

Corn stalk

0%
20%

40%

Impact
strength
(Jm-1)  

Flexural
strength
(MPa)  

Flexural
modulus
(MPa)  

Tensile
strength
(MPa)  

PP
Wheat
Soybean

Corn cob

-40%
-20%

Fig. 8 Mechanical properties of polypropylene (PP)-based composites reinforced (20% fibre) with
corn fibre (stalk and cob), soybean stem fibre, and wheat straw fibre compared to pure PP. The
composites were manufactured from fibres obtained from single corn and soybean lines and a
commercial source of wheat straw. Properties are shown as a percent of pure polypropylene (PP)
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3.2 Stage II: Scale-Up Tests with Corn Stalk Fibre PP
Composites

Based on the stage I results obtained from measurements of 336 corn fibre PP
composite samples (stalk and cob fibres from 40 RILs and two parents grown in
four environments), corn stalk samples from two corn lines (CC37 and CC122)
were selected for scale-up composite production. The corn stalk, soybean and wheat
straw fibres were produced in a commercial facility (OMTEC Inc., a commercial
natural fibre processor) located in Ridgetown, Ontario. The PP composites were
compounded with 30% (wt/wt) stalk fibre for stage II of the project. The increase in
the amount of corn stalk fibre used in composites from (20% wt/wt to 30%wt/wt)
for both corn lines significantly increased their flexural modulus and strength values,
but decreased the tensile strengths of the composites (Fig. 9).

The corn stalk fibre PP composite (from line CC122) was also compared to
soybean and wheat straw composites produced in similar ways (Fig. 10). In general,
the corn stalk fibre composite material had similar physical properties to the wheat
straw PP composite, which is used commercially in passenger bins inside the Ford
Flex cabins. Overall, the this study demonstrated that PP composites, reinforced
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80%

120%

Impact
strength
(Jm-1) 

Flexural
Strength
(MPa)

Flexural
Modulus
(MPa)

Tensile
Strength
(MPa)

PP
CC37   (20% fibre) 
CC37   (30% fibre) 
CC122 (20% fibre) 

CC122 (30% fibre)  

-40%

Fig. 9 Mechanical properties of polypropylene (PP)-based composites reinforced with different
amounts corn stalk fibres from two RILs (CC37 and CC122) compared to pure PP. Properties are
shown as a percent of pure polypropylene (PP)
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Fig. 10 Mechanical properties of polypropylene (PP)-based composites reinforced (30% fibre)
with corn stalk fibre, soybean stem fibre, and wheat straw fibre compared to pure PP. Properties
are shown as a percent of pure polypropylene (PP)

with as much as 30% corn stalk fibres, have properties that are very similar to wheat
straw composites, with flexural properties that are significantly better than pure PP.

4 Genome Locations Related to Corn Fibre Properties

The relationships between the compositions and the performance properties of
the corn fibres and the differences among the composites prepared from different
RILs raised the possibility that the composite performance characteristics are under
genetic control. In order to identify regions of the corn genome that contain regions
and genes (Martin 2011) that determine composite performance the set of 40 RILs
from the CG62 x CO387 mapping population (Ali et al. 2005) was genotyped
with 162 molecular markers and analyzed for QTL (with MapQTL6 software,
Van Ooijen 2009). In total, 149 putative QTL were identified for nine fibre traits
[onset degradation temperature and contents of NDF, ADF, ADL (lignin) cellulose,
hemicellulose, free phenolics, p-coumaric acid and ferulic acid] and four composite
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Fig. 11 Corn CG62 x CO387 stalk and cob fibre PP composite QTL map. QTL were detected
using MapQTL6. Because of the novelty of some of the mapping traits, QTL at LOD threshold
values �2.0 were considered as putative QTL

properties (flexural strength, flexural modulus, impact strength and tensile strength)
in four environments. The QTL were distributed throughout corn genome and
explained significant portions of phenotypic variability for individual traits (Fig.
11).

Stalk QTL Thirty nine QTL associated with chemical composition and onset
degradation temperature of the corn stalk fibres were identified on nine linkage



Technology and Sustainability of Crop Fibre Uses in Bioproducts in Ontario,. . . 251

umc12400.0
umc217915.0
umc105656.0
pic1165.0
BC399_130081.0
BC399_750101.0
umc1332108.0
umc1221113.0
mmc0282137.0
umc1155150.0
umc1722157.0
umc1019161.0
bnlg386205.0
umc1153207.0

Fm
E8s

FsE9c

FsO
9c

Fm
O

8c Fm
O

9c
IsE9c

Zm05

AD
FE

8c
AD

FE
9c

AD
FE

9s
C

eE
8c

C
eE

9c
C

eE
9s

Fp
E8

c
Fp

E9
c

H
cO

9s
N

D
FE

9c

F5H_2

CCR_5

CAD_1  CAD_6
4CL_5  MYB_B

POX_1

GST17

MYB_C
PAL_1 PAL_5  HCT_1

umc11430.0
umc122923.7
umc108343.1

umc110583.2
umc197999.0
umc1014117.5
umc1250135.1
mmc0241156.4
umc1462164.0
umc1805166.9
umc1859189.5
umc1490212.4

FsE9s
Fm

E8s
IsE9c

Zm06

AD
FE

9c

AD
LE

9c

AD
LO

8cC
eE

9c

C
eO

9c

Fa
E8

c

Fa
E8

s

FP
O

8s

N
D

FE
9s

O
D

TE
9s

ALDH_8
CCoAMOT_1

POX_2
C4H_1b

GST41

FsE8s

FsO
8s

Fm
E8s TsO

9s

Fm
O

9c

umc12410.0
umc017130.3
BC618_100050.3
BC399_140060.1
BC617_100071.6
umc133983.7
umc109588.7
BC399_207295.3
BC685_1800109.6
BC126_580120.6
BC685_1700133.5
BC143_3000159.6
BC595_1200208.4
umc1112247.5
umc1251261.9
umc1342274.0
umc2133285.0
umc1944292.3
umc1782299.0
umc2332304.3
BC324_1400339.3
umc1671378.6
umc2222386.5
umc1154389.3
umc1407395.5
umc1760403.1
umc1799409.0

AD
FE

9c
AD

FE
9s

C
eE

8c
C

eE
9c

C
eE

9s

Fa
O

9c
Fp

E9
c

O
D

TE
9s

O
D

TO
9c

Pc
aE

8c
Pc

aE
8c

Pc
aE

9s

Pc
aE

9s
Pc

aO
8c

Pc
aO

9c

Pc
aO

9c

Zm07

ALDH_7

CAD_3
CAD_2

CCR_4

CCR_3
DFR_1

TsO
8c

umc10750.0
bnlg223521.0
umc184645.0
BC50452.0
umc112163.0
mmc0181100.0
umc2014107.0
umc1032122.0AD

FE
9c

AD
FE

9s

AD
LE

9c

AD
LE

9s

C
eE

8c

C
eE

9c

C
eE

9s

H
cE

9c

N
D

FE
9c

N
D

FE
9s

Zm08

C4H_1a  MYB_A

C4H_2

4CL_2

bnlg12720.0
bnlg181022.0
umc117033.0
dupssr634.0
bnlg24446.0
phi02256.0
umc158664.0
umc216871.0
S585_277.0
BC15994.0
BC370_1300120.0
umc1120151.0
BC487163.0
umc1231168.0
S610_1187.0
umc2095207.0
umc2099246.0

AD
FO

9c

AD
LO

9c

C
eO

9c

Fa
E8

s
Fa

E9
sH
cO

8c
H

cO
9c

N
D

FO
9c

Zm09

CAD_7
CCoAMOT_2 CCR_6

ALDH_5
4CL_1
CCR_2
CCR_8
LAC_3

IsE8c
TsE9c

IsO
9s

TsO
9s

umc13190.0
PIC2013.3
umc157621.9

BC143_110068.4
phi05489.3
bnlg21095.7
umc1115119.0

umc1196174.7
umc1084179.3
umc1176209.2

umc1113247.3

AD
LE

8c
AD

LE
9c

AD
LE

9s Fa
O

9sFp
O

8c

H
cE

8s

O
D

TE
9c

Pc
aE

9s

Pc
aO

8c
Pc

aO
9s

Zm10

CCR_7
ALDH_3  CAD_4  GST22

FsE9c

Fig. 11 (continued)



252 M. Arif et al.

groups (LG, Fig. 11), shown left on each bar). They ranged from two on LG Zm09
to seven on LG Zm02 and explained 11–27% of the total phenotypic variability
for traits. No QTL associated with chemical composition of the stalk fibres were
identified on LG Zm03. Twenty-two QTL were determined for the mechanical
properties of the corn stalk PP composite traits (seven QTL for flexural strength,
seven for flexural modulus, three for impact strength and five for tensile modulus)
on nine linkage groups (Fig. 10, shown right on each bar). They ranged from one on
LG Zm08 to five on LG Zm07 and explained 9–29% of the variability for individual
traits. No QTL associated with the mechanical properties of the corn stalk fibre
composites were identified on LG Zm09.

Cob QTL Sixty seven QTL were identified for the cob fibre chemical composition
and onset degradation temperature on all ten linkage group. They ranged from one
QTL on LG Zm02 to 12 QTL mapped on LG Zm01 and explained 5–28% of the
total phenotypic variability for the traits. Twenty one QTL were identified for the
cob fibre PP composites mechanical traits (six QTL for flexural strength, six for
flexural modulus, seven for impact strength and two for tensile modulus) on the
nine linkage groups. They ranged from a single QTL mapped on several LG (Zm06,
Zm07 and Zm10) to five QTL mapped on LG Zm01 and Zm05 and explained from
12 to 28% of the variability for the traits. No QTL associated with the mechanical
properties of the corn cob fibre composites were identified on LG Zm02 (Fig. 11).

QTL Consistency Because of the significant GxE interactions QTL analysis was
performed for each environment, separately. The variability in the expression of
these QTL was consistent with the low correlations observed among the fibre com-
positional and composite mechanical performance properties in different locations
and years. The enzymes and regulatory proteins involved in the biosynthesis and
modification of corn cell wall are encoded by hundreds of genes, which often belong
to large gene families, whose expression is affected by environmental conditions
(Penning et al. 2009; Xu et al. 1996; Shen et al. 2009; Yokoyama and Nishitani
2004). The inconsistencies of these QTL over environments could limitat their use
in marker assisted selection (MAS) for a specific trait. To be useful for breeding,
QTLs need to be consistent in different environments and/or genetic backgrounds.

A number of fibre compositional QTL were consistently identified in several
environments, including: p-coumaric acid QTL (PcaO8c and PcaE8c) on LG
Zm07 and cellulose QTL (CE8c and CE9c) on LG Zm05 and Zm08 (CE8c AND
CE9c). Similarly, some composite performance QTL were identified in several
environment, including: flexural modulus QTL (FmO8c and FmO9c) and flexural
strength QTL (FsE9c and FsO9c) on LG Zm05. These QTL might be important in
breeding for cell wall compositional traits.

QTL Clustering and Co-Localization Clustering of QTL associated with the
compositional traits and composite mechanical properties QTL was identified on
several LG for both stalk and cob fibres. In addition, our ability to connect the
linkage map with the annotated genome sequence for corn through the RFLP/SSR
markers identified several examples where these QTL were associated with the
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genome regions containing cell wall biosynthetic genes (Fig. 11). For example, five
compositional QTL (NDFO8s, ADFO8s, CeO8s, HcO8c and HcE9s) on LG Zm02
co-localized with the flexural modulus QTL (FmE9s) and lignin biosynthetic genes
PAL_5, CAD_5 and HCT_2. Some genomic regions contained clusters of linked
and/or peiotropic loci that affected a number of traits (Fig. 11). For example, marker
interval umc1278-umc1128 on the chromosome Zm01 was associated with QTL for
three fibre compositional traits (NDFO8c, CeO8c, FaO8s) and two composite QTL
(FmE8s and FmE8c). Similarly, marker interval on LG Zm08 was associated with
QTL for several traits (ten fibre compositional and three composite). Pleoitropy is
usually associated with major gene effects. A common genetic basis might explain
some correlations between fibre compositional and composite traits. Alternatively,
clustering of genes for different traits might be the basis for overlapping QTL.
However, a more saturated map would help to determine if the regions significant
for more than one trait were the result of pleiotropy or gene linkage.

5 Conclusion

In conclusion, our work confirmed the importance of corn stem and cob fibres for
the production of bio-filled thermoplastic composites. Thermal stability analysis
revealed that some corn stalks fibre can be processed on elevated temperatures
( 200 ıC). High thermal stability of a genotype can be manipulated in plant breeding
programs for high thermal stable corn lines/hybrids. Normally, corn stalks fibre
improved flexural properties without negative effects on the impact and tensile
properties of the composites. It indicated that abundantly available corn stalk
and cob fibres are good alternative to wood and other natural fibres. In some
cases, the composites had equal or better performance characteristics than the pure
PP matrices. However, standardization of the fibre quality is necessary prior to
commercial scale composite manufacturing.

This study also confirmed that plant genetics and environment play significant
roles in fibre composition and their performance when incorporated into PP-
based composites. Results identified cell wall traits, genome regions and potential
candidate genes that are important for the use of plant fibres in composites. This
can lead to selection and/or development of corn lines and hybrids valuable for
composite production.

Acknowledgements The work was supported by the Ontario Ministry for Agriculture, Food and
Rural Affairs.



254 M. Arif et al.

References

Ali, M. L., Taylor, J. H., Lie, J., Sun, G., William, M., Kasha, K. J., Reid, L. M., & Pauls, K. P.
(2005). Molecular mapping of QTLs for resistance to Gibberella ear rot, in corn, caused by
Fusarium graminearum. Genome, 48, 521–533.

ASTM Standard D790-10. (2010a, April 1). Standard test methods for flexural properties of
unreinforced and reinforced plastics and electrical insulating materials. West Conshohocken,
PA: ASTM International. doi: 10.1520/D0790-10.; www.astm.org

ASTM Standard D256-10. (2010b, May 1). Standard test methods for determining the izod
pendulum impact resistance of plastics. West Conshohocken, PA: ASTM International. doi:
10.1520/D0256-10.; www.astm.org

ASTM Standard D1708-10. (2010c, April 1). Standard test method for tensile properties of
plastics by use of microtensile specimens. West Conshohocken, PA: ASTM International, doi:
10.1520/D1708-10.; www.astm.org

Bily, A. C., Reid, L. M., Taylor, J. H., Johnston, D., Malouin, C., Burt, A. J., Bakan, B., Regnault-
Roger, C., Pauls, K. P., Arnason, J. T., & Philogene, B. J. R. (2003). Dehydrodimers of ferulic
acid in maize grain pericarp: Resistance factors to Fusarium graminearum. Phytopathology,
93, 712–719.

Eichelmann, E., Wagner-Riddle, C., Warland, J., Deen, B., & Voroney, P. (2016). Carbon dioxide
exchange dynamics over a mature switchgrass stand. Global Change Biology, 8, 428–442.
doi:10.1111/gcbb.12259.

Fletcher, R. S., Slimmon, T., McAuley, C. Y., & Kott, L. S. (2005). Heat stress reduces the
accumulation of rosmarinic acid and the antioxidant activity of Spearmint (Mentha spicata
L.) Journal of the Science of Food and Agriculture, 85, 2429–2436.

Gaudin, A. C. M., Janovicek, K., Deen, B., & Hooker, D. C. (2015). Wheat improves nitrogen
use efficiency of maize and soybean-based cropping systems. Agriculture, Ecosystems &
Environment, 210, 1–10. doi:10.1016/j.agee.2015.04.034.

Heaton, E. A., Voigt, T. B., & Long, S. P. (2004). A quantitative review comparing the yields of two
candidate C4 perennial biomass crops in relation to nitrogen, temperature and water. Biomass
and Bioenergy, 27, 21–30.

Kludze, H., Deen, B., Weersink, A., van Acker, R., Janovicek, K., & De Laporte, A. (2013a).
Impact of land classification on potential warm season grass biomass production in Ontario,
Canada. Canadian Journal of Plant Science, 93, 249–260.

Kludze, H., Deen, B., Weersink, A., van Acker, R., Janovicek, K., De Laporte, A., & McDon-
ald, I. (2013b). Estimating sustainable crop residue removal rates and costs based on soil
organic matter dynamics and rotational complexity. Biomass and Bioenergy, 56, 607–618.
doi:10.1016/j.biombioe.2013.05.036.

Martin, C. J. (2011). Development of sequence-specific molecular markers based on phenyl-
propanoid pathway genes for resistance to Fusarium graminearum (Schwabe) in Zea mays
(L.). MSc Thesis: University of Guelph.

Penning, B. W., Hunter III, C. T., Tayengwa, R., Eveland, A. L., Dugard, C. K., Olek, A. T.,
Vermerris, W., Koch, K. E., McCarty, D. R., Davis, M. F., Thomas, S. R., McCann, M. C., &
Carpita, N. C. (2009). Genetic resources for maize cell wall biology. Plant Physiology, 151,
1703–1728.

Pittelkow, C. M., Liang, X., Linquist, B. A., van Groenigen, K. J., Lee, J., Lundy, M. E., &
van Kessel, C. (2014). Productivity limits and potentials of the principles of conservation
agriculture. Nature, 517, 365–368. doi:10.1038/nature13809.

Powlson, D. S., Stirling, C. M., Jat, M. L., Gerard, B. G., Palm, C. A., Sanchez, P. A., & Cassman,
K. G. (2014). Limited potential of no-till agriculture for climate change mitigation. Nature
Climate Change, 4, 678–683. doi:10.1038/nclimate2292.

Reinprecht, Y., Arif, M., Simon, L. C., & Pauls, K. P. (2015). Genome regions associated with
functional performance of soybean stem fibers in polypropylene thermoplastic composites.
PLoS ONE, 10(7), e0130371. doi:10.1371/journal.pone.0130371.

http://dx.doi.org/10.1520/D0790-10
http://www.astm.org/
http://dx.doi.org/10.1520/D0256-10
http://www.astm.org/
http://dx.doi.org/10.1520/D1708-10
http://www.astm.org/
http://dx.doi.org/10.1111/gcbb.12259
http://dx.doi.org/10.1016/j.agee.2015.04.034
http://dx.doi.org/10.1016/j.biombioe.2013.05.036
http://dx.doi.org/10.1038/nature13809
http://dx.doi.org/10.1038/nclimate2292
http://dx.doi.org/10.1371/journal.pone.0130371


Technology and Sustainability of Crop Fibre Uses in Bioproducts in Ontario,. . . 255

Riaz, M. (2012). Characterization of corn fibres for manufacturing automotive plastic parts. MSc
Thesis, University of Guelph.

Sage, R. F., Peixoto, M., Friesen, P., & Deen, B. (2015). C4 bioenergy crops for cool cli-
mates, with special emphasis on perennial C4 grasses. Journal of Experimental Botany.
doi:10.1093/jxb/erv123.

Sanscartier, D., Deen, B., Dias, G., Maclean, H. L., Dadfar, H., Mcdonald, I., & Kludze, H.
(2014a). Implications of land class and environmental factors on life cycle GHG emissions
of Miscanthus as a bioenergy feedstock. GCB Bioenergy, 6, 401–413. doi:10.1111/gcbb.12062.

Sanscartier, D., Dias, G., Deen, W., Dadfar, H., McDonald, I., & MacLean, H. L. (2014b). Life
cycle greenhouse gas emissions of electricity generation from corn cobs in Ontario, Canada.
Biofuels, Bioproducts and Biorefining, 8, 568–578. doi:10.1002/bbb.1485.

Shen, H., Yin, Y., Chen, F., Xu, Y., & Dixon, R. A. (2009). A bioinformatic analysis of NAC genes
for plant cell wall development in relation to lignocellulosic bioenergy production. Bioenergy
Research, 2, 217–232.

Van Ooijen, J. W. (2009). MapQTL
®

6, Software for the mapping of quantitative trait loci in
experimental populations of diploid species. Wageningen, Netherlands: Kyazma B.V.

Van Soest, P. J., Robertson, J. B., & Lewis, B. A. (1991). Methods for dietary neutral detergent
fiber and non starch polysaccharides in relation to animal nutrition. Journal of Dairy Science,
74, 3583–3597.

Varvel, G. E., & Wilhelm, W. W. (2008). Corn cob biomass production in the western corn belt.
Bioenergy Research, 1(3e4), 223e8.

Xu, W., Campbell, P., Vargheese, A. K., & Braam, J. (1996). The Arabidopsis XET-related gene
family: Environmental and hormonal regulation of expression. The Plant Journal, 9, 879–889.

Yokoyama, R., & Nishitani, K. (2004). Genomic basis for cell-wall diversity in plants. A
comparative approach to gene families in rice and Arabidopsis. Plant and Cell Physiology,
45, 1111–1121.

Related Web Resources

http://www.researchandmarkets.com/reports/2881528/global-natural-fiber-composites-market-
2014-2019; accessed on May 21, 2015

http://www.omafra.gov.on.ca/english/stats/crops/estimate_new.htm; accessed on May 21, 2015

http://dx.doi.org/10.1093/jxb/erv123
http://dx.doi.org/10.1111/gcbb.12062
http://dx.doi.org/10.1002/bbb.1485


Part IV
Bioeconomy Applications: Optimizing

Processes and Management
of the Bioeconomy



Strategic Supply Chain Planning
in Biomass-Based Industries: A Literature
Review of Quantitative Models

Stephan Fichtner and Herbert Meyr

Abstract Fossil resources are limited and will run short. Moreover, the extensive
usage of fossil resources is discussed as a key driver for climate change which means
that a changeover in basic economic and ecological thinking is necessary. Especially
for the energy production, there has to be a movement away from the usage of fossil
resources and towards renewable resources like wind, water, sun or biomass. In this
chapter we present a structured review of recent literature on the long-term, strategic
planning of biomass-based supply chains. Firstly, we structure the overall research
field “bioeconomy” by means of the various utilization pathways of biomass and
bring together the demand-oriented view of supply chain management models and
the supply-oriented view of bioeconomy. Secondly, we provide a literature review
of Operations Research models and methods for strategic supply chain planning in
biomass-based industries. Thirdly, we analyze trends and draw conclusions about
research gaps.

1 Introduction

In recent years global economy has continuously improved (World Bank, 2015).
The leading industrial nations have achieved an enormous wealth. Furthermore,
there is also an increasing wealth in threshold countries. However, this global
wealth is largely based on the usage of finite fossil resources like crude oil, coal
and natural gas. Fossil resources are limited and will run short. In addition, the
extensive usage of fossil resources is recognized as a key driver for climate change.
As a consequence, a changeover in basic economic and ecological thinking is
necessary. Especially for energy production, there has to be a movement away from
the usage of fossil resources towards renewable resources like wind, water, sun or
biomass. For the remainder of this chapter, we define all not yet fossil materials with
organic origin as types of biomass. That means that plants and animals as well as

S. Fichtner (�) • H. Meyr
Department of Supply Chain Management, University of Hohenheim, 70593 Stuttgart, Germany
e-mail: Stephan.Fichtner@uni-hohenheim.de; H.Meyr@uni-hohenheim.de

© Springer International Publishing AG 2017
S. Dabbert et al. (eds.), Knowledge-Driven Developments in the Bioeconomy,
Economic Complexity and Evolution, DOI 10.1007/978-3-319-58374-7_14

259

mailto:Stephan.Fichtner@uni-hohenheim.de
mailto:H.Meyr@uni-hohenheim.de


260 S. Fichtner and H. Meyr

their residues are biomass, but also dead phytomass, as for example straw, can be
biomass, as long as it is not yet fossil.1

Note that using biomass for various production processes is not a new idea.
Decades ago, before the industrial revolution, the global economy was significantly
more biomass-based than today. Nevertheless, in the future a more efficient use
of biomass will be required not only to tackle the above challenges, but also to
mitigate the increasing world food problem. The industrial use of biomass can
provide a building block of a more sustainable economy, which in the following will
be called “bioeconomy”. A crucial barrier for leveraging bioeconomy are costs. In
current times of extremely low crude oil prices, producing energy and other products
like textiles from biomass is significantly more expensive than exploiting fossil
resources. Hence, the costs of the bioeconomy have to be decreased. This could be
achieved by technological innovation as well as by optimized organization. Since
many parties are involved in converting biomass in more valuable final items like
energy and (or) in transporting it to the final consumers (for usage as food), a large
part of the total costs of biomass usage is caused by logistical processes. Thus, a
clever management of biomass-based supply chains (SCs) is necessary.

In this chapter we present a structured review of recent literature on the long-
term, strategic planning of biomass-based SCs. We try to embrace the whole
research field of bioeconomy and not only a single, specific branch like the fuel
area. However, we focus on publications applying quantitative simulation and
optimization models, as commonly done in operations research (OR). All in all we
consider several dozen publications. Thus it is not possible to discuss each model in
detail. Instead, we identify the—in our opinion—most important characteristics of
these models to introduce a classification scheme which allows an easy comparison
of the different modeling approaches. This helps to reveal current trends and gaps
as well as opportunities for future research. To the best of our knowledge, there is
no prior review with a focus on all of these aspects.

The remainder of this chapter is organized as follows. In Sect. 2 we structure the
overall research field “bioeconomy” by means of the various utilization pathways
of biomass. Note that supply chain management (SCM) is—despite of its name—
rather demand- than supply-oriented. The customer and her/his requested final items
are in the center of the thoughts. All parties cooperating to fulfill the final customer’s
demand should try to integrate as good as possible in order to offer highest customer
service for lowest costs. Thus, the members of a single SC should act as partners in
a team; but different SCs have to compete with each others for this final customer’s
demand. Section 2 additionally takes a different view. Here, the scarce resource
biomass, i.e., the ultimate supply, is the starting point. If one likes to judge about
the best possible usage of this scarce resource, all different utilization pathways
originating from and competing for the same biomass need to be identified. This
may comprise hundreds and thousands of different final items and customers.
Thus, Sect. 2 lays the ground for bringing together the demand-oriented view of

1A more detailed definition will follow in Sect. 2.
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SCM models and the supply-oriented view of bioeconomy. Section 3 provides the
literature review of OR models and methods for strategic SC planning in biomass-
based industries. Section 4 draws conclusions by analyzing trends and research
gaps. Finally, Sect. 5 summarizes the results and identifies opportunities for future
research.

2 Biomass-Based Supply Chains

In Sect. 2.1 biomass is used as the starting material to identify different utilization
pathways and their resulting final products. These final products are then the starting
point to determine the corresponding types and members of supply chains in
Sect. 2.2 and to structure the literature review of Sect. 3.

2.1 Utilization Pathways of Bioeconomy

A biomass-based utilization pathway is a specific sequence of process steps or
processes (e.g., harvesting/collection, pre-processing, conversion) to generate a
biomass-based final product. These pathways are investigated in the research area
“bioeconomy”, which is a composite out of biology and economy (Kaltschmitt,
2009). It is the knowledge-based production and utilization of renewable resources
for products, processes and services in all industrial sectors and thus a pre-requisite
to form a sustainable economy (BMBF and BMEL, 2014). As already mentioned,
the basis of such a bioeconomy are renewable feedstocks in form of biomass. All
living materials with organic origin are types of biomass. That means that plants and
animals as well as their residues are part of biomass. Furthermore, dead phytomass,
as for example straw, is biomass, too, if it is not yet fossil. Moreover, everything
which can be put into a biowaste container could be used as biomass feedstock.
The process of rotting constitutes the differentiating characteristic between biomass
and fossil resources. For example, peat is already rotten and thus not regarded as
biomass anymore (Kaltschmitt, 2009).

Figure 1 offers a simplified overview of utilization pathways that are investigated
in bioeconomy. Traditional illustrations, e.g. by Kaltschmitt (2009, Fig. 1.2) for
energetic usage of biomass, are more detailed and show a stronger focus on the
conversion technologies that are currently technologically feasible. However, for
our purposes a more simplistic view will be sufficient. Thus, four different types of
biomass are identified: plants, wood, residuals and living beings. These four groups
contain all the materials which have in the above definition been characterized
as biomass. Those different types of biomass have to be converted after their
cultivation, harvesting and collection. Mainly three different conversion technology
groups need to be distinguished, which are the thermo-chemical, the bio-chemical
and the phyiscal-chemical conversion. Intermediate products are created through
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Fig. 1 Simplified utilization pathways of bioeconomy

those technologies and finally transformed into a large variety of final products. The
German “Bioökonomierat” groups the final products into the five different types
food, feed, fibre, fuel and “flowers and fun” (Bioökonomierat, 2015). Because feed
is usually indirectly used to produce food, we pool both in a more comprehensive
group “food production”.

Many different ways are possible through this network. With respect to the
identified groups of final products, Sects. 2.1.1–2.1.4 give some further information
on these possibilities. Furthermore, Sect. 2.1.5 uses the example of municipal waste
to illustrate how the different utilization pathways of a specific type of biomass can
look like.

2.1.1 Fuel

A large variety of utilization pathways ends up in the final product “fuel”. All four
groups of biomass can be the starting material. For example, many different types
of plants can be used to produce fuel in general. Possible plants are lignocellulosic
plants like miscanthus, reed or millet, oleiferous plants like rape, sunflower or soy,
starchy plants like potatoes, maize or grain and sugar-containing plants like sugar
beet and cane. Additionally, wood out of short-rotation coppice, the traditional
forest wood and residuals could be used. The residuals can further be classified
into waste timber, agricultural residuals like straw or liquid manure and municipal
waste. It is also possible to generate fuel from micro- or macro-algae which would
be categorized as “living beings”. These types of algae cannot yet be produced and
exploited on an industrial scale. However, they could be an opportunity for the future
(Kaltschmitt, 2009).

Biomass utilization pathways are always feedstock-oriented. As a consequence,
for every type of biomass like for example rape or municipal waste, a specific
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utilization pathway has to be distinguished. Exemplary utilization pathways for
municipal waste will be shown in Sect. 2.1.5 below. Nevertheless, the steps of
such a path can roughly be divided into the biomass collection, a specific chemical
conversion technology and the production of the final product out of intermediate
products of the conversion. Thermo-chemical conversion technologies used for
fuel production are, for instance, combustion, gasification and pyrolysis, whereas
fermentation and aerobic decomposition are examples for bio-chemical conversion
technologies. Additionally, also physical-chemical conversion technologies can be
used to produce fuel, e.g., by extracting biodiesel from rape. All in all, a large
variety of biomass can be processed using these three different types of conversion
technologies, which again can be subdivided into various specific treatments
(Kaltschmitt, 2009).

Thus many different utilization pathways for the final product “fuel” do exist.
However, as Fig. 1 shows, “fuel” is again just used as a generic term for a whole
class of final products transforming biomass into energy. Such final products are,
for instance, liquid and gaseous fuels like bioethanol, biodiesel and hydrogen.
Apart from that there are also heat and electricity generation subsumed under this
type. Heat and electricity are often generated simultaneously by using so called
“combined heat and power plants” (e.g., burning of biogas). However, it is also
possible to produce heat apart from electricity, e.g., by combustion.

2.1.2 Fibre

A similarly large variety of biomass types as for fuels can be used to produce final
products of the fibre type. Fibre denotes tangible products that are neither used
for energetic purposes nor for food production. As Fig. 1 shows, these “material
uses” of biomass are manifold and can further be classified into textiles (and textile
fibres, respectively), wood-based products (like wood fibres, paper, cartoon, but also
furniture, floorboards or timbers), chemicals, pharmaceuticals and tensides.

The already described conversion technologies can also be applied to gain fibres.
However, because of the many and very different final products subsumed here, with
pulping, cutting and chemical synthesis some additional conversion technologies
of the physical-chemical type can be used. Thus, a greater number and a greater
heterogeneity of utilization pathways can be found. To give an example: it is obvious
that the production process of timber (mainly sawing, drying and moulding, maybe
jointing) is very different to the production of bioplastics, which is rather a sort
of chemical product. Thus the different pathways can span from traditional and
comparably simple conversion technologies like cutting and extraction to more
advanced ones like fermentation. All in all, this great diversity of pathways and
final products is characteristic for the group “fibre” (Türk, 2014).
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2.1.3 Food Production

The area “food production” concerns both the intermediate product “feed” for the
breeding of farm animals as well as the various types of food for human beings.
Thus, all types of groceries (ranging from fruit, vegetables and cereals, via fish, meat
or other products of animal origin like eggs and cheese, to combinations thereof as,
for example, convenience foods), but also feed for animals and even fertilizers are
included (Bioökonomierat, 2015).

In contrast to the utilization pathways so far presented, the ones ending up in
feed or food do not use all types of biomass. For example, woody biomass does not
matter in food production.

The relevant biomass is not only processed by means of the earlier described
conversion technologies, but also directly used. This “unconverted utilization” is
the main distinguishing feature between the pathways described so far and the
ones considered here. Although the variety of potential feed and food conversion
technologies is still high, it appears lower than for fuel and fibre because both source
materials and final products are less heterogeneous. For instance, thermo-chemical
conversion techniques are mainly used for cooking or baking convenience food.
Here, source materials and final products are homogeneous enough to allow a cost-
efficient conversion on an industrial scale. Although there are some exceptions, in
general the structure of the biomass feedstock is less modified than in the prior
pathways.

2.1.4 Flowers and Fun

The final products’ group “flowers” comprises uneatable horticultural products like
ornamental plants and turf rolls. The importance of this industry heavily depends on
regional aspects. For instance, the flower industry in Belgium or the Netherlands
is much more important than the one in Germany. “Fun” focuses on the usage
of biomass for extraordinary leisure activities. Examples are turf-rolls for football
stadiums or golf courses that are built on former farm land. Obviously, even less and
more specific types of biomass are relevant for this area. Utilization pathways are
also fewer and simpler because conversion is of minor importance or no importance
at all. Instead, efficiency and speed of transportation might become more crucial. All
in all, as compared to the other groups of final products discussed before, this area
only plays an insignificant role. It will thus not further be discussed in the remainder
of this chapter.

2.1.5 Example: Municipal Biowaste as Starting Material

To illustrate how different utilization pathways can origin from the source material
“biomass”, municipal waste is taken as an example. Municipal biowaste consists
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Fig. 2 Utilization pathways of municipal waste

of biodegradable garden waste and compostable food waste like fruit and vegetable
peelings, i.e., it belongs to the “residuals” class of biomass presented in Fig. 1.

Exemplary utilization pathways of municipal waste are shown in Fig. 2. Munici-
pal waste can either be processed using the thermo-chemical conversion technology
“combustion” (solid arrow) or using the bio-chemical conversion technologies
“fermentation” (dashed arrow) or “aerobic decomposition” (dotted arrow).The
classical way of converting municipal waste into cascading products is combustion.
In this case, it is possible to produce heat apart from electricity. Note that physical-
chemical conversion is not applied to municipal waste (Thrän et al., 2009).

Besides electricity and heat also liquid and gaseous fuels could be produced
from municipal waste. Material uses do at most occur for tensides, chemicals
and pharmaceuticals, but not for textiles and wood-based products. Since fertilizer
results as a by-product of bio-chemical conversion (e.g., in biogas refineries),
municipal waste might indirectly contribute to feed and food production when
cultivating the farm land (Diepenbrock, 2014). However, such utilization pathways
do not play an important role.

2.2 Supply Chains

In Sect. 2.1, the various utilization pathways have been considered that start from
the source material “biomass”. However, the aim of this chapter is to review the
literature about the strategic planning of biomass-based supply chains. Thus it is
first necessary to define the terms “supply chain”, “supply chain planning” and
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“strategic planning”. Secondly, differences and similarities between supply chains
and the utilization pathways considered so far have to be discussed.

2.2.1 Supply Chain Planning

Christopher (2005, p. 17) defines a supply chain as a “. . . network of organizations
that are involved, through upstream and downstream linkages, in the different
processes and activities that produce value in the form of products and services in
the hands of the ultimate consumer.” Stadtler (2015, p. 3f.) further differentiates
between SCs in a broad and in a narrow sense. In a broad sense, such an SC
consists of two ore more legally separated organizations, which are linked by
flows of material, information and funds (so-called “inter-organizational” SCs). In
a narrow sense, an SC can also be a single, large company which consists of several
departments and/or sites that might be spread over different countries and even
continents (“intra-organizational”). Managing the same flows might here be easier
since all of the different parties belong to the same company. Nevertheless, because
of the size of such companies, this is usually still very complex. Thus decision
making needs to be supported.

SC planning offers this decision support for the various planning tasks arising in
supply chains by building simplified models of the real SCs, deriving solutions for
these models, and interpreting these solutions in order to solve the original, real-
world problem. Such models might be forecasting models, which try to predict the
future, optimization models, which try to find the best solution out of a huge number
of alternative, feasible solutions, or simulation models, which cost-efficiently try to
mimic the behavior of complex multi-stage SCs in sufficiently detailed computer
models (Fleischmann and Meyr, 2003; Fleischmann et al., 2015).

Strategic SC planning aims at offering this decision support for all planning
problems that concern the design and long-term structure of supply chains. Such
decisions typically involve substantial investments (e.g., for establishing a coopera-
tion, building a new factory or introducing new products in unexploited markets)
and show long-lasting effects over several years or even decades because they
cannot easily be revised again. Because of their high importance, these decisions
are usually made by the top management(s) of the company (or the companies)
involved. Nevertheless, they can be pre-selected and evaluated in terms of their
advantages and disadvantages by computer systems and the staff departments of the
companies. These decisions should be comprehensive and thus consider all relevant
material and financial flows (e.g., fixed costs for investments, variable sales revenues
and operational costs) of the SC as a whole—from raw material supply, through
the various conversion processes in the different production sites up to the sales
to the ultimate consumers. This includes the necessary transportation and storage
processes to bridge space- and time-related discrepancies.
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2.2.2 Differences Between Supply Chains and Utilization Pathways

When looking at these definitions some differences between supply chains and the
utilization pathways discussed so far become obvious.

As already mentioned, utilization pathways are feedstock-oriented, starting with
(in the future probably scarce) biomass as the source material. In contrast supply
chains are customer- and product-focused. The final customer and her/his desired
product should be in the center of all thoughts.

Furthermore, utilization pathways are mainly focusing on the material flow, i.e.,
the materials involved and the technologies to convert these materials. Often life-
cycle-analyses (LCAs) are executed to evaluate and compare the ecological impacts
of different pathways. If economic effects are considered at all, they are usually
estimated for whole (sectors of) economies. In contrast, supply chains are only
interested in the economic benefits of their own members. This does usually either
comprise a single company (intra-organizational SC) or only a few collaborating
companies (inter-organizational SC). However, this economic benefit is of very high
importance because it justifies the existence and ensures the survival of the SC. Thus
it is necessary to stress monetary aspects that are not at all considered in utilization
pathways. Such aspects are, for example, the allocation of profits to the various
participants of the SC or the sharing of costs for joint appliances or services.

Besides these monetary effects, other benefits (e.g., increased visibility) and risks
(e.g., loss of autonomy, cheating) may depend on cooperation and coordination
aspects of SC planning.

Figure 3 gives an example of the different parties that may be involved in
biomass-based SCs. By using Fig. 1 as a basis, we link the customer-oriented view
of SCs with the biomass-based view of utilization pathways. As can be seen,
many different parties have to work together if a supply chain wants to become
and stay successful. For sake of clarity, we did not even include service providers

biomass
forest owners saw mills, garbage collectors fishersfarmers

conversionprivate persons, public or
private (pilot) facility

operators…   

final products 

grid
operators

mineral oil
groups retailers,

etc. 

fuel (energy uses) fibre (material uses) food production

farmerstextile, chemical, cosmetics,
building, paper, furniture…

industries      food industry

retail

pulp mills, saw mills, oil
mills, chemical companies…   

Fig. 3 Potential members of biomass-based supply chains



268 S. Fichtner and H. Meyr

of support processes like transportation, storage, cutting/compacting and drying.
Remember that SCs producing similar—or, to be more precise, in the customers’
perception substitutable—final products compete with each other. Thus innovative
biomass-based products are in competition with traditional fossil-based products.
For example, energy from biogas refineries competes with energy from power
stations burning natural gas. Although governmental subsidies can support the
development and market entry of ecologically preferable, biomass-based products,
they are usually only granted for a limited time span. Afterward, the corresponding
biomass-based supply chains have to be profitable on their own and, furthermore,
stand the competition with other biomass-based and the traditional fossil-based SCs.
Thus, a mere concentration on utilization pathways would be too short-sighted. SC
planning aspects, as briefly addressed here and reviewed in Sect. 3, should be taken
into consideration from the very first beginning.

Figures 1 and 3 can give some clues on the competition between SCs offering
substitutable products. For example, in the case of electricity, biomass-based
electricity has to compete with other renewable energies like solar power or wind,
with nuclear power and with fossil-based energies stemming from coal, mineral oil
and natural gas. The grid operators and energy companies transport and sell the
electricity to the customers. Thus, they have to ensure that a customer can buy the
specific mix of energy (s)he wants to get. As another example, liquid automotive
fuels are mainly sold by mineral oil companies via their network of petrol stations.
There is a competition within a single petrol station between products containing
different shares of biomass-based ethanol, but also between the fuels of different
mineral oil companies. When considering the SCs providing these final products
we can see that innovative biomass-based SCs for fuel and fibre mainly compete
with traditional SCs of the energy, mineral oil, chemical, pharmaceutical and textile
industries. SCs offering wood-based fibres and food, however, have always relied
on biomass as their primary source material. A lot of scientific research has already
been done for these latter types of SCs. Our review in Sect. 3 will thus rather
concentrate on the former “innovative” types biomass-based SCs and just refer to
already existing review papers for the latter types.

2.2.3 Similarities

Despite of these differences, utilization pathways and SCs both illustrate the flow of
materials from the supply of the raw materials, through a network of transforming
facilities to the final products. Thus utilization pathways help to identify and model
biomass-based SCs.

Note that the material flows presented in Figs. 1, 2 and 3 had been simplified
to allow and emphasize the clustering of the various biomass sources, conversion
technologies, final products and potential SC members into catchy classes. For the
review of Sect. 3, the structure presented in Fig. 4 will be more appropriate.

Up to three stages of an SC will be distinguished. Stage 1 includes the different
biomass collection processes, like harvesting or the collection of residuals, and the
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transport to and storage at certain collection points. Seasonal storage of biomass
feedstock is necessary because of the seasonal availability of biomass and the
great uncertainty concerning quantity and quality. Additionally, but not necessarily,
pre-processing activities and their respective transport and storage processes are
also included in stage 1. Pre-processing is often necessary because the original
biomass shows a high content of water and a low energy density. By processes like
cutting, compacting and drying, both energy density and transportation efficiency
are increased.

Stage 2 comprises the whole (in itself maybe again multi-stage) production
network of the SC, i.e., all conversion, transportation and storage processes that
are necessary to transform (pre-processed) biomass into the final product. This may
regard only a single, but also several alternative conversion technologies if a single
SC simultaneously comprises several utilization pathways. The specific conversion
technologies are depending on the type of the final products. Chemical products are
mainly produced in biorefineries which are similar to classical petroleum refineries.

Stage 3 finally includes the transport and storage of the final products and the
corresponding sales activities. Note that supply and demand usually do not occur
at the same point in time. Supply is, for example, bound to the harvesting times of
biomass, which may be seasonal. Demand is determined by the customers’ wishes
and expectations. Thus storage processes are necessary to bridge the time lag. In
general, these storage processes may occur at any stage of the SC. However, it has
to be taken into account that biomass and its resulting intermediate products often
are perishable and either can only be stored for a limited amount of time or have to
be made more durable somehow, e.g., by drying. Nevertheless, as a rule of thumb, it
is preferable that storage processes occur early in the material flow, i.e., upstream in
the SC. At early stages of the SC the value of the respective intermediate products
is still low so that storage costs are not yet crucial.

3 Literature Review

In the following we survey the recent research on quantitative models for the
long-term, strategic planning of biomass-based SCs. Seventy journal publications,
regarding biomass-based fuel and fibre SCs, have been analyzed. They have been
published since the year 1997. However, their majority stems from the year 2011.
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Altogether 33 different journals are concerned. Thereby the journal “Biomass and
Bioenergy” shows the greatest share with 12 references. Forty eight references
regard biofuel SCs, 21 electricity and 12 heat SCs. Further 12 references relate to
fibre SCs. Thus some journal publications refer to several types of biomass-based
SCs.

The references have been analyzed using a common scheme that is expressed
by the columns of Table 2. First of all, we are interested in the type of quantitative
model that has been used (column “O./S.”). Here optimization (“O”) and simulation
(“S”) models are distinguished. The optimization models are further classified
into deterministic (“det”) and stochastic (“sto”) models. Deterministic means that
all input parameters of the model are assumed to be deterministically known,
whereas stochastic models assume that at least one uncertain random variable exists.
Furthermore, we are interested in the optimization models’ objective functions
(column “obj”). The models pursue monetary (“mon”), ecological (“eco”) or social
(“soc”) objectives, either separately or simultaneously as part of a multi-objective
optimization (indicated by a “/”). The column “SC stages” shows which of the three
stages introduced in Fig. 4 is/are actually considered by the model. The column
“biomass type” finally denotes the type of biomass concerned. All four types of
biomass introduced in Sect. 2.1 and Fig. 1 are possible, i.e., plants, wood, residuals
(“resi.”) and living beings (“beings”).

Sections 3.1 and 3.2 discuss strategic models of the fuel and the fibre areas
in sufficient detail. Readers who would additionally be interested in quantitative
models on the tactical and operational planning of biomass-based SCs are referred
to the reviews of An et al. (2011b), Awudu and Zhang (2012) and Ba et al. (2015).
As mentioned before, the area “food production” will not be discussed in detail.
Recent reviews concerning quantitative models to plan feed and food SCs can be
found in Table 1.

Table 1 Literature food/feed

Ahumada and Villalobos (2009) Application of planning models in the agri-food supply
chain: A review

Amorim et al. (2013) Managing perishability in production-distribution
planning: A discussion and review

Akkerman et al. (2010) Quality, safety and sustainability in food distribution:
A review of quantitative operations management
approaches and challenges

Dabbene et al. (2014) Traceability issues in food supply chain management:
A review

Soysal et al. (2012) A review on quantitative models for sustainable food
logistics management

Tsolakis et al. (2014) Agrifood supply chain management: A comprehensive
hierarchical decision making framework and a critical
taxonomy

Zhang and Wilhelm (2011) OR/MS decision support models for the specialty crops
industry: A literature review
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3.1 Fuel

Due to the substantial research effort in biofuel SCs, in the following we further
distinguish between biofuel (Sect. 3.1.1) and electricity and heat (3.1.2) supply
chains.

3.1.1 Biofuel

Ahn et al. (2015) consider a three-stage SC producing biodiesel from microalgae,
i.e., living beings are the biomass feedstock. A multiperiod, deterministic optimiza-
tion model takes decisions about transportation quantities and biorefinery locations.
The objective is to minimize the total costs. Akgul et al. (2012b) assess multi-
objective performance aspects in hybrid first and second generation bioethanol
SCs. They decide about local biomass and import quantities, conversion quantities,
biorefinery locations and capacities. A deterministic, multi-objective optimization
model is used. The two objectives are to minimize the total costs as well as the
carbon emissions of the SC. Again, the model covers the “whole” three-stage SC.
With plants, wood and residuals, three different types of biomass can serve as
input. Akgul et al. (2012a) take a hybrid first and second generation biofuel SC
of UK’s biofuel industry into account. In contrast to the model before, only a single
objective is pursued. This deterministic model also covers the whole SC with plants,
wood and residuals as biomass feedstock. In another work of Akgul et al. (2011),
several models to optimally design a three-stage bioethanol SC are presented. The
deterministic, single-objective models try to optimize the locations and capacities
of bioethanol production facilities as well as the biomass and bioethanol transport
flows by minimizing the total SC costs. Only plants are the possible biomass
feedstock. Within these three models a development is noticeable from single- to
multiple-feedstock and from single- to multi-objective modelling.

Aksoy et al. (2011) present a model configuring an SC with four different
conversion technologies. All these technologies use woody biomass and mill wastes
as feedstocks. The objective of the deterministic optimization model is to minimize
the total costs. The model considers only the second stage of the SC, where decisions
about the conversion technology are made. An et al. (2011a) also present a model to
design a lignocellulosic biofuel SC. The deterministic optimization model is multi-
period and multi-commodity. This means that, in contrast to other analyzed models,
several kinds of biofuels are considered. The objective is to maximize the discounted
profit of the SC. The whole SC from the biomass feedstock supplier up to the
biofuel customer is taken into consideration. Again, plants, wood and residuals are
the possible feedstocks.

Andersen et al. (2012) design and plan a three-stage biodiesel SC. The char-
acteristic feature of their model is to consider land competition. The multi-period,
deterministic optimization model maximizes the net present value. Only plants are
possible feedstocks. Bai et al. (2011) propose a deterministic optimization model
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for biorefinery location planning by minimizing the total system costs. Special
about their three-stage SC is that traffic congestion can be taken into account. Only
plants are considered as possible feedstocks. Bernardi et al. (2013) propose a multi-
objective model to design and plan a three-stage bioethanol SC, which includes first
and second generation biorefineries. The deterministic, multi-period optimization
model maximizes the net present value, minimizes carbon emissions and minimizes
water consumption. Possible feedstocks are plants and residuals.

Bowling et al. (2011) place a biorefinery into an SC consisting of only the first
two stages. Specific final products are not distinguished, but, for example, biofuel
could be produced. Their deterministic model maximizes total profits with respect
to nonlinear economies of scale. Information about possible feedstocks is missing.
Cambero et al. (2015) deterministically optimize the mix of bioenergy and biofuel
production within a three-stage SC using forest residuals as input. The objective is
to maximize the net present value of investments in the conversion technologies.
One of the few stochastic optimization models stems from Chen and Fan (2012).
Bioethanol is produced out of waste while supply and demand of the three-stage SC
are assumed to be uncertain. The two-stage stochastic model minimizes the expected
total system costs of investments, production and transport.

Cobuloglu et al. (2014) focus on the farmers’ point of view of switchgrass
production. They consider both economic and environmental aspects. The deter-
ministic, multi-objective optimization model maximizes the revenues of harvested
switchgrass and positive ecological impacts. Their model covers just the first
stage of an SC with plants as the only biomass feedstock. Correll et al. (2014)
present a combined simulation and optimization approach to design the first stage
of an SC for bioenergy and biobased products. Therefore, the model can be
considered as a subproblem of a biofuel production network. The model compares
diversified feedstocks with monocultures. The optimization part of the model is
deterministic with the objective of minimizing capital investment and purchasing
costs. The necessary input data are generated by simulation. Only plants are possible
feedstocks. Corsano et al. (2011) design a three-stage sugar-to-ethanol SC where
plants are the biomass input. The deterministic model is able to consider recycling
processes while maximizing net profits, which are defined as the difference of the
total revenues and the costs for sugar cane supply, production and transportation and
for investments in conversion facilities and warehouses, respectively.

Dal-Mas et al. (2011) regard the design and planning of capacity investments
for an ethanol SC. Uncertainties concerning both biomass production costs and
the final products’ selling prices are considered. Hence, the optimization model
is stochastic. The objectives are to maximize the expected net present value and
to minimize the financial risks. The model covers the whole SC. Only plants are
possible feedstocks. The early work of De Mol et al. (1997) compares a simulation
and an optimization approach concerning biomass collection for biofuel production.
The former one assumes the network structure for the biomass collection as given.
Whereas the latter one optimizes this structure by deterministically minimizing the
total collection costs. Both models do only consider the first stage of the SC. Wood
is the biomass feedstock.



Strategic Supply Chain Planning in Biomass-Based Industries—A Review 273

Dunnett et al. (2008) simultaneously optimize production and logistics of three-
stage, lignocellulosic bioethanol SCs by deterministically minimizing the respective
costs. They decide whether the processing structure is rather decentral or central,
i.e., whether the biomass is either pre-processed in decentral hubs and afterward
converted in a centralized plant or whether it is completely processed in central
facilities. Plants, wood and residuals are used as biomass feedstocks. Ekşioğlu
et al. (2010) investigate the impact of intermodal facilities on the design of three-
stage corn-to-bioethanol SCs. Their deterministic optimization model minimizes
the total delivery costs of bioethanol. In earlier work, Ekşioğlu et al. (2009) had
already analyzed and designed biomass-to-biorefinery SCs. The links between the
biomass harvesting sites and the conversion plants were modeled as part of a
deterministic network design problem. The objective was to minimize the total SC
costs. However, only the first two stages of the SC were covered by this model. With
plants, wood and residuals several biomass types were possible feedstocks.

Frombo et al. (2009a) plan the logistics of energy production from woody
biomass. They compare several conversion technologies to produce different final
products. Their deterministic optimization model minimizes the total costs. Wood
and woody residuals are inputs to a three-stage SC. Giarola et al. (2013) design
bioethanol SCs under risk management aspects. First and second generation
production technologies are considered in a multi-period, stochastic optimization
model with multiple objectives, maximizing the net present value and minimizing
greenhouse gas emissions. The model covers only the first two stages of the
SC. Plants and residuals can be biomass feedstocks. This work builds on earlier
deterministic models published by Giarola et al. (2012, 2011), who considered a
three-stage SC, however. Apart from that, the models share the same characteristics.

Huang et al. (2010) optimize three-stage, waste-based bioethanol SCs. Their
deterministic model assesses economic potentials and infrastructure requirements
by minimizing the total SC costs. Only residuals are considered as possible
feedstocks. Ivanov and Stoyanov (2016) design integrated biodiesel and fossil-based
fuel SCs. The deterministic optimization model considers all three stages of the SC
using only plants as possible feedstocks. In addition to minimizing the total SC
costs, the total life cycle greenhouse gas emissions are also minimized. Kanzian
(2009) plans the logistics of wood to produce solid fuel. Using a deterministic
optimization model, minimizing the total transportation costs, different demand
scenarios for this fuel are evaluated and different network structures, with and
without terminals, are compared. Only the first stage of the SC and only wood and
woody residuals are taken into consideration.

Kim et al. (2011a,b) tackle similar problems. In both models, the whole three-
stage biomass processing network to produce biofuel is designed. The first one
is a deterministic optimization model. Its objective is to maximize the overall
profits. It is assumed that the network can process plants, wood and residuals. The
second, stochastic model considers uncertainty concerning supply quantities, market
demand and price, as well as technology. All other modeling characteristics remain
unchanged. Leão et al. (2011) optimize the logistic structure of two-stage biodiesel
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SCs by deterministically minimizing their costs. Small farmers providing plants are
the only feedstock suppliers.

Leduc et al. (2010) plan the location of methanol production facilities converting
lignocellulosic plants, wood and residuals. A deterministic optimization model
minimizes the costs of the three-stage network. An earlier work of Leduc et al.
(2008) tackled a similar problem. However, there only the gasification of wood and
wood residuals was considered. Lin et al. (2014) integrate the strategic and tactical
planning of large-scale bioethanol SCs. Apart from typical strategic decisions
about the number, capacities and locations of facilities also operating schedules
and inventory planning are considered. The authors deterministically minimize the
annual costs of biomass-to-bioethanol conversion. All three stages, from the farmers
(providing plants as the only biomass type) to the distribution of the bioethanol,
are represented. The multi-objective, two-stage stochastic model of Marufuzzaman
et al. (2014) concerns the production of biodiesel through wastewater treatment.
It respects the impacts of different carbon regulation policies. Objectives are to
minimize the annual costs of three-stage SCs and the resulting emissions.

Marvin et al. (2013) plan the locations of biomass conversion facilities and the
selection of the appropriate conversion technology. Their deterministic optimization
model maximizes the net present value of a three-stage SC using plants, wood and
residuals as feedstocks. Marvin et al. (2012) tackle bioethanol production from
lignocellulosic biomass. There, a bio-chemical conversion technology is applied.
Five different types of agricultural residues are considered as lignocellulosic
feedstocks. A single-objective, deterministic optimization model maximizes the net
present value of the SC. Only the first two stages of the SC are planned. Biomass
feedstock types are plants, wood and residuals. Mele et al. (2011) try to increase the
sustainability of three-stage sugarcane-to-bioethanol SCs. The combined production
of sugar and ethanol is considered by a multi-objective deterministic optimization
model. The objectives are to maximize the net present value and to minimize the
environmental damage, which is calculated using LCA. Plants are the only possible
feedstocks.

Mohseni and Pishvaee (2016) and Mohseni et al. (2016) tackle similar problems.
In both models, the whole three-stage SC network to produce microalgae-based
biofuel is designed. Both approaches are using robust optimization with sensitivity
analysis to minimize the total costs of the SC. As microalgae is used, living beings
are the biomass feedstock. Osmani and Zhang (2013) consider the production of
bioethanol from lignocellulosic plants, wood and residuals. Their stochastic model
takes uncertain biomass prices, uncertain bioethanol demand and uncertain sales
prices for bioethanol into account while maximizing the expected profit of a three-
stage SC.

Santibañez-Aguilar et al. (2011) compare different, alternative utilization path-
ways. Their deterministic, multi-objective model maximizes their corresponding
profits and minimizes their environmental impacts in order to grasp economic and
environmental aspects, simultaneously. Only the upstream part of the SC (i.e.,
the first two stages) is modeled. Plants, wood and residuals are considered as
possible feedstocks. Schwaderer (2012) integrates location, capacity and technology
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planning for SCs that use residuals as biomass. His deterministic optimization model
minimizes the costs of the first two stages of such SCs. It can deal with final products
of both the fuel and fibre type. The model of Tittmann et al. (2010) tackles the
techno-economic planning of biofuel production. Their deterministic optimization
model decides about locations and technologies of conversion facilities. Total profits
are maximized—also for electricity, which comes up as a by-product of biofuel
generation. Again only the first two SC stages are considered with plants, wood and
residuals being the feedstocks.

Walther et al. (2012) design regional SCs for the production of second gen-
eration synthetic biodiesel. Their deterministic, multi-period optimization model
maximizes the net present value of the three-stage network. Possible feedstocks
are plants and their residuals. The—to our knowledge—first and only model, which
also covers social objectives, has been published by You et al. (2012). The model
tries to establish a sustainable, three-stage SC for producing biofuel from cellulosic
biomass. Their multi-objective, deterministic model minimizes the annual total costs
and greenhouse gas emissions, respectively, and maximizes the number of new
jobs generated. Plants, wood and residuals can serve as cellulosic feedstocks. You
and Wang (2011) plan three-stage biomass-to-liquid SCs with respect to economic
and environmental aspects. They also apply a multi-objective deterministic model.
However, theirs only minimizes the annual costs and the life cycle greenhouse gas
emissions. Plants, wood and residuals are possible feedstocks. Zamboni et al. (2009)
design three-stage bioethanol production SCs. As in the previous model, economic
and environmental aspects are considered by deterministically minimizing both total
costs as well as greenhouse gas emissions. Here, only plants are the feedstock.
Finally, Zhang and Hu (2013) combine the strategic and operational planning
of second generation drop-in-fuel production. Apart from the usual long-term
aspects, further decisions on production patterns and inventories are made. Their
deterministic optimization model minimizes the total annual costs. Only plants and
residuals are possible feedstocks of a three-stage SC.

All references described above and their characteristics are summarized in
Table 2. As can be seen, all authors formulate optimization models. Sometimes
an additional simulation model is proposed. Only six out of 45 references use
a stochastic approach in order to take uncertainty into account. Approximately a
quarter of the references pursue an ecological objective additionally to the monetary
one. Only a single paper furthermore considers a social objective. Most models
cover the whole three-stage SC. Otherwise, at least the biomass supply or biomass
conversion is represented. Many models allow several types of biomass. However,
then often these types share a common characteristic, for example, all of them are
lignocellulosic. This is convenient from a technological point of view because they
show similar conversion properties. However, it might be less convenient from a
logistical point of view because, for example, logistical processes to collect wood
residuals in and from saw mills are very different from harvesting in agricultural
fields or forests.
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3.1.2 Electricity and Heat

In the following we concentrate on biomass-based SCs producing electricity or
heat as final products. Table 3 contains an overview of the respective literature.
Since biofuel can be used as both a final product and an intermediate product for
generating electricity, some references do appear in Tables 2 and 3 as well. Of
course, those will not be discussed in detail a second time.

The production of heat is always a joint product in power generation. The
ambition of so-called combined heat and power (CHP) plants is to produce
electricity. Heat automatically emerges during this process. Since a few years, this
waste product “heat” is more and more systematically used, e.g., to heat private
houses or to dry (or cool) materials of nearby industrial parks. Because of these
various possible uses, various stakeholders are increasingly interested in the final
product heat. Table 3 illustrates this intended usage. Since none of its references uses
living beings as biomass we have replaced the column “beings” with a new column
“final products”. This column contains the entry “e” if electricity is the intended final
product and “h” if heat is an intended final product. To ease readability, references
allowing to also produce biofuel are marked with an additional “b”. An “f” indicates
whether—besides electricity or heat—also fibre can be produced. However, the
production of fibre will be discussed in more detail in Sect. 3.2.

Akgul et al. (2014) represent the co-firing of biomass with fossil fuels and a
capturing and storage of CO2 in a multi-objective, deterministic optimization model.
The objectives are to minimize the total annual costs and the total annual emissions.
All three stages of the SC are covered with plants and residuals being possible
feedstocks. Ayoub et al. (2007) offer decision support for a general, three-stage
bioenergy SC. A geographical information system (GIS) and a simulation model
help to estimate the potential biomass supply of wood and wood residuals and to
identify promising locations of conversion facilities. Another simulation model is
proposed by Caputo et al. (2005), which considers biomass-based energy generation
through combustion and gasification facilities. The authors want to evaluate the
effects of different logistical alternatives on the costs of conversion. The model does
only comprise the first two stages of the SC. Information about possible biomass
feedstocks is missing. Feng et al. (2010) investigate bio-refinery design within
a three-stage forest product SC producing (woody) fibre, electricity and heat. A
deterministic, multi-period optimization model maximizes the net present value of
the SC, which is fed by wood and wood residuals.

Frombo et al. (2009b) use a deterministic optimization model to produce energy
and heat from woody biomass (plants, wood and residuals) in a three-stage SC. Its
objective is to minimize the difference of the total costs (purchasing, transportation
and plant costs) and the benefits deriving from energy sales. Judd et al. (2012) design
a logistics system for bioenergy production, using satellite storage locations (SSLs).
These SSLs are temporary and uncovered feedstock depots which are decentrally
located around a biomass conversion facility. The autors’ deterministic optimization
model minimizes storage costs of the SSLs and transportation costs for only the first
stage of an SC. Biomass is used as feedstock, but the type of biomass is not further
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specified. Lam et al. (2013) design the first stage of a green bioenergy SC basing
on waste as feedstock. They propose a deterministic, two-stage optimization model,
which maximizes the profit on a micro decision level and minimizes the costs on a
macro decision level. First, the conversion processes of each conversion facility are
optimized by choosing the best feedstock-to-product allocation (micro level). Then
the whole SC is optimized by balancing supply and demand at minimal costs (macro
level).

Meyer et al. (2015, 2016) combine the strategic and tactical planning of
bioenergy and heat production in a two-stage SC. They introduce a basic, multi-
objective, deterministic optimization model called OPTIMASS. Its objectives are
to maximize the profits and energy outputs as well as to minimize the global
warming potential. The model of the previous work from 2015 considers plants and
wood as possible biomass feedstocks. The latter one considers plants and residuals.
Paulo et al. (2015) use a deterministic optimization model to design a bioelectricity
SC based on forestry residuals. Within the model the production capacities and
locations are defined. They cover all three stages of the SC and consider several
uncertainties by using sensitivity analysis. Minimizing the total SC costs is the
single objective.

Rauch and Gronalt (2011) examine the relation between increasing energy costs
and the transport mode choice in a forest fuel SC network, i.e., only woody biomass
is considered as possible feedstock. Different modes of transport are analyzed to
ensure the supply for combined heat and power plants. Therefore, only the first SC
stage is covered. The objective of the presented deterministic optimization model
is to minimize the total costs. Reche López et al. (2008) present a deterministic
optimization model to determine locations and sizes of power facilities within a
two-stage SC. They only focus on the supply side of the conversion facilities, which
use wood and wood residuals as input. They apply particle swarm optimization to
maximize a profitability index taking costs and benefits into consideration.

Rentizelas et al. (2009) support strategic decision making for residual-to-
bioenergy conversion, more specifically for so-called “tri-generation applications”
comprising electricity, heating and cooling. Their deterministic optimization model
maximizes the net present value of a three-stage SC by choosing the optimal location
for the biomass conversion facility, its size and the optimal mix of specific biomass
residuals. Rentizelas and Tatsiopoulos (2010) optimize the locations of biomass-
to-bioenergy conversion facilities producing electricity and heat for district energy
applications. Their deterministic optimization model maximizes the net present
value of a three-stage SC that is only fed by residuals. Roni et al. (2014) consider
co-firing of biomass (plants, wood and residuals) in coal-fired power facilities.
They propose a deterministic optimization model to design the first two stages of
an SC as a hub-and-spoke structure. The model minimizes the costs of transport
and investments in locations for a given energy demand. Finally, Wang et al.
(2012) determine the supply of energy crops as well as the locations and capacities
of conversion facilities generating heat and power. They propose a deterministic
optimization model maximizing the profits of the two-stage SC.
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As Table 3 shows, again optimization models are preferred to simulation models.
Only a single “pure” simulation model has been proposed. Similarly to the last
section, there are only a few multi-objective models. Three references do only
consider a single-stage SC, two of them concentrating on the biomass supply, one
of them on the biomass conversion. Most references comprise either the first two or
all three stages of the SC. Not surprisingly, the variety of biomass used is similar to
biofuel production. As mentioned before, heat could be produced without generating
electricity. However, none of the references found intends to do this.

3.2 Fibre

Table 4 summarizes literature on the quantitative, strategic planning of biomass-
based SCs that aims at producing final products of (at least) the fibre group. Again
we will only discuss references in detail which have not yet been introduced in the
preceding sections.

Gunn (2009) describes an optimization model to produce forest products. Just
the first SC stage is considered with wood being the only feedstock. As only the
first stage of the SC is considered, no information about specific forest products
is given. The developed optimization model is deterministic with the objective to
maximize the profits. Gunnarsson et al. (2005) integrate the search for terminal
locations of various pulp products and for their outbound shipping routes in a
deterministic optimization model minimizing total distribution costs. Thus only

Table 4 Literature concerning fibre production

SC stages Biomass type Final

O./S. det./sto. obj. 1 2 3 Plants Wood Resi. prod.

Bowling et al. (2011) O det mon x x b/–/–/f

Chen and Fan (2012) O sto mon x x x x b/–/–/f

Correll et al. (2014) O/S det mon x x b/–/–/f

Ekşioğlu et al. (2009) O det mon x x x x x b/–/–/f

Feng et al. (2010) O det mon x x x x x –/e/h/f

Gunn (2009) O det mon x x –/–/–/f

Gunnarsson et al.
(2005)

O det mon x –/–/–/f

Kelley et al. (2013) O det mon x –/–/–/f

Philpott and Everett
(2001)

O det mon x x x x –/–/–/f

Santibañez-Aguilar
et al. (2011)

O det mon/eco x x x x x b/e/h/f

Schwaderer (2012) O det mon x x x b/–/–/f

Troncoso and
Garrido (2005)

O det mon x x x –/–/–/f
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the third SC stage, downstream of some pulp mills in Scandinavia, is considered.
Specific information on biomass feedstocks is missing, but pulp mills are usually
fed by forest wood.

Kelley et al. (2013) design a transportation network in a mainly roadless region
of Amazonian Ecuador in order to transport indigenous goods to the markets. A
deterministic optimization model minimizes the total costs of storage and of the
various transportation vehicles. Only the first stage of the SC is considered. The
types of biomass feedstocks are not mentioned. Philpott and Everett (2001) optimize
an SC of the paper industry. They propose a deterministic optimization model to
allocate suppliers to paper mills and customers and their requested products to
paper machines, respectively. The objective is to maximize the overall profits of
the three-stage, wood-based SC. Troncoso and Garrido (2005) deterministically
minimize the costs of the production and logistics processes of a forest SC by
choosing the optimal location and size of conversion facilities. Additionally, they
consider production quantities and freight flows. Wood is the only feedstock.
Specific information on the final items is missing because the authors do only
consider the first two stages of such SCs.

Note that there is a whole stream of literature on quantitative (and also strategic)
SC planning in the pulp and paper industry. The respective references discussed
above are only a few typical examples. As mentioned in Sect. 2.2.2, including all
relevant work would have led to a loss of focus on more innovative types of biomass-
based SCs.

According to Table 4 again optimization models are dominating. Moreover, only
a single stochastic and a single multi-objective model can be found. The fibre
research rather concentrates on the upstream instead of downstream part of the SC.
Despite of that, information on the type of biomass used is more often missing. No
research has been identified, which intends to exclusively produce non-wood based
fibres like chemicals, pharmaceuticals or tensides.

4 Conclusions

All in all, when comparing Tables 2, 3 and 4, we recognize that most research
has been done on biofuel production, whereas electricity, heat and fibre production
have less frequently been considered. However, the research effort in biofuel SCs
seems to be decreasing. The peak in the number of published articles was in
2011. In contrast, the effort in biomass-based electricity and heat SCs as well as
in fibre SCs is relatively stable since 2009, yet on a much lower level. Thus, the
overall research effort on the strategic planning of biomass-based SCs appears rather
decreasing. Overall, deterministic optimization models, deciding about the structure
and facilities of a two- to three-stage supply chain starting from the biomass supply,
are dominating. Usually they pursue only a single monetary objective, which is to
either minimize costs or maximize profits. In multi-period models, which do not
only determine the type of investment, but also the timing of investments, net present
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values are taken into account. Except for living beings (which rather play a role
in food SCs), all types of biomass are considered—often even simultaneously as
substitutable or supplementary feedstocks. However, it seems that research during
the years 2011 and 2012 focused stronger on plants-based fuel and fibre SCs,
whereas earlier on and later on wood- and residual-feedstocks appealed higher
interest.

Figures 3 and 4 of Sect. 2 have revealed that many different participants may
be involved in three-stage, biomass-based supply chains. However, none of the
models of Sect. 3 takes an inter-organizational perspective, caring about problems
concerning the cooperation between legally separate companies (e.g., trust building,
aligning incentives or sharing of information, risks, joint profits or joint costs). The
vast majority of the models is characterized by a centralized point of view, meaning
that the decision maker is a centralized SC planner in an intra-organizational
SC, having all necessary information about the SC (i.e., deterministic model) and
being able to decide for the supply chain as a whole. Sometimes this planner is
characterized by a rather macroeconomic point of view, considering influences on
the economy as a whole like environmental or social aspects (for instance, see the
multi-objective models and simulation models). Apart from those, there are some
models with a conversion facility owner’s point of view or with a farmer’s or third-
party logistics service provider’s point of view. The SC stages depicted in Tables 2,
3 and 4 give a hint on the specific decision maker: If all three stages are considered,
this indicates the planning of the whole SC from a central SC planner’s point of view.
Exceptions are models on the planning of a single biorefinery with both upstream
and downstream stages. A partial consideration indicates either again the biorefinery
operator’s point of view (if only the second stage is considered) or the farmer’s and
third-party logistics service provider’s point of view, respectively.

Comparing biomass-based SCs with their traditional fossil-based counterparts
helps to stress further specific characteristics of the models of Sect. 3.

Fossil-based fuel is produced in a few, large refineries of mineral oil companies
(Roitsch and Meyr, 2015). The only input material “crude oil” may show a different
chemical composition if it stems from different oil fields in different regions of the
world. Nevertheless, as compared to biomass, it is a very homogeneous material.
By using pipelines or tankers, this raw material can cost-efficiently be transported
to the refineries. The refineries are of industrial size, what also allows cost-efficient
conversion processes. If used as automotive fuel, merely the distribution from the
refineries to the multitude of petrol stations requires small-sized transports by trucks.
Storage is possible at any stage of the supply chain. It is necessary to save costs
(e.g., varying market prices for crude oil, lotsizing) in and hedge against risks (e.g.,
varying lead times) of transportation and production.

As opposite, biomass feedstocks are typically more heterogeneous. They are
decentrally located within a specific region and have there to be collected or
harvested. The biomass shows a high content of water and a low energy density. If
it should also be brought to a few, centrally located conversion facilities, either high
transportation costs would result or a further, decentral pre-processing step would
be necessary, which increases the energy density and thus decreases transportation
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costs. However, this pre-processing may also incur fix costs for investments
and variable costs for transformation. Some types of biomass are perishable
(e.g., plants). That means, either decentral pre-processing additionally conserves
the biomass so that it can be stored. Or it has—more or less immediately—
to be transported to the central conversion facilities. For other types of biomass
(e.g., wood), decentral storage may even save a costly pre-processing step (like
drying). Anyway, decisions concerning the number, locations and capacities of
(pre-) processing facilities for biofuel have to be made by managing the tradeoff
between, at least, investment costs for these facilities and transportation costs of
unprocessed biomass. Potential solutions, provided in the analyzed literature, are to
use only one central conversion facility, several centralized conversion facilities, or
central conversion facilities and several upstream, decentral pre-processing facili-
ties. The decision about these potential network structures is crucially dependent on
the scalability of the conversion facilities, which are also denoted as “biorefineries”.
From a transformation point of view, biorefineries for biofuel production play a
similar role as petroleum refineries. However, the characteristics of the used supply
are totally different.

Examples for many decentral conversion facilities can also be found, but rather
for the production of electricity and heat. Whereas typical fossil-based power
plants either also profit from cost-efficient transportation means (pipelines) for their
supplying material (natural gas) or are located in a region of highly concentrated
supply (coal), biogas refineries usually are decentrally located and small-sized. To
save transportation costs, they can only cost-efficiently be fed by biomass from
their immediate vicinity. Their small-sized conversion technology is currently only
profitable if subsidies are guaranteed by law. The main advantage of this type
of biomass-based supply chain is that its primary final product “electricity” can
easily and cheaply be brought to the final consumer by feeding it into the already
existing power network. Unfortunately, its co-product “heat” cannot as easily be
transported. Thus, a clever usage has to be found, for example, through cooperations
with neighboring industrial parks, close-by housing areas etc. Intra-organizational
decisions about locations of (pre-)processing facilities are less important here.
At most, investments in alternative conversion technologies and facility designs
could be optimized. Overall, however, it is rather necessary to establish successful
regional, inter-organizational cooperations between suppliers of biomass, operators
of the biogas refinery and adjacent consumers of heat. As Sect. 3.1.2 has shown,
SCM research does not yet offer much support for this.

Supply chains producing fibres like chemicals, tensides and pharmaceuticals
from biomass compete with traditional fossil-based (natural gas, coal, crude oil) SCs
of the chemical and pharmaceutical industries. Fossil-based (organic) chemicals
usually are produced on an industrial scale in integrated production sites consisting
of several production facilities which are interconnected by a pipeline system.
They are supplied by the mineral oil industry with large quantities of intermediate
materials like Naphtha that results as a by-product of typical refinery processes
(see above). These fossil intermediate materials are split into basic chemicals,
which are re-composed into intermediate chemicals so that both can finally react
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to final chemicals (Kirschstein, 2015, Chap. 2). In order to save transportation
costs, chemical production sites are often located in close vicinity to oil refineries.
Thus they also profit from economies of scale in transportation and production.
In contrast, biomass-based fibre SCs struggle with the same problems as biomass-
based fuel SCs. Bioethanol could play a similar role for biomass-based fibre SCs as
Naphtha does for fossil-based SCs. It can already be produced on an industrial scale.
For example, the PlantBottle™, a beverage bottle developed and used by the Coca-
Cola Company, is partly made out of bioethanol, which is produced on large scale
from sugarcane of Brazil (Coca-Cola, 2016). However, for the reasons mentioned
above, this is currently more costly than using fossils as an input. Small-scaled
biorefineries, which could—similarly to biogas refineries—process the biomass
decentrally into bioethanol or even into final products of the fibre type are still
too expensive for an operational usage. Since it is not yet clear what technological
research will bring, research on the strategic planning of such types of SCs appears
premature.

As already mentioned, SCs for pulp and paper and other wood-based fibres
traditionally already base on biomass as source material. The same is, of course,
true for food production. Therefore, much research has already been done to find
out how to place conversion facilities into these types of SCs. Examples are given
by Carlsson et al. (2009), Cambero and Sowlati (2014) or Ahumada and Villalobos
(2009). It can be learned that especially the upstream processes in biomass-
based SCs are characterized by manifold uncertainties. For instance, the quality
and quantity of biomass supply is depending on the weather and thus uncertain.
Moreover, the harvesting or collection time may be seasonal and uncertain, too.
Hence, the upstream processes, meaning the supply side of the SC, are characteristic
and crucial for many of the downstream processes. Due to the seasonal and uncertain
supply, storage would be desired. However, if the biomass is perishable, this may
hardly be possible (e.g., for fresh food) or (pre-)processing steps are necessary to
enlarge durability. As Sect. 3 has shown, some of the models for the more innovative
fuel and fibre SCs tackle the same problems. They deal with uncertainty by using
stochastic modeling techniques. Here, typically the biomass supply is modeled as
being uncertain. Additionally, the demand is uncertain, too, in some of the models.
Perishability is less in the focus than it is in food SCs (see, e.g., Amorim et al. 2013).
It is rather indirectly considered by potentially introducing pre-processing facilities.

5 Summary and Outlook

This chapter provided an overview of the latest literature on the long-term, strategic
planning of biomass-based supply chains using quantitative models of operations
research. We structured the overall research field “bioeconomy” by means of
various utilization pathways of biomass. In such utilization pathways, the scarce
resource “biomass”, i.e., the ultimate supply, is the starting point. In contrast,
supply chains are rather demand- than supply-oriented. All participants in an SC
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cooperate to fulfill the final customer’s demand. Section 2 bridged the gap between
the demand-oriented view of SC management models and the supply-oriented view
of bioeconomy. Subsequently, several dozen publications have been analyzed with
respect to the modeling characteristics used, the sections of the SC covered and the
types of biomass considered.

As results of and conclusions from the analysis, some characteristics of biomass-
based SCs, some trends of current research on the strategic planning of biomass-
based SCs and some research gaps have been identified. On the one hand, it is
noticeable that the research effort on the strategic planning of SCs producing fuels
and rather “innovative” fibres from biomass seems to be decreasing. This is caused
by a decrease of research on biofuel production. Overall, peak efforts were recorded
in the years 2011 and 2012, research thereby mainly focusing on plants-based
biomass. On the other hand, the following characteristics of biomass-based SCs
have been identified: Biomass-based SCs are inter-organizational and characterized
by a great heterogeneity of parties involved. This heterogeneity should be tackled
by means of inter-organizational cooperation and intra-organizational coordination.
However, most of the analyzed models assume an intra-organizational view with
a central, omniscient and omnipotent planner. High uncertainty concerning the
biomass supply is another important characteristic of biomass-based SCs, which
is considered by some models. High transportation costs of unprocessed biomass,
caused by its high water content and low energy density, are a further characteristic.
Because of them, decisions on locations for pre-processing and conversion facilities
are crucial and thus considered by most of the analyzed models.

Further research should also take inter-organizational aspects of SC management
into account. Biomass-based SCs have to become profitable on their own, i.e.,
without governmental subsidies, and have to compete with their fossil-based
counterparts. Clever cooperation between the partners of biomass-based SCs would
help to save costs and to become more competitive. Nevertheless, the current intra-
organizational models with a central view are not useless. They can serve as a
benchmark of what could be achieved if an SC would be truly integrated. Thus these
models need to be brought as close to reality as possible, for example, by increas-
ingly incorporating the risks arising through supply and demand uncertainties. And
they permanently need to be adapted to new surrounding constraints, which, for
instance, emerge from new laws or changed governmental support programs.
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Structuring the Planning Tasks in
Biomass-Based Supply Chains

Hendrik Butemann and Katja Schimmelpfeng

Abstract Due to the dependency on crude oil, mitigating, greenhouse gas emis-
sions, energy and food security, support for rural economic development and the
effort for environmental sustainability, renewable energy sources become more and
more important. This led to an increasing research on biomass-based supply chains
in recent years. Conventional supply chains, i.e., the commodity flow including
all the stakeholders from the supplier to the end customer, have been studied
intensively in the past. Biomass-based supply chains, however, feature different
characteristics and uncertainties that have to be considered. In this paper, we
identify the differences between the two types of supply chains and elaborate the
stakeholders involved in the supply chain process and the different planning tasks
structured according to the functional areas. As several possible pathways from
feedstocks to different end-products exist, we focus on bio-fuels as the final product.
We conclude by reviewing the literature that deals with supply chain optimization
using operations research (OR) models to present the relevant planning tasks in
biomass-based supply chains.

1 Introduction

In recent years, the research on biomass-based supply chains has risen substantially
(Baños et al., 2011). Due to the dependency on crude oil, mitigating, greenhouse
gas emissions, energy and food security, support for rural economic development
and the effort for environmental sustainability, renewable energy sources become
more and more important (Scott-Kerr et al., 2009). Conventional supply chains,
i.e., the commodity flow including all the stakeholders from the supplier to the
end customer, have been studied intensively in the past. Biomass-based supply
chains, however, feature different characteristics and uncertainties that have to be
considered. In this paper, we identify the differences between the two types of
supply chains and present the relevant planning tasks in biomass-based supply
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chains. As several possible pathways from feedstocks to different end-products
exist, we focus on bio-fuels as the final product. We review the literature that deals
with supply chain optimization using operations research (OR) models to determine
the different planning tasks.

The remainder of this paper is structured as follows: in Sect. 2 we introduce the
fundamentals about biomass, biofuels and supply chain management. In Sect. 3
we elaborate the specific properties of biomass-based supply chains. Section 4
illustrates the stakeholders involved in the supply chain process and the different
planning tasks structured according to the functional areas. Finally, in Sect. 5
we conclude the paper’s most important findings and give some directions for
future work.

2 Fundamentals, Terms and Definitions

Before analyzing the planning tasks in biomass-based supply chains, further infor-
mation on terms and definitions have to be provided. In this section, we introduce
different types of biomass, conversion technologies and potential products. Further-
more, we address the fundamentals of conventional supply chain management.

2.1 Biomass and Biofuels

Biomass is basically anything organic that is or has once been a living organism
(Saidur et al., 2011). It can be classified by its nature, namely into terrestrial and
aquatic biomass. Terrestrial biomass contains feedstock rich in sugar or lipids
including corn grain, sugarcane, oil seed, soy been etc. and cellulosic biomass like
agricultural residues (e.g., corn stover), forest residues (e.g., leftovers from logging
operations) and energy crops (e.g., switchgrass) (Yue et al., 2014). Also the organic
fraction of industrial waste, municipal waste, human and animal excrements belong
to this kind of biomass (Allen et al., 1998). Photosynthetic algae and cyanobacteria
like microalgae and seeweeds represent aquatic biomass (DOE/EERE, 2010b).

While growing, biomass gains carbon by carbon dioxide fixation. Usually, it
can easily be cultivated, collected and utilized (Yue et al., 2014). In addition,
it is available worldwide, can be converted efficiently and allows a CO2-neutral
consumption (OECD/FAO, 2007).

After the harvest, in many cases biomass requires some kind of pre-treatment.
Subject to the type of feedstock this may be a mechanical or chemical process like
ensiling, drying, pelletization, torrefaction and pyrolisis (Gold and Seuring, 2011).
These processes help to simplify the succeeding operations (e.g., handling, storage
and transportation) and to reduce the corresponding cost (Kumar and Sokhansanj,
2007). They also lead to a lower moisture content, remove contaminants and
thus ensure a better feedstock quality, stability and conversion performance
(Bals et al., 2010).
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After the biomass underwent the relevant pre-treatment processes and trans-
portation, usually, the energy conversion is the next step. In biorefineries the
biomass is converted into heat, power, biofuels or a combination of the mentioned
outputs (Papapostolou et al., 2011). With starch-based, sugar-based, oil-based and
lignocellulosic-based biorefineries four different types exist (Sadaka, 2009). Subject
to the raw material and the desired final product three types of processes can
be applied to obtain biofuel. Solid, liquid or gaseous fuel is made by thermo-
chemical conversion (e.g., gasification, pyrolysis and charcoal production), whereas
bio-chemical conversion can produce alcohol and biogas. Pressing and transester-
ification are examples for physicochemical processes and provide liquid fuels like
biodiesel from energy crops (Iakovou et al., 2010). The method’s selection also
depends on several criteria like the quantity of biomass, environmental standards
and financial resources (Saidur et al., 2011). In Fig. 1 different possible pathways
from biomass to bioenergy are illustrated.

The biofuels bioethanol and biodiesel can be subdivided into different gen-
erations. The first generation of bioethanol is based on starch and sugar-based
feedstock like corn, sugarcane and maize which compete with the food supply.
Urban woody waste and land fills, forest biomass, herbaceous energy crops
and short rotation woody crops lead to the second generation bioethanol. While
palm, soybeans and rapeseeds are raw materials for the first generation biodiesel, the
second generation is produced by jastropa and cassava. Finally, the third generation
of biodiesel is made of microalgae, seaweeds and cynobacteria (EUBIA, 2007).
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Fig. 1 Possible pathways from biomass to bioenergy (Sharma et al., 2013)
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2.2 Supply Chain Management

Supply chain management is defined as “the systemic, strategic coordination of the
traditional business functions and the tactics across these business functions within a
particular company and across businesses within the supply chain, for the purposes
of improving the long-term performance of the individual companies and the supply
chain as a whole” (Mentzer and DeWitt, 2001). The business functions in this case
are procurement, production, distribution and sales. Products, services, finances,
and information are modeled in an upstream and a downstream flow through these
business functions from a supplier to a customer (Mentzer and DeWitt, 2001) with
the objective to provide the customer with the end-product of the desired quality and
service level at the right time at minimal cost (Simchi-Levi et al., 2008). Usually,
the suppliers, manufacturers, distribution centers and customers build the supply
chain (Beamon, 1998). The performance measured by the degree of coordination
and integration is highly influenced by uncertainty (Peidro et al., 2009).

Figure 2 shows the Supply Chain Planning Matrix (SCP Matrix) by Stadtler et al.
(2015). It provides an overview of modules for the different planning tasks one com-
pany in a supply chain has to handle. The SCP Matrix uses the dimensions “planning
horizon” and “supply chain process”. The latter represents the business functions
whereas the “planning horizon” represents the partition of strategic (long-term),
tactical (medium-term) and operational (short-term) decisions (Mula et al., 2010).

Long-term decisions usually hold for up to 5 years and deal with, e.g., invest-
ments. Aggregated data is taken as a basis since no precise data is available.
Tactical decisions are valid for some months concerning, e.g., aggregated production
quantities. Decomposed tactical decisions result in operational decisions such as
exact production plans for just a few days (Ba et al., 2016).

The module “Strategic Network Design” incorporates all the functional areas
procurement, production, distribution, and sales. It contains decisions regarding
storage and production capacities, new locations, and the strategic selection of
suppliers and customers. “Demand Planning” belongs to the sales segment and

Fig. 2 The supply chain planning matrix (Stadtler et al., 2015)
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is responsible for the demand forecasts applying various statistical methods. The
module “Available to Promise” (ATP) applies this information to accept customer
orders in the short-term. “Master Planning” uses these forecasts to synchronize the
flows of goods, money and information. Results of the module “Master Planning”
are procurement, production, transport and storage quantities as well as labor utiliza-
tion on the tactical level. Detailed production schedules for the different plants are
generated within “Production Planning & Scheduling”. Besides the order releases,
also the processing sequence is determined. “Distribution & Transport Planning”
ensures the cost-minimal supply of the customers by means of vehicle routing and
vehicle loading. Finally, the module “Material Requirements Planning” generates
the explicit purchase order of materials and provides information about the avail-
ability of materials for “Production Planning & Scheduling” (Rohde et al., 2000).

Please note, that the planning tasks of these modules are valid for just one
company in conventional supply chains. Therefore, the SCP Matrix provides an
overview, how planning tasks can be arranged. For biomass-based supply chains
we cannot simply adapt the matrix because of the special features shown in Sect. 3.
Especially the challenges and risks associated with handling and processing biomass
have to be identified and analyzed.

3 Characteristics of Biomass-Based Supply Chains

3.1 Challenges

To model biomass-based supply chains we have to address certain challenges.
Not only technological and financial issues, but also social and environmental
aspects have to be considered. Besides the already mentioned factors, governmental
decisions resp. institutional and organizational topics directly and indirectly affect
the decisions to be made. Therefore, they play a crucial role in structuring the
planning tasks.

First, we examine the technological challenges. Evolving an efficient feedstock
supply system including harvesting/collection, preprocessing, storage and transport
stages is important to continuously provide high-quality biomass for the conversion
at low cost (Yue et al., 2014). Since in most cases biomass can only be harvested
during a short period of time, but the conversion plant needs a stable supply, logistics
play an important role. This is stressed by the fact that biomass is comparatively
cheap, so logistic cost preponderate (Ba et al., 2016). Harvesting or collection at
the supply chain’s beginning has to be performed in a sustainable and efficient way
(McKendry, 2002a). A lack in biomass supply due to shortsighted decisions in the
past that did not consider the biomass’ seasonality affects the whole supply chain
(Hoogwijk et al., 2003).

Against this background, supply-chain-efficiency and inventory planning are
substantial elements of biomass-based supply chain planning. Choosing an
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appropriate harvesting and collection schedule and adopting the proper supply-
chain-configuration are the first steps to assure efficiency (Yılmaz and Selim,
2013). If different types of biomass are considered for the conversion, a complex
decision concerning storage arises with a high degree of uncertainty about the
quality and quantity of biomass feedstock (Gold and Seuring, 2011). Multiple
types of biomass tend to reduce total cost, but require a sophisticated way of the
conversion due to the different physical and chemical characteristics (Rentizelas
et al., 2009). Concerns about the conversion facilities are ineffective techniques,
insufficient maintenance of the equipment (Saidur et al., 2011) and inconsistencies
in quality and moisture content of the feedstock (Kudakasseril Kurian et al., 2013).
Altogether, the technical and technological limitations cause a complex problem
concerning locations, technologies to apply, capacities and routes with multiple
conflicting objectives (Čuček et al., 2012).

The analysis of financial issues is important as biomass energy production
is capital intensive (Rentizelas et al., 2009). Thus, the operational cost mainly
consisting of harvesting, collection, storage and transportation cost need to be
reduced (Diamantopoulou et al., 2011). Since the scale of delivery, the conversion
plants’ size and location, their availability and the type of biomass have a significant
impact, the life cycle cost have to be taken into account (Mafakheri and Nasiri,
2014). Spreading the risk by diversifying the revenue sources, e.g., electricity,
heating and cooling, increases the flexibility of the biomass-based supply chain but
also enlarges the planning efforts (Rentizelas et al., 2009).

Biomass-based supply chains effect more social aspects than the conventional
counterparts. The most discussed concern is the competition with food supply.
Biomass planted for energy conversion cuts the available amount of land for
agriculture which is intensified by government decisions in favor of bioenergy in
recent times (Ignaciuk et al., 2006). Especially developing countries are affected,
since cultivated energy crops are popular commodities to export to the industrialized
world (Kerckow, 2007). Furthermore, an inadequately designed biomass-based
supply chain may increase the prices of other goods and materials due to the
interdependencies with other supply chains. Particularly the transport sector could
suffer from a higher traffic density in rural areas, an increasing number of accidents,
problems with staff retention in the transport sector, road damages, spoilage of
the landscape and even higher rates of migration from rural areas (Pimentel et al.,
2009). Traffic congestions by excessive truck transports can also lead to resistance
of affected communities (Kumar et al., 2006), but pipeline transportation can not
serve as an alternative as the carrier fluid reduces the heating value of biomass
significantly (Searcy et al., 2007). The lack of participation in decision making
processes concerning bioenergy projects and insufficient information about the
land use are additional causes for conflicts with communities (Upreti, 2004).
Furthermore, a study has shown that injuries and diseases occur more often in
connection with biomass-based supply chains than with conventional ones (Saidur
et al., 2011). A lot of social issues can be prevented by thoroughly selecting the used
land, the used type of biomass and the production quantities (Koh and Ghazoul,
2008). Beneath the risks, there are social benefits of bioenergy like regional
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development, higher net labor incomes and self-sufficiency in energy production
(Krajnc and Domac, 2007). Also new job opportunities are established along the
whole bioenergy supply chain (Thornley et al., 2008).

One fundamental idea in developing and applying biofuels is the considerate land
exploitation. Therefore, environmental challenges play an important role dealing
with biomass-based supply chains. In this context, we have to take ecological
services and land-use, emissions, resource efficiency and waste management into
account (Baños et al., 2011). All activities related to biomass-based supply chains,
i.e., harvesting, storage, transportation and production, must be assessed with
respect to carbon emissions to ensure environmental benefits by switching to biofu-
els (Charles et al., 2007). E.g., the import of biomass from overseas usually causes
high carbon emissions thus influencing the ecological performance in a negative
way (Grant and Clark, 2010). But long-distance shipping releases substantially
lower CO2 per unit of length than truck transport (Perry and Rosillo-Calle, 2008).
A study showed that the transport of biomass from Scandinavia to conversion plants
in the Netherlands still can be beneficial (Forsberg, 2000). Hence, the life cycle
impacts of the supply chain have to be taken into consideration (Mafakheri and
Nasiri, 2014). Further environmental challenges are the loss of natural habitats and
wildlife, the loss of biodiversity and soil degradation (Awudu and Zhang, 2012).

Decisions of governments and other institutions highly impact the energy
sector. A lot of policy measures and regulations aim to support the bioenergy
production (Mafakheri and Nasiri, 2014). E.g., in 2003 the European Union fixed
the biofuels’ share of the total transportation fuel to 10% (European Union, 2003).
Opposite to the desired effect, this led to a massive import of soybeans and
sugar cane. Thus, less sustainable and less economical biomass feedstocks may be
promoted by misled incentives (Charles et al., 2007). Therefore, a competition in the
bioenergy sector and sustainable supply-chain-solutions should be supported (Roos
et al., 1999).

Institutional and organizational issues arise due to the different stakeholders
involved in biomass-based supply chains. The parties’ institutional values, interests
and rules differ thus leading to diverse ownership arrangements, standards and
organizational norms (Costello and Finnell, 1998). Also supply priorities, attitudes
towards risks and decision making processes may vary and have to be incorporated
in the planning of the supply chain (Altman and Johnson, 2008). Change manage-
ment practices between the stakeholders are necessary because of the uncertainties
associated with the biomass-supply. They represent an important factor to achive
operational agility (Christopher and Towill, 2001).

3.2 Uncertainties

Uncertainties are located on every stage of a biomass-based supply chain. They
are related to all activities and occur in different types resp. varying forms (Awudu
and Zhang, 2012). Conventional supply chains mostly cope with unknown demand
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whereas in biomass-based supply chains the supply-uncertainty and biomass avail-
ability are crucial (Sharma et al., 2013).

The following sources of variability have to be considered as well (Iakovou et al.,
2010; Cundiff et al., 1997; Gold and Seuring, 2011):

• weather uncertainty,
• seasonality,
• physical and chemical characteristics,
• geographical distribution,
• low bulk density of biomass feedstocks,
• structure of biomass suppliers and their willingness to grow biomass crops,
• local transportation and distribution infrastructure,
• supplier contracts, and
• government policies.

Also biomass cost, technologies, expansion plans, biofuel price and natural or
human disasters can confront the biomass-based supply chain planning with
uncertainties (Sharma et al., 2013). Approaches to deal with the different kinds
of variability in operations management include amongst others scenario anal-
yses, stochastic programming, robust optimization, fuzzy programming, chance-
constraint optimization and stochastic inventory theory (Sahinidis, 2004).

3.3 Supply Chain Structure

In the literature, different components of the “typical” biomass-based supply chain
are identified. Usually, harvesting and collection, pre-treatment, storage, transport
and energy conversion are included in all definitions (e.g., Mafakheri and Nasiri
2014). Although they seem to be similar to those in a petroleum-based supply chain,
we have to perform the analysis in a different way. This is due to the differences
in the feedstocks and the products leading to other strategies for production,
transportation and storage (An et al., 2011). The “distribution of the end-products to
the customers” is a stage that some authors ignore. Altogether, three main segments
can be distinguished:

• the upstream segment,
• the midstream segment and
• the downstream segment.

The upstream segment contains all operations from harvesting and collecting to the
conversion facility (An et al., 2011). The midstream segment represents the energy
conversion itself and is often referred to as a black box where biomass is put in and
bioenergy comes out (Iakovou et al., 2010). Each decision made in this segment,
e.g., concerning the type of the conversion technology or the size and location
of the facility, influences the upstream processes (Allen et al., 1998). The storage
of bioenergy and the distribution to the customers serve as downstream activities
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Fig. 3 Biomass-based supply chain structure

(An et al., 2011). Making the supply chain robust and flexible against changes of
weather, biomass perishability, competition and market conditions is the objective
of a proper supply chain structure (Iakovou et al., 2010). Figure 3 displays a typical
biomass-based supply chain including the following considerations:

• Transports are necessary between all different stages.
• Storage/inventory is possible at the harvesting and collection site, the pre-

treatment facility, the energy conversion plant and the customer’s location.

4 Planning Tasks in Biomass-Based Supply Chains

Unlike conventional supply chains, biomass-based supply chains may contain enti-
ties resp. stakeholders responsible for several functional duties along the commodity
flow. Therefore, we identify the various potential stakeholders analyzing the existing
literature concerning biomass-based supply chains. Subsequently, we determine and
classify the detected planning tasks.

4.1 Stakeholders

As already pointed out in Sect. 3, the functional parts of a biofuel supply chain
can be classified into harvesting/collection, pre-treatment, energy conversion and
distribution (e.g., Mafakheri and Nasiri 2014). In constrast to conventional supply
chains, the focus is on the upstream activities like harvesting, collecting, pre-
treatment, transport and storage. This strongly influences the modeling of those
supply chains that rarely include distribution and other activities, e.g., demand
planning after energy conversion. In general terms, the integrated parties in biomass-
based supply chains are (Adams et al., 2011)

• the supplier of biomass,
• transportation and distribution entities,
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Fig. 4 Stakeholders in biomass-based supply chains

• energy production facility developers and operators,
• the government and utility firms who provide the incentives, and
• the end-users.

Figure 4 provides an overview of all the stakeholders involved in the different
functional parts of a biomass-based supply chain in the considered literature. In
each stage resp. functional area we position the stakeholders in the order of their
importance. Some of the stakeholders (stakeholders’ classes) occur more than once.
We try to signal this fact using the same background color in Fig. 4. Please note,
that e.g., the farmer during the harvest/collection does not necessarily have to be the
same as during the pre-treatment phase or the energy conversion.

At the biomass acquisition stage, the respective biomass can be achieved in
different ways depending on the type. Besides the typical supplying entities like
farmers, producers and collectors, other stakeholders are involved in the harvesting
and collection process. E.g., biomass can also be received in form of residues and
waste accrued at mills or industrial companies (Freppaz et al., 2004). In Fig. 4 we
address them as independent suppliers. Offshore farmers producing microalgae and
macroalgae (Yue et al., 2014) represent a special type of farmers that should not
be omitted. Some papers do not specify organizational units, but consider different
counties or states (Kim et al., 2011). To ensure demand fulfillment in each period
and avoid penalty cost, in some cases the import of biomass is permitted as an
alternative (Dal-Mas et al., 2011). Another party that may influence harvesting or
collection decisions is the owner of machinery since many farmers do not possess
their own equipment but have to loan it from an independent company or from other
farmers. Also transport companies may be important for the decisions to be made if
the trucks should be loaded on-farm (Ba et al., 2016).

As pre-treatment can be operated not only at a special pre-treatment facility,
but also at the sourcing site or the energy conversion plant, possible involved
stakeholders are farmers, producers, collectors and the operator of the pre-treatment
and energy conversion facilities. Some pre-treatment methods require special
equipment provided by central companies, thus the availability of such machinery
is also crucial for decision-making (Ba et al., 2016).
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At the energy conversion stage, obviously the conversion operator handles
the midstream segment. But also the farmers and distributors may influence the
decisions, e.g., if the optimal conversion capacity has to be determined (Nasiri
and Zaccour, 2009). Some authors examine the case that the conversion operator
possesses his own transportation fleet and compare it with the situation in which
independent transportation companies are employed (Zhu et al., 2011).

The parties in the downstream segment can be of different nature. Of cause
the company responsible for distributing the end-product is the most important
stakeholder. Inbetween those firms and the (private or industrial) end-consumer may
be retail-outlets, e.g., gas stations. As already mentioned, many OR models in the
literature consider just the upstream and midstream segment, i.e., so far research
papers about the downstream structure are rare in the literature.

Sometimes storage operators accept the responsibility and need to be considered
in the planning process. On a subordinate level, some other institutions may
influence the biomass-based supply chains. To include all functional areas in the
construction process of the whole supply chain, a network designer is needed (Zhu
et al., 2011). Furthermore, for sustainability incentives and to protect the environ-
ment connected with biomass-based supply chains, third parties like governments
and non-governmental institutions, i.e., policy makers, come into play. To enable the
development of biofuels, investors need to provide capital, thus also having a voice
during the planning process (Baños et al., 2011). During all stages of the supply
chain, biomass, biofuels and interstage products can be stored in different modes
(e.g., Yılmaz and Selim 2013).

4.2 Structure of the Planning Tasks

In the following, we present the different planning tasks we identified in the
reviewed literature and classify them into the four determined functional areas
(Fig. 3). Furthermore, we arrange them in the respective area according to the
corresponding planning horizon. Please note, that in conventional supply chains
the planning tasks are determined for just one stakeholder. E.g., an automotive
manufacturer has to perform all activities from procurement to sales planning in
order to maximize its profit. The different suppliers, manufacturers and customers
can be distinguished clearly and easily. But along the biomass-based supply chain
many different combinations of participating stakeholders are possible depending
on the type of biomass, the way of pre-treatment and energy conversion and the
type of the end-product. Also different stakeholders may execute different tasks like
harvesting and pre-treatment or energy conversion and distribution. As we can not
assign a stakeholder to just one area, we classify the planning tasks based on their
relevant functional area/stage in the biomass-based supply chain.
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4.2.1 Harvesting/Collection

Harvesting and collecting the biomass represents the first stage of biomass-based
supply chains. The strategic decisions provide a basis for all the following deter-
minations. First of all, the utilized types of biomass are selected and the available
lands resp. areas are identified and allocated (Ba et al., 2016; Mafakheri and
Nasiri, 2014). Meeting the demand regarding all uncertainties is the fundamental
objective (Iakovou et al., 2010).

In the producer’s perspective also the selection of biomass suppliers could be a
possible decision (Yue et al., 2014). After having fixed the strategical decisions,
further restrictions have to be taken into account, such as land availability and
crop rotation. For example Murray (1999) introduced the “Unit Restriction Model”
and the “Area Restriction Model”, which both ensure that no adjacent blocks are
harvested at the same time. The corresponding planning task is called harvesting
planning. Obviously, this model can only be applied to certain types of biomass.

The counterpart of harvesting planning, the collection planning, can be used
for wood residues in forests for example (Mafakheri and Nasiri, 2014). It has to be
determined, at what time to harvest/collect which quantity of biomass in which area.
Simultaneously, the number and the type of equipment and personnel for those
operations need to be computed in the personnel/equipment planning (Sokhansanj
et al., 2006). Both can be seen as a tactical decision for some months on an
aggregated level and/or as an operational decision to fix exact harvesting/collection
plans. Purely operational decisions are the arrangement of working shifts, the
allocation of operators to harvesting/collecting machines as well as vehicle
routing and fleet scheduling (Awudu and Zhang, 2012).

4.2.2 Pre-treatment

One major long-term decision in the pre-treatment section is the determination
of the type of pre-treatment, which depends on the processed biomass. Different
types reveal different advantages, i.e., reducing the moisture content, increasing
the bulk density and the heating value or enabling a better handling for trans-
portation (Hamelinck et al., 2005). Possible locations for the pre-treatment are
the harvesting/collection sites, central collection points and the energy conversion
facilities (Hamelinck et al., 2005). Carolan et al. (2007) analyzed a network of small
decentralized pre-treatment units minimizing the storage and transportation cost.
Also the size of the pre-processing plants can be optimized (Ba et al., 2016). To pre-
process the biomass, a production plan has to be developed both on an aggregated
level (tactical) and on a daily basis (operational level). Additionally, the associated
machinery and personnel need to be assigned to the respective production plan on
both levels.
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4.2.3 Energy Conversion

The location analysis for energy conversion facilities has to incorporate uncertain-
ties like the biomass supply, the energy demand and the transportation system (Sodhi
and Tang, 2009). The choice of the conversion technology is restricted by the con-
sidered biomass and influenced by the way of pre-treatment or vice versa. Cameron
et al. (2007) evaluated biomass gasification and direct combustion, which differ
in their energy efficiency rates and the fixed capital. The environmental impact
(McKendry, 2002b) and the robustness against energy prices (Mansoornejad et al.,
2010) may also be considered for this strategic decision. Huang et al. (2010) built a
model based on forecasts of the biomass sources and their availability to generate a
schedule for the long-term decisions about the capacity and the infrastructure of
energy conversion plants. Converting several types of biomass in one facility does
not only influence the capacity, but also the operational production plan. While
the optimal capacity can also be determined by a game theoretic approach evaluating
the interactions of different stakeholders (Nasiri and Zaccour, 2009), the operational
plan aims to meet energy demand in the most economical way (Rentizelas et al.,
2009). Therefore, again a production schedule both on the tactical and operational
level is necessary with the corresponding machinery and personnel plans to
ensure the coordination of different material flows and the scheduling of multiple
conversion tasks to provide the right amount of energy at the right time (Yue et al.,
2014).

4.2.4 Distribution

As already mentioned, the distribution planning for biomass-based supply chains
is not considerably explored in the literature. Many models just examine the
upstream and midstream part of the supply chain, assuming a given distribution
network and an a-priori known demand. The distribution sector has to ensure that
the market and the consumers receive the product cost-effectively and sustainably
(Yue et al., 2014). Hence, one strategic planning activity is the assignment of
customer-serving-areas to the different energy-conversion-facilities (Yue et al.,
2014). Problems occur if the existing pipeline systems are used for biomass-
derived products because of different characteristics compared to conventional fuels
(Bunting et al., 2011). So-called drop-in biofuels are compatible with the current
infrastructure thus resulting in an easier and more widespread market acceptance
(DOE/EERE, 2010b).

Dependent on the type of the final product, trains, barges, trucks and ships
(DOE/EERE, 2010a) offer other opportunities for transportation. In the majority
of cases transportation and storage planning are performed for the whole supply
chain. Therefore, we explain them in the following subsection.
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4.2.5 Integrated Planning Tasks

Since the different stages in the biomass-based supply chain can not be explicitly
assigned to certain stakeholders, most of the time the optimization is executed for
the whole network. Thus, we have to evaluate a complex system involving different
market segments and actors (Elghali et al., 2007). The fundamental strategic
decision affecting the whole supply chain is the supply chain configuration,
responsible for the effective and efficient delivery of biomass (Awudu and Zhang,
2012). This includes the scale of production as one decisive parameter for bio-
energy systems (Elghali et al., 2007). For many types of biomass several different
possible pathways exist, enabling the network planner to consider a cascading
use of feedstocks (United Nations Environment Programme, 2009). To settle
the sometimes conflicting interests between stakeholders, supply and demand
contracts are necessary with specific terms of delivery and fixed payments (Iakovou
et al., 2010). Especially in biomass-based supply chains, sustainability issues play
an important role in long-term decisions thus social, economic and environmental
impacts of decisions need to be addressed (Awudu and Zhang, 2012).

On the tactical level integrated decisions are inventory planning, fleet man-
agement and logistics management (Iakovou et al., 2010). The way of storage is
not only influenced by the type of feedstock, but also constrained by transportation
options. Therefore, on-field storage can reduce the overall delivery-cost in many
cases (Huisman et al., 1997). Also the desired safety stock level has to be determined
(Ba et al., 2016). In general, a shorter harvest season leads to a higher number of
storage facilities needed as a buffer capacity (Uslu et al., 2008). For transportation
planning, the availability, the transportability and the energy demand impose further
restrictions (Diekema et al., 2005). Hence, an important cost factor arises due to the
low energy density of biomass (Mayfield et al., 2007). Not only the distance between
two nodes is crucial, but also the speed set by road properties and infrastructure have
to be incorporated in decision making (Möller and Nielsen, 2007). Additionally, the
environmental consequences need to be examined like the emissions of CO2 and
other pollutants (Forsberg, 2000).

To put it in a nutshell, it has been shown, that an integrated planning of the
aforementioned tasks could lead to a reduction of up to 20% in total cost of biomass-
based supply chains (Dunnett et al., 2007).

5 Conclusion

Biomass-based supply chains incorporate fundamental differences compared to
conventional ones. We illustrated those differences treating the challenges resulting
of handling the biomass. Also different uncertainties appear due to the features of
biomass like the moisture content and the seasonal harvesting.

We showed that it is not sufficient to simply adapt the Supply Chain Planning
Matrix by Stadtler et al. (2015) to transfer it to biomass-based supply chains.
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Fig. 5 Resulting assignment of planning tasks in the biomass-based supply chain

The different supply chain structure and stakeholders create a very complex network
with several different possible configurations. Therefore, we classified the relevant
planning tasks according to the supply chain’s functional area and the planning
horizon. However, no hierarchical order of the planning tasks is intended. Figure 5
summarizes our results.

The process of identifying the relevant planning tasks in the ever-expanding
bio-energy sector revealed several topics for future work. As shown above, the
stakeholders’ assignment to the planning tasks is not yet clear. It depends on the type
of the biomass considered and the supply chain configuration. Therefore, we will
further investigate the stakeholders’ integration in a similar construct as the Supply
Chain Planning Matrix. Another very promising topic is working on incentives for
a better cooperation of the stakeholders.

References

Adams, P., Hammond, G., McManus, M., & Mezzullo, W. (2011). Barriers to and drivers for UK
bioenergy development. Renewable and Sustainable Energy Reviews, 15(2), 1217–1227.

Allen, J., Browne, M., Hunter, A., Boyd, J., & Palmer, H. (1998). Logistics management and
costs of biomass fuel supply. International Journal of Physical Distribution and Logistics
Management, 28(6), 463–477.

Altman, I., & Johnson, T. (2008). The choice of organizational form as a non-technical barrier to
agro-bioenergy industry development. Biomass and Bioenergy, 32(1), 28–34.

An, H., Wilhelm, W. E., & Searcy, S. W. (2011). Biofuel and petroleum-based fuel supply chain
research: A literature review. Biomass and Bioenergy, 35(9), 3763–3774.

Awudu, I., & Zhang, J. (2012). Uncertainties and sustainability concepts in biofuel supply chain
management: A review. Renewable and Sustainable Energy Reviews, 16(2), 1359–1368.



308 H. Butemann and K. Schimmelpfeng

Ba, B. H., Prins, C., & Prodhon, C. (2016). Models for optimization and performance evaluation
of biomass supply chains: An operations research perspective. Renewable Energy, 87(2),
977–989.

Bals, B., Rogers, C., Jin, M., Balan, V., & Dale, B. (2010). Evaluation of ammonia fibre expansion
(AFEX) pretreatment for enzymatic hydrolysis of switchgrass harvested in different seasons
and locations. Biotechnology for Biofuels, 3, 1–11.

Baños, R., Manzano-Agugliaro, F., Montoya, F., Gil, C., Alcayde, A., & Gómez, J. (2011).
Optimization methods applied to renewable and sustainable energy: A review. Renewable and
Sustainable Energy Reviews, 15(4), 1753–1766.

Beamon, B. M. (1998). Supply chain design and analysis: Models and methods. International
Journal of Production Economics, 55(3), 281–294.

Bunting, B. G., Bunce, M., Barone, T. L., & Storey, J. M. (2011). Fungible and compatible
biofuels: Literature search, summary, and recommendations (No. ORNL/TM-2010/120). Oak
Ridge National Laboratory (ORNL); Fuels, Engines and Emissions Research Center.

Cameron, J. B., Kumar, A., & Flynn, P. C. (2007). The impact of feedstock cost on technology
selection and optimum size. Biomass and Bioenergy, 31(2), 137–144.

Carolan, J. E., Joshi, S. V., & Dale, B. E. (2007). Technical and financial feasibility analysis of
distributed bioprocessing using regional biomass pre-processing center. Journal of Agricultural
and Food Chemistry, 5(2), 1–29.

Charles, M. B., Ryan, R., Ryan, N., & Oloruntoba, R. (2007). Public policy and biofuels: The way
forward? Energy Policy, 35(11), 5737–5746.

Christopher, M., & Towill, D. (2001). An Integrated Model for the Design of Agile Supply Chains.
Bradford: MCB UP Ltd/Emerald Group Publishing Limited.

Costello, R., & Finnell, J. (1998). Institutional opportunities and constraints to biomass
development. Biomass and Bioenergy, 15(3), 201–204.
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Abstract The farmer’s association UPAP, in the Canton of Puriscal, Costa Rica,
has been making efforts to transform its firm in order to adapt new technologies
to reduce the production costs. This is done by reusing biomass (manure from
cattle mainly) to generate energy and produce organic fertilizers which are dis-
tributed among farmers affiliated to the Association. The UPAP’s main economic
activity is livestock auction, which generates a large amount of biomass (cattle
excreta). The guiding question to support the research was: how to manage the
biomass produced in the cattle auction to mitigate the negative externalities and
to get economic benefits? The research was developed taking into consideration
the importance of the proposal for the climate change adaptation and allow the
agribusiness to solve its negative impact on the environment while maintaining
competitiveness. With the support of experts from the MAG an assessment of the
activity to specify the type of biodigester that was to be built was prepared. This
diagnosis included: number of animals, time spent in each auction, amount of
water and manure and the vermicompost process. The preliminary results based
on the gross profit indicator show a clear economic disadvantage in relation to
investment in mitigating the negative externalities of agribusiness and show a
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shortfall of US$675.92 (C// 361,621.00) per month. The inefficiency in the use
of biogas as well as the time spent to produce vermicompost seem to be the
most important factors that must be analyzed to make the project more effi-
cient.

1 Introduction

Agriculture is at a crossroad: farmers should work to produce food for a grow-
ing population but also, they must reduce the negative environmental impacts
resulting from the emission of greenhouse gases which directly influence the
climate change that is facing the world community today. This also leads to
a concern in the farming business: competitiveness. This dilemma shows that
“business as usual” (Guy 2012) is no longer an option to face the challenges of
the Millennium.

These impacts and adaptation needs are especially important for farmers in
developing countries. Given this need, UPAP, in the Canton of Puriscal, Costa
Rica, has been making efforts to transform its company in order to adapt new
technologies to reduce production costs by reusing biomass (manure from cattle
mainly) to generate energy and produce organic fertilizers which are distributed
among the farmers affiliated to the Association. The UPAP’s main economic activity
is livestock auction (cattle bidding/auction), which generates a large amount of
biomass (cattle excreta). This biomass must be transformed into other inputs in
order to be recycled or reused. The goal is to improve competitiveness of the agri-
food system in which different actors are involved: the UPAP Puriscal Canton and
small farmers.

Considering the current laws (199th Zeledón 1999b; Decreto Nr. 31849-MINAE-
S-MOPT-MAG-MEIC 2004; Zeledón 1999a), the UPAP requested support from
MAG experts to plan and develop the “Project: Construction of a biodigester
and production of vermicompost” in order to comply with the current demands
regarding waste management in farm activities (Mora 2015). The guiding question
to support the Project was: how to manage the biomass produced in the cattle auction
to mitigate the negative externalities and also to get economic benefits from the
necessary investments?

2 Objective

The main objective was to identify and assess the impacts generated by the
construction and operation of the biodigester and the production of vermicompost at
UPAP’s farm, as an alternative method for treating livestock manure at the auction’s
facilities.
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The main specific objectives were :

1. To identify the environmental importance of the recycling proposed, with the
construction of a biodigester and vermicompost treatment.

2. To conduct a preliminary economic analysis of the implementation of the
technologies identified in the project.

3 Methods

The research was developed in four phases, taking into consideration the importance
of the issue and the need to organize information as a basis for disseminating
proposals that allow agribusinesses to solve its negative impact on the environment
while maintaining competitiveness. The requirements that the law of Health and
Environment defined to allow these agribusiness activities were also considered.
The stages of the research were:

1. Meetings with experts from the Ministry of Agriculture and Livestock (MAG) in
the Canton of Puriscal, UPAP was identified as a representative organization for
the small and medium producers of the Canton.

2. The regulatory measures (laws, norms) were reviewed.
3. Visits to the UPAP’s farm and staff interviews of both the Association and MAG

were conducted.
4. Review of secondary information based on UPAP’s statistics of marketing, sales,

costs, revenues.

The different activities were carried out during the period of December 2014 to
April 2015.

4 Agribusiness Description and Main Activity

The UPAP is an organization made up of small and medium farmers in the Canton of
Puriscal and it owns a farm in this Canton (Fig. 1). The principal activity of this farm
of 14 ha, is the marketing of cattle in the region as a strategy to get the best prices
for producers. This marketing is done through a “cattle auction Program” which is
organized twice a week: Tuesdays and Thursdays (Mora 2015). The activity begins
with the reception of the animals on Mondays and Wednesdays, from 4:00 p.m. to
8:00 p.m., and even the day of the auction from 6:00 a.m. to 10:00 a.m. The auction
begins at 10 a.m. and takes about 2–3 h, with an average transaction of 180 animals
per auction. This means that an average of 360 animals are sold per week. The
permanence of this number of animals in the barnyard auction facilities produces
about 72 m3 of biomass (manure) weekly (Chavarría 2015; Fallas 2015).
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Fig. 1 Location of UPAP’s farm in Costa Rica. Source: Google-Earth 2015

Table 1 Different uses of
biogas

Objectives Result Applications

Energy Caloric energy:
home kitchens,
heating
Electricity

Cooking food, heating
facilities
Cooling systems,
mechanical milking
systems

Compost Compost and
lombricompost

Organic fertilizer to
be used in agricultural
activities

5 Proposal for Handling the Biomass

The biomass produced can be used for energy production or composting in
agricultural production. At the same time, the production of energy can be used
directly as heat energy or can be used directly in home kitchens or it can be
transformed into electrical energy to use it in agribusiness activities and others
(Table 1).

The process that takes place in these systems is the same that takes place in
the intestinal tract of animals, but this is done in a controlled manner. Its main
objective is waste management, biogas production and biofertilization. The goal of
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Table 2 Composition of
biogas

Gas Volume ratio (in %)

Methane (CH4) 40–70
Carbon dioxide (CO2) 30–60
Other gases 1–5
Hydrogen (H2) 0–1
Hydrogen sulfide (H2S) 0–3

Source: Gon (2008)

Table 3 Ration of manure and methane produced by animals

Type of manure
Live
weight

Daily amount
of manure (kg) Methane (%)

Pigs 50 10 70
Dairy cattle 500 34 65
Horse 500 10 65
Sheep 20 1.5 70
Chickens 1.5 0.02–0.03 65–70

Source: Gon (2008)

this process is to stop producing organic wastes and use them as a raw material for
domestic or commercial uses. This results into income or savings in the production
process (Gon 2008). The composition by volume of biogas produced is shown as
follows (Table 2).

The biogas production depends on the material that was fed into the digester
and the amount of methane depends on the amount of manure. The produced
methane from the biodigester depends at the same time on the type of animals
(Table 3).

From the analysis of the available information, and based on discussions with
experts from the MAG, the use of biogas for cooking was allowed. The justifications
for reaching this decision were:

1. The UPAP has a restaurant at the cattle auction facilities. The restaurant can use
this resource to provide food service to Auction’s visitors.

2. The cost of electricity has become one of the factors that negatively affect the
competitiveness of firms in Costa Rica.

3. It requires no investment in the purchase of equipment to transform biogas into
energy.

The cost of labor was primarily considered to produce the compost. Therefore,
making vermicompost using the Californian red worm (Eisenia foetida) was the
best alternative identified. This activity allows the UPAP to use the underutilized
infrastructure (Fig. 2).
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Fig. 2 UPAP’s cattle auction facilities

6 The Biodigester

According to different authors, using a biodigester is one of the best alternatives
for the treatment of organic matter (manure) from animal farms. It can be defined
as a bioreactor which under anaerobic conditions is designed to promote a suitable
environment for bacteria that breaks down organic matter to produce biogas and an
effluent to be used as agricultural fertilizer (Gon 2008; Irusta 2011).

With the support of experts from the MAG (Guerrero 2015; Elizondo 2015) an
assessment of the activity to specify the type of biodigester that was to be built was
prepared. This diagnosis included: number of animals, time spent in each auction,
amount of water and manure and recognition of facilities. This information served
as a basis for defining the type of digester that was to be built, through the following
data:

1. Amount of manure per auction: 0.2 m3

2. Excreta and water ratio is 1:4

The specifications of the type of biodigester were: tubular with 19 m long with
a diameter of 2.5 m and a capacity of 30 m3. The material used is permaflex
geomembrane Amanco (PVC). Further notes were considered to determine the
dimension of the biogestor such as the approximate retention time (TDR) to properly
process the manure, which is a month. When released it is 85% free of contaminants
(Guerrero 2015) (Fig. 3).

The process is as follows: once the auction is over, the facilities are washed
only with water, a process that takes about 6–7 h with two workers. The material
(manure) represents the raw material collected to feed the biodigester and to produce
vermicompost. The manure is collected in an external collection tank where it
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Fig. 3 The biodigester

Fig. 4 Separator tan of purines and biomass and the pump system

is stored and directed to four sedimentation tanks. External tank dimensions are
1.5 m by 4 m long and are filled on average 10–12 times a week. When this
is filled, the process of separating liquids and solids begins. The solid manure is
deposited in the sedimentation tanks for the production of vermicompost and liquid
is conducted to the biodigester. The gas produced is used at the Restaurant located
at the headquarters of the UPAP, which is opened on Tuesdays and Thursdays. The
gas is also used in a house for the farm worker (Fig. 4 and Table 4).
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Table 4 The biodigester
components are summarized
as follows

Parts of the biodigester Description

Loading tank For the collection of “raw
materials” (manure)

Digestor Receptor shaped tube for the
organic matter placed in a pit,
where wastes are decomposed
(anaerobic process)

Unloading tank Biomass from the digester is
deposited

Plastic cover Placed on the digester to prevent
the air inlet and gas outlet

Pipes, valves and
stopcocks

Accessory parts to connect the
entire system of the digester

Fig. 5 Biomass collector for the vermicompost

7 The Vermicompost

The resulting solid material from four sedimentation tanks described above, is dried
“in idle mode” for 8 days (Fig. 5). When dried, this material is passed to the
vermicompost process. On average, 50–70 kg of organic material is extracted per
week. This material is stored in these tanks for 6 months and it should be transferred
tank by tank. In the last one is where the organic material is extracted for later
packaging. The process starts with the first tank at ground level with 10 kg of red
worm and about 200 kg of the dry manure, and it stays there for 2 months. The
worms are fed every 10 days before being passed to the next tank. After 6 months
50% of the last tank is filled and the dry manure is transformed now in organic
fertilizer and is separated then from the red worms. At the end of 6 months, the
resulting compost or organic fertilizer is transported to a “galerón” where the drying
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Fig. 6 Organic fertilizer

process is completed and bags of 20–25 kg are filled. This last process takes 22 days
on average and 90 bags are obtained (Fig. 6). These are then sold at C// 4000.00 per
bag (exchange rate: 1 US$ D C// 535.00).

8 Preliminary Results

8.1 The Economic Importance of Biogas and Vermicompost

To calculate the biogas production, it was assumed that each animal produces an
estimated of 13 kg manure per day and the biogas conversion from this manure is
0.03 (Gon 2008). Manure production of 360 animals is 2283.42 kg/day. However,
it should be taken into account that the average time of animals in the corrals is
2.5 days/week. Therefore, the ratio of 50% in the production of manure/week is
accepted. Based on this ratio of the availability of manure production/week, the
production of 85.62 m3 biogas/week (Table 5) was estimated.

According to the objectives, the produced biogas must represent a saving for
the agribusiness, since energy is produced and waste is reduced. Assuming that
with 1 m3 biogas (5500 Kcal/m3) there is a replacement of 0.60 m3 of natural gas
(LPG) of 9300 Kcal/m3 of calorific value. In the agribusiness-UPAP, the amount
of biogas consumption is 30.72 m3/week and is used in the livestock auction
facilities and 26.88 m3/week is used in the worker’s house for a total consumption
of 57.60 m3/week (Table 6).

Regarding the economic value of biogas, the approximate value of the savings
due to the replacement of liquefied petroleum gas (LPG) for biogas (GN) produced
in the biodigester was calculated. Considering that 1 kg of LPG is equivalent
to 1.28 m3 of biogas and that the LPG market value is estimated at US$1.32
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Table 5 Calculation of biogas production m3/week

Type of
biomass

Amount
kg/day

Estimated
length of
stay

Biogas
conversion
m3/kg

Total
production of
biogas m3/día

Weekly production
of biogas (2,5 days
of occupancy)

Manure 2283.42 50%a 0.03 34.25 85.62
aLength of stay means the time which the animals remain in the auction because they are not all
day

Table 6 Consumption calculation of biogas per week

Gas use
intensity

Number
of days
per week

Daily
operating
time
hours/day

Total amount
biogas/week in
m3

Total consumption
m3 biogas/week
according%
intensity

Kitchen facilities
at UPAP’
restaurant

100%a 2 12 30.72b 30.72

Stove of worker
house kitchen

50%a 7 6 53.76b 26.88

Total (week) 57.60
aThis relationship is done based on the information provided by workers of UPAP’s farm
bCalculation based on a consumption ratio of 1.28 m3 of biogas/hour according to Gon (2008)

Table 7 Estimated value of weekly savings using reference gas LPG

Unit

m3 biogas
quantity
consumed
weekly

Amount of
biogas
equivalent to
LPG Cost LPG/kg

Weekly
value in C//
of biogas

Biogas: worker’s
house kitchen

Monthly 30.72a 24b 708,33c 16,999.92

Biogas: UPAP
farm kitchen

Monthly 26.88a 21b 708,33c 14,874.93

Organic fertilizer Biannual
Total C// 31,874.85

aFor conversions are estimated
LPG heating value of 11,800 Kcal/kg. Calorific value of GN 9300 Kcal/m3

bThe relationship between the two (1.28) indicates that 1 kg LPG is equivalent to 1.28 m3 of GN
cCost of 1 kg LPG

(C// 708.33) per kg, the value of the biogas used is US$238.32 (C// 127,499.40) per
month (Table 7).

Moreover, the income from organic fertilizer was estimated since every 6 months
on average 90 bags of 20–25 kg are sold at a price of C// 4000 per bag. The average
value of this fertilizer is sold at a price of C// 60,000.00 per month. Therefore, the total
income reaches US$350.47 (C// 187,499.00) per month.
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Table 8 Labor costs

Labors Weekly hours Amount of hours/week Cost/hour Total

General labors Hours 56.00 C// 1320.00 C// 73,920.00
Permanent worker Hours 48.00 C// 1320.00 C// 63,360.00
Total C// 137,280.00

Additionally, the labor cost (two workers) for the maintenance activities of the
biodigester and vermicompost process requires a full-time worker and another part-
time for washing the facilities (4 h per week). The total cost of labor amounts to
US$256.60 (C// 137,280.00) per week for a total of 1026.39 (C// 549,120) per month
(Table 8).

8.2 Cost/Benefit Ratio

The benefits of the biodigester and the production of organic fertilizer project are
represented by savings in the cost of electricity due to the use of biogas and to
the compost (organic fertilizer) sales. The main cost is due to labor because it is
essentially a fixed cost. The cost of investing in the infrastructure of the biodigester
is not included here since this is a preliminary analysis of gross profit. These
preliminary results show a clear economic disadvantage in relation to the investment
in mitigating the negative externalities of agribusiness and show a shortfall of
US$675.92 (C// 361,621) per month. The inefficiency in the use of biogas as well
as the time used in the production of vermicompost seem to be the most important
factors that must be analyzed to make the project more efficient.

9 Conclusions and Recommendations

1. It is important to consider that this is an initial study to evaluate the use of biogas
and vermicompost. The purpose is to collect and systematize information that
can demonstrate the economic and environmental viability of investments in
technologies to reduce emissions of greenhouse gases to mitigate actions that
cause climate change. More research is required under tropical conditions that
can allow the development of appropriate and more efficient technology than the
one adopted by the UPAP-project.

2. Optimal use of biogas is not done, this is affecting the results of the preliminary
economic analysis. The efficient use of resources should be improved. In ana-
lyzing the relationship between the estimated biogas per week of 85.65 m3/week
where consumption barely reaches 57.60 m3/week, it becomes clear that there
is a significant underutilization of the resources produced. It is also necessary to
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evaluate the process of production of organic fertilizer in addition to labor. This
is a factor that also requires an analysis to improve efficiency due to the costs to
agribusiness.

3. The socio-environmental benefits of investments for mitigation of greenhouse
gases have not been analyzed in greater depth. It is necessary to evaluate the
reduction of gases released into the environment. In addition, with the use of
biogas as an energy source the use of firewood is avoided. This has a significant
environmental benefit when considering that 1 m3 of gas prevents deforestation
of 0.33 ha of forest (MAG 2010).

4. Progress must be made in further studies that include long-term investments such
as infrastructure in general. Likewise, more research is required to make new
tools available for economic and environmental analysis.
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Bioethanol as the Sole Solvent for Vegetable Oil
Extraction and Biodiesel Production
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and Larissa Braga Bueno-Borges

Abstract Economic and environmental repercussions of oil reserves depletion have
led to the implementation of programs promoting the use of alternative fuels such
as ethanol and biodiesel. Brazil has great potential for the production of these fuels,
as sugarcane and soybean are national major commodities. Biodiesel is produced
mainly by transesterification, a process in which oils or fats react with short-chained
alcohols in the presence of a catalyst. Hexane is used worldwide in the industrial
solvent extraction. This solvent has considerably higher flammability, explosiveness
and toxicity compared to ethanol. Since the 1980s, the Laboratory of Oils and Fats
at ESALQ-USP Agricultural College has developed a line of research on ethanol
oil extraction as a way to also explore the regional importance and availability of
this feedstock. The product of soybean oil extraction with ethanol is a miscella
(oil C solvent) that, after cooled down to less than 30 ıC, separates into three phases:
rich-in-alcohol miscella (poor miscella), rich-in-oil miscella (rich miscella) and gum
(crude lecithin). The poor miscella, composed of approximately 91% ethanol, can
be used as solvent in subsequent extractions. With the natural phase separation,
poor miscella carries the majority of polar substances such as phospholipids (0.4%),
water and free fatty acids (0.7%). It can be said that the poor miscella promotes a
partial refining of the rich miscella. The latter contains 90% oil and 7.8% ethanol
and is suitable for biodiesel production without the need for desolventization and
refining steps, contributing to the energy recovery of the process. In addition,
miscella’s oxidative stability in accelerated tests is three times higher than that of
degummed oil. Meal produced from ethanol extraction also has a higher quality than
hexane-extracted ones due to antinutritional compounds elimination. The economic
and energy analyses of the ethanol process reveal that it requires adjustments to
ensure higher efficiency. However, biodiesel from rich miscella via alkaline catalyst
can be considered a promising alternative from several points of view, provided the
whole process is executed in a single industrial plant using solely ethanol as the
solvent extraction and acyl acceptor in the transesterification reaction.
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1 Introduction to the Biodiesel Production

Fossil fuels are widely applied in industry, agriculture and transportation, playing
an essential role in the national economy. However, the high energy demanded by
the industrial and domestic sectors, in addition to pollution problems caused by the
use of such fuels has increased interest and need for the development of renewable
sources of energy with lower environmental impact (Meher et al. 2006). Although
petroleum is abundant on the planet, it is finite. In addition, many countries rely
substantially on its importation and suffer from price fluctuations of feedstocks
and derivatives, such as gas and diesel. Thus, the economic and environmental
repercussions of oil reserves depletion have led to the implementation of programs
promoting the use of alternative fuels. These fuels derive from many renewable
sources such as plants, agro-industrial, forest and domestic biomasses, and are
widely associated to their main representatives: ethanol and biodiesel (Angarita et
al. 2008).

The use of biofuels in internal combustion engines has been known for more
than 100 years (Shay 1993). In 1900, the World Exhibition in Paris has presented
to more than 50 million people a diesel engine operating with crude peanut oil.
The prototype won the highest prize of the exposition to the Société Française
des Moteurs Diesel, bearer of the licenses to produce diesel engines at the time.
Over the subsequent years, Rudolph Diesel continued his work culminating with the
construction of the first ship powered by an internal combustion engine (Naegel and
Althuser 2008). In 1912, during his lecture at the Institute of Mechanical Engineers
in the United Kingdom, Diesel confirmed his conviction on the feasibility of the use
of vegetable oils in diesel engines pointing them as a promising alternative energy
source (Shay 1993; Knothe 2006).

In Brazil, since the 1920s, the National Institute of Technology (INT) has carried
out tests with alternative and renewable fuels in engines (Angarita et al. 2008).
As a matter of fact, Brazil, such a strong agricultural country, has great potential
for biofuel production as sugarcane and soybean are national major commodities
(Hausman 2012). In addition to originating from renewable sources, biodiesel from
bioethanol and soybean oil has advantages over petroleum-based fuels such as the
absence of sulfur and aromatics, high cetane number, a higher flash point and a
lower emission rate of hydrocarbons, CO and CO2 toxic particles, besides a less
hazardous storage and handling (Knothe and Razon 2017).

Biodiesel comprises alkyl esters of long chain carboxylic acids (esters of fatty
acids) mainly produced by transesterification where vegetable oil or animal fats
(triacylglycerol) react with short-chained alcohols (acyl acceptor) such as methanol
and ethanol in the presence of a catalyst. The triacylglycerol is converted stepwise
into diacylglycerol, monoacylglycerol and finally glycerol (Fig. 1) (Ma and Hanna
1999; Meher et al. 2006). In this reaction, approximately 1 kg of biodiesel and 0.1 kg
of glycerol are generated for every kilogram of oil.

Transesterification may be catalyzed by homogeneous or heterogeneous cata-
lysts. Homogeneous catalysts include alkalis and acids. The most commonly used
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Fig. 1 General equation for transesterification of triacylglycerols

alkaline catalysts are sodium or potassium hydroxides and sodium methoxide or
ethoxide; the most used acid catalysts are sulfuric, hydrochloric and sulfonic acids.
Heterogeneous catalysts include ion exchange resins, metal complexes and organic
polymers, and biocatalysts (enzymes) (Balat 2007). In addition, transesterification
may be carried out, in the absence of catalysts, with alcohol in its supercritical state
(Saka and Kusdiana 2001; Ranganathan et al. 2008), by using microwaves (Lam et
al. 2010; Liao and Chung 2011), ultrasound (Ji et al. 2006; Deng et al. 2010; Lam
et al. 2010) or hydrodynamic cavitation (Ji et al. 2006).

Esters can be generated from alcohols such as methanol, ethanol, propanol,
isopropanol, butanol and isobutanol (Nimcevic et al. 2000), however only methanol
and ethanol are used in the commercial transesterification reaction for biodiesel
production. Methanol is produced from petroleum refining and is the worldwide
choice of alcohol for fatty acid esters production for use as biodiesel (Haas and
Foglia 2006) due to the lower oil/alcohol ratio required and lower cost in countries
like Germany, in comparison to ethanol (Bozbas 2008). In Brazil, however, the use
of ethanol is fully justified (Haas and Foglia 2006).

Ethanolysis, a transesterification reaction using ethanol as the acyl acceptor, is
gathering more attention as this alcohol is known for its low toxicity and renewable
character. Moreover, ethyl esters have lower Cloud and Pour Points than methyl
esters avoiding fuel flowing problems in diesel engines’ pipes and filters (Dunn
2006; Encinar et al. 2002). Methanol is more reactive in oil transesterification than
ethanol as its carbon chain is shorter (Nimcevic et al. 2000); however methyl and
ethyl esters yields from different feedstocks are very similar. Both alcohols may
produce high esters conversion rates, in the range 96–98% (Kucek et al. 2007;
Cernoch et al. 2010; Nimcevic et al. 2000; Rashid and Anwar 2008; Rashid et al.
2012).

The most widely used feedstocks for biodiesel production are soybeans, canola
(rapeseed), palm, peanut, rapeseed, sunflowerseed, cottonseed, rice, camelina,
coconut, pequi, macaúba, tucumã, babassu (Haas and Foglia 2006; Lima and Castro
2010; Soriano and Narani 2011). However, as the feedstock prices account for 70–
80% of the total cost in the biodiesel production (Haas and Foglia 2006; Castro
et al. 2010) alternative sources of inedible oils and fats have attracted researchers’
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attention, seeking for a feasible oil source and avoiding problems with the world
food production. Some of the alternative feedstocks are: frying oils (Alcantara et al.
2000; Felizardo et al. 2006; Encinar et al. 2007; Lam et al. 2010); tallow (Ma et al.
1998; Alcantara et al. 2000; Kurzin et al. 2007) jatropha (Jatropha curcas) (Tiwari
et al. 2007); neem oil (Azadirachta indica) (Ragit et al. 2011); India chestnut oil
(Sterculia foetida) (Bindhu et al. 2011) microalgae, yeasts and fungi (Miao and Wu
2006; Chisti 2007; Singh and Singh 2010) chicken fat (Singh and Singh 2010);
sewage sludge (Mondala et al. 2009; Sangaletti-Gerhard et al. 2015) among other
materials cited by Singh and Singh (2010) and Azócar et al. (2010).

Vegetable oil can be extracted by pressing or solvent or a combination of both.
The mechanism involves the extraction of oils from fruit pulps and seeds and
comprises the following processes: lixiviating, washing, diffusion and dialysis. In
order to improve oil extraction efficiency, the feedstock needs to be prepared by
decreasing the grain size, reduction of grit width which results in area increase,
and heating (industrial steps breaking, flaking and conditioning), exposing the
spherosomes to the solvent action (Johnson and Lusas 1983). Pressing is the
most economical and recommended process for oil-rich feedstocks while solvent
extraction, besides being more expensive, is the efficient alternative to pressing,
ensuring oil exhaustion in the meal.

Hexane is the most widely used solvent in the industrial vegetable oil extraction,
dissolving the intracellular oil without reacting with other feedstock components.
However, hexane has some disadvantages, such as higher flammability, explo-
siveness and toxicity compared to ethanol. Alternatively, solvents as n-heptane,
n-propanol, iso-propyl alcohol and ethanol can be employed yielding as much oil as
hexane (Gandhi et al. 2003) provided some adaptations to the process are made.

Ethanol was used for the first time in an industrial plant as solvent for soybean
oil extraction, in 1934 in China. Since then, there have been studies and interest
in the technical and energy feasibility of using ethanol as a substitute for hexane.
This fact, plus the regional availability of bioethanol, has led the Laboratory of Oils
and Fats at the Department of Agroindustry, Food and Nutrition of the Agricultural
College ESALQ-USP to start research on this topic in the early 1980s, and since
then, ethanol oil extraction has been improved.

2 Ethanol Oil Extraction and Products

Several solvents may be used in the extraction process and the choice will depend
primarily on the main product desired (oil and meal). In hexane oil extraction,
miscella (solvent C oil) should be distilled for separation of the crude oil for
further refining and solvent recovery by condensers for subsequent use in extractions
(Johnson 2002). The meal obtained in this process should be fully desolventized
(solvent recovery) and toasted (in the case of soybeans) to be adequate for
consumption as food or feed. However, desolventization followed by toasting
is the most energy consuming industrial step in the oil extraction process due



Bioethanol as the Sole Solvent for Vegetable Oil Extraction and Biodiesel Production 329

to the elevated temperatures necessary to remove the residual solvent and the
longer heating times to remove undesirable and toxic substances (antinutritional
compounds) from the meal (Sheehan et al. 1998). The use of ethanol as the solvent
in the soybean oil extraction generates a liquid product that, after cooled down to
less than 30 ıC, results in three phases: rich-in-alcohol miscella (poor miscella),
rich-in-oil miscella (rich miscella) and gums (crude lecithin). The poor miscella
can be used as solvent in subsequent extractions. Up to 83% yield efficiency was
reached with the use of the lean miscella, containing 91% ethanol, as solvent in
our intermittent extractor for three cycles plus a last cycle with 99% ethanol (pure
solvent). With the natural phase separation, poor miscella carries the majority of
polar substances such as phospholipids (0.4%), water and free fatty acids (0.7%)
due to the high concentration of ethyl alcohol in its composition. It can be said that
the poor miscella promotes a partial refining of the rich miscella.

The rich miscella containing 90% oil and 7.8% ethanol is already suitable to
produce biodiesel without the need for desolventization and refining steps, actively
contributing to the energy recovery of biodiesel production from this feedstock. In
the case oil should be meant for human consumption, classic refining would be
much simpler and cheaper. Figure 2 shows the process of extraction using hexane
and ethanol as solvents.

Fig. 2 The vegetable oil extraction process using hexane (a) and ethanol (b) as solvents. RBD
oil D alkali refined, bleached and deodorized oil
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Table 1 Soybean rich miscella and degummed oil composition and characteristics

Parameter Rich-in-oil miscellaa Degummed oilb

Lipids (w/w%) 90:0 ˙ 1:0 98
Alcohol (w/w%) 7:6 ˙ 0:1 –
Non-volatile matter (w/w%) 91:7 ˙ 0:4 –
Phospholipids (w/w%) 0:6 ˙ 0:0 0.02
Unsaponifiable matter (w/w%) 1:0 ˙ 0:2 1.5
Peroxide value (meq/kg miscella) 10:9 ˙ 0:2 10.0
Acid value (% oleic acid) 0:4 ˙ 0:1 0.7
Water (w/w%) 0:3 ˙ 0:2 –
Oxidative stability at 110 ıC (h) 22:0 ˙ 2:0 7.1c

aSangaletti-Gerhard et al. (2014a)
bSheehan et al. (1998)
cUnpublished data

The rich miscella has very similar characteristics to the degummed soybean oil
(Table 1), representing an economical advantage over the hexane extracted crude
oil, which requires further steps to preserve its quality after storage (degumming,
alkali refining, bleaching and deodorization) (Fig. 2). Furthermore, although the
storage requirements of soybean rich miscella are identical to hexane-extracted
oils, miscella’s oxidative stability in accelerated tests is three times higher than the
degummed oil. This feature is of utmost importance from an economic point of view,
since lipid oxidation is the major cause of vegetable oil loss during storage (Sherwin
1976). A product with extended shelf life such as the miscella is desirable for its
ability to withstand longer storage periods and harsher environment conditions than
hexane-extracted oils. The rich miscella is a lipid material of more complexity than
oils derived from conventional extraction; besides the oil, ethanol, small amounts of
phospholipids, water and non-polar antioxidants, the presence of polar compounds
with affinity to ethanol that may present antioxidant capacity is also expected. The
same can be inferred about the poor miscella, with the difference that this co-product
is largely richer in ethanol than its “sibling” miscella, thus meaning that polar
compounds of antioxidant capacity may be present in ever greater concentrations.

Meal produced with ethanol as the oil solvent has a higher quality than the ones
generated from hexane extractors. Soybean meal has a higher protein content (48%),
is lighter in color, as well as free from antinutritionals (no protease inhibitors,
lectins, phytates, saponins and oligosaccharides were found) compared to the
hexane extracted (Sangaletti-Gerhard et al. 2014a). In addition, ethanol removes
undesirable compounds, such as chlorogenic acid from sunflowers (Regitano-
d’Arce et al. 1994), gossypol from cottonseed (Hron et al. 1994; Groppo 2015) and
aflatoxin from peanuts (Fonseca and Regitano-d’Arce 1993; Groppo 2015), adding
value to the meal (Fig. 3).

Although, as mentioned above, rich-in-ethanol miscella (poor miscella) may have
a high concentration of undesired compounds, it is also rich in antioxidants and
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Fig. 3 Reduction of aflatoxin content after oil extraction using ethanol 99% (Treatment A) and
ethanol 90 % (Treatment B) (Groppo 2015)

oligosaccharides (sucrose, raffinose and stachyose), which adds value to the final
product.

3 Biodiesel Production from the Rich-in-Oil Miscella

The lipid feedstock, alcohol (known as acyl acceptor) and catalyst used in the
transesterification reaction are chemical components that can interfere with the yield
of biodiesel.

The chemical characteristics and quality of the feedstock determine the type of
catalyst required. Catalysts are enzymatic or chemical substances that facilitate the
reaction, reducing reaction time and promoting high yields. The most used and
common homogeneous catalysts are alkalis (NaOH and KOH) and alkylated metal
(sodium methoxide or ethoxide); a group of affordable chemicals that are easily
applied. However, in order to achieve high yields of esters, these catalysts require
a purer lipid source, mostly free of water and free fatty acids (D’Ippolito et al.
2007; Canakci and Van Gerpen 1999). On the other side, heterogeneous catalysts
include ion exchange resins, metal complexes, organic polymers and biocatalysts
(enzymes). These catalysts are advantageous over homogeneous ones because
they are easily separated from the product, significantly reducing the number of
purification steps and making their reuse possible. Methanol is the most commonly
used alcohol in biodiesel production for its fast conversion and associated high
yields, however it is fossil-derived and highly toxic compared to ethanol. Since
ethanol is easier to handle, comes from a renewable source and its use is fully
encouraged in countries such as Brazil, transesterification with ethanol as the acyl
acceptor and alkaline catalyst is increasingly being investigated and optimized, with
results comparable to those obtained from the use of methanol.
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Feedstocks like crude soybean oil cannot be directly used for biodiesel pro-
duction. There is a need for degumming and alkali refining for phospholipids and
free fatty acids removal, respectively. A hypothetical substitution of the degummed
hexane-extracted oil for the ethanol-extracted rich miscella would minimize the
exposure of the lipid material to oxidation conditions during refining, eliminating
costs associated to refining, transportation and storage (including oil losses), since
the proposed model integrates feedstock and biodiesel production in the same
industrial plant.

Reaction-wise, traces of water and oil acidity adversely affect the yield of the
esterification. Oils that present more than 0.5% FFA and 0.3% water face the
formation of soaps when alkaline catalysts are used, reducing the yield of biodiesel
(Freedman et al. 1984). Furthermore, when phospholipids are present, their emul-
sifying activity hinders biodiesel purification step when alkaline catalyst is applied
and they present inhibitory activity towards enzymatic catalysts (Watanabe et al.
2002; Sangaletti-Gerhard et al. 2014a).

Our rich soybean oil ethanolic miscella has consistently presented low con-
centrations of water (0.3%), free fatty acids (0.4%) and phospholipids (0.6%),
which allows direct transesterification between the rich miscella and ethanol (acyl
acceptor) using alkali (sodium hydroxide) and enzymatic catalysts to happen
without the need for any oil refining steps (Sangaletti et al. 2013; Sangaletti-Gerhard
et al. 2014a).

In our work (Sangaletti-Gerhard et al. 2014a), rich soybean oil miscella and
ethanol have undergone transesterification under a 1:12 molar ratio (rich miscella
to ethanol) and 0.6% NaOH (catalyst). After 60 min of reaction at 30 ıC, 97.2%
ethyl esters were produced, showing a large advantage over the conventional
industrial process that utilizes temperatures higher than 60 ıC (Sangaletti-Gerhard
et al. 2014b). Besides this high performance, biodiesel produced from the rich-
in-oil miscella presented all characteristics within the standardized limits set by
the Brazilian National Petroleum, Natural Gas and Biodiesel Agency (ANP). The
schematic representation of the biodiesel production chain directly using soybean
ethanolic miscella is shown in Fig. 4.

Although alkyl esters are the main product of the transesterification reaction,
recovery of glycerin is desirable due to the large number of industrial uses of
this component. This tri-alcohol has been widely used as enzyme stabilizer and
its protective capacity derives from humectant characteristics and viscosity. The
glycerin layer concentrates most of the excess alcohol used in the reaction, plus
catalyst residues and water. It has to be purified prior to commercialization,
especially when produced via methyl route, because methanol is a compound of
high toxicity that must be completely removed by distillation (Filippis et al. 2005).
Transesterification by the ethyl route produces glycerin of high commercial value
(US$1.78–2.22 kg�1) (ICIS 2014) for its absence of solubilized methanol. Both
the rich and poor miscella generated from ethanol extraction have shown strong
evidence of the presence of antioxidant compounds of polar nature. These, in turn,
are transferred to the biodiesel and, consequently, the produced glycerin. Thus,
the residual glycerin derived from ethyl route may further contain a high content
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Fig. 4 Reagents and products (and co-products) involved in direct transesterification of ethanolic
soybean miscella

of phenolic compounds extracted directly from the feedstock by the action of the
ethanol, adding even more value to a product that can be readily absorbed by the
market due to its non-toxic origin.

Novozym
®
435 is the trade name of lipase B from Candida antarctica immo-

bilized on acrylic resin (polymethylmethacrylate). It is widely studied as a lipase
enzyme catalyst for its robustness, specificity, and excellent conversion to esters,
reaching 99% yield in the production of biodiesel. However, we found 85.4% ethyl
esters yield in the direct transesterification using rich miscella and ethanol (molar
ratio of 1:4, rich miscela:99% ethanol) and 9.5% catalyst at 40 ıC for 24 h. We also
observed that phospholipids and glycerol were adsorbed to the surface of the resin
that supports the lipase, hindering the contact of the enzyme with the substrate.
Furthermore, phosphorus and ethanol can cause catalyst poisoning and enzyme
denaturation, respectively, resulting in deactivation of the catalyst. In our research
(Sangaletti-Gerhard et al. 2014b) in collaboration with the University de la Frontera,
in Chile, we observed that the addition of 5% tert-butanol as a co-solvent, prolonged
Novozym

®
435 lipase activity for three more reaction cycles and increased ethyl

ester yield to 94%. This showed that the tert-butanol kept glycerol and phospholipids
solubilized in the substrate, delaying their contact with the Novozym

®
435. The
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energetic and economic viability of the processes involving alkaline and enzymatic
transesterification of the rich miscella and ethanol was assessed in comparison to
the conventional reaction, which uses degummed oil, alkaline catalyst, methanol
and ethanol.

4 Viability of the Biodiesel from Rich-in-Soybean Oil
Miscella Productive Chain

The main economic factor in biodiesel production is the cost associated to feedstock
production (oil or fat and alcohol), processing and logistics, comprising up to 75%
of the final product cost. Ideal production of the lipid feedstock requires, primarily,
its extraction from the animal or plant matrix followed by further purification using
as few steps as possible, under an environmentally friendly condition (low waste
generation), producing a substrate with good enough quality in order to guarantee
high yields of biodiesel (Ma and Hanna 1999; Haas and Foglia 2006). This means
that water contents and acid values greater than 0.3% and 1.0 mg KOH/g (0.5% free
fatty acid), respectively, are not acceptable because of the incomplete conversion to
esters in conventional transesterification reaction due to soap formation (Freedman
et al. 1984; Ma et al. 1998). Furthermore, high water contents dilute ethanol or
methanol (acyl acceptors) affecting the reaction balance towards the formation of
the product (Cernoch et al. 2010). Thus, in order to achieve high yields an excess
amount of acyl acceptor is required, leading to increased costs of the process also
due to solvent recovery at the end of the reaction. Given the favorable chemical
characteristics of the rich miscella (reduced water content, phospholipids and acid
values) (Table 1), the direct transesterification (non-refined rich miscella as the
substrate) was possible using ethanol as the acyl acceptor and two different types
of catalysts: (i) the enzyme, having the strong environmental claim of replacing
chemical compounds for natural reactants and; (ii) alkaline, being the most used
worldwide. Processes with both catalysts have achieved high conversions of fatty
acids ethyl esters (FAEE).

Energetic (Table 2) and economic viability (Table 3) of the biodiesel produc-
tion chain using the soybean rich miscella, ethanol and alkaline catalyst (as the
alternative process) was determined and compared with the conventional biodiesel
production using oil extracted with hexane and methanol as the acyl acceptor.
Further details on the energy flow of each step of the conventional process of
biodiesel and processes using the rich miscella can be found in Sangaletti-Gerhard
et al. (2014b).

Figure 5 illustrates the similarity in the total amount of energy demanded by
the crop production step (around 20 MJ) and soybean flaking (around 14 MJ) in
both cases. However, the extraction step using ethanol required three times more
energy than the conventional process, so a reduction of 60% would be necessary
in order to make the ethanol process competitive. This energy consumption is later
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Table 2 Energy flow inventory of the process steps and energy balance to produce 1 kg of
biodiesel (Sangaletti-Gerhard et al. 2014b)

Conventional process Alternative process
Process stages MJ % MJ %

Input energy
Soybean crop 19:6 35:4 20:3 29:5

Flaking 14:1 25:6 14:6 21:2

Extraction 10:4 18:8 31:6 46:0

Refining 1:7 3:1

Transesterification 9:5 17:1 2:3 3:3

Total 55:3 68:8

Soybean hull 7:2 6:5 7:4 6:5

Meal 63:8 57:7 66:0 58:4

Biodiesel 37:0 33:4 37:0 32:7

Glycerine 2:7 2:4 2:7 2:4

Total 110:7 113:1

EBAOa 17:9 22:8

EROIb 2:00 1:64

aEBAO: energy balance of biodiesel production from energy input allocated to soybean oil 18%
bEROI: energy return on investment

compensated in the biodiesel production stage, which demanded four times less
energy (2.3 MJ) than to the conventional transesterification process (9.5 MJ).

The energy return on investment (EROI), which is determined by the amount of
energy output (OP) divided by the energy invested (IP) by the economic system, was
2.0 and 1.64 for conventional and alternative process, respectively, which means that
the system produces more energy than it consumes (Table 2).

Evidently, the energy balance († output energy - † input energy) is positive for
both processes, the conventional (55.4 MJ) and alternative (44.3 MJ), demonstrating
that the process with ethanol has a solid proposal, but also shows great potential
for improvement. Moreover, the method using ethanol as solvent saves 1.7 MJ of
energy compared to the conventional extraction refining step (degumming and alkali
refining) and generates less waste (gums and soapstock), since not always the gum
is used or meant for the production of lecithin.

The economic analysis confirmed the results obtained in energy analysis in which
the ethanol extraction process requires adjustments, especially regarding reduction
of the consumption of anhydrous ethanol employed in the final extraction cycle.
According to Table 3, the cost of producing 1 kg of rich miscella (US$7.32) was
three times higher than to produce refined soybean oil (US$2.12), meaning that
70% of the volume of ethanol consumed should be reduced in the extraction step.
Moreover, different and new extractor models can be designed to attain higher yields
of oil extraction. As a promising option, the rich-in-ethanol miscella contains high
levels of phospholipids, antioxidants and possibly other compounds of polar affinity.
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Table 3 Cost of soybean oil extraction process with ethanol and hexane and biodiesel production

Material Cost
Hexane Ethanol Hexane Ethanol
extraction extraction USD extraction extraction

Unit Quantity Quantity (US$ Unit�1) US$ US$

Input

Extraction
Soybean kg 5.955 5.926 0.34a 2.02 2.02
Electricity kWh 0.131b 0.016 0.16c 0.02 0.002
Steam kg 1.644b 0.03d 0.05
Hexane L 0.0153b 0.31e 0.01
Ethanol L 9.996 0.53f 5.30

Refining
Degummed oil kg 1.002g 2.1h 2.1
Electricity kWh 0.013g 0.16c 0.002
Steam kg 0.209g 0.03d 0.01
Diesel L 0.005g 0.53c 0.003
NaOH kg 0.005g 0.65e 0.003
Total 2.12 7.32

Transesterification
Refined oil kg 1.058i 2.12j 2.24
Rich miscella kg 1.088 7.32k 7.97
Methanol L 0.242i 0.53e 0.13
Ethanol kg 0.145 0.53f 0.08
NaOH kg 0.011i 0.007 0.65e 0.007 0.005

Total kg 2.38 8.06
Output

Meal kg 3.919l 3.983m 0.29a 1.14 1.16
Glycerine kg 0.105 0.105 0.02e 0.02 0.02

Total 1.16 1.18
aIndex Mundi commodities—(2016)
bSheehan et al. (1998)
cElectricity price for industry in Germany in 2011 (International Energy Agency 2012)
dSteam was calculated by using the equation Ce D 100�Cf /Hf .ï and Cs D Ce(hs�hfw), where, Ce
is energy unit cost (US$/1000 kJ), Cf is diesel unit cost (US$/ton), Hf is calorific value of diesel
(low value) kJ/kg, Ce is energy unit cost (US$/1000 kJ), hs is specific enthalpy of steam at boiler
pressure (kJ/kg) and hfw is specific enthalpy of feed water (kJ/kg)
eInternational Construction Information Society—ICIS (2014)
fAnhydrous ethanol price industry of Brazil in 2016 (Center for Advanced Studies on Applied
Economics 2016)
gDorsa (2004)
hCost input of extraction oil process using hexane for 1 kg refined oil
iKeera et al. (2011)
jCost input of extraction oil and refining process using hexane for 1 kg biodiesel
kCost input of extraction oil and refining process using ethanol for 1 kg biodiesel
lToasted meal
mNot toasted meal
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Fig. 5 Biodiesel production chain by the conventional method (a) and the alternative method using
ethanol as a substitute of hexane and methanol (b). IP input, OP output (Sangaletti-Gerhard et al.
2014b)

These features can be of interest to the pharmaceutical and food industry, adding
value to the alternative process.

Assessing the biodiesel production chain of both processes, biodiesel produced
by the conventional way (US$2.38) would cost half as much as the biodiesel from
alternative process (US$8.06), which is justified by the high cost of feedstock (rich
miscella).
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Considering that the cost of biodiesel is the difference between input and output
process values, 1 kg of biodiesel produced from the conventional and alternative
process attained values of US$1.22 and US$6.88, respectively. Comparing these
values to commercial biodiesel prices (US$0.83 kg�1) (ICIS 2014), technical
adjustments are needed to make the extraction process using ethanol solvent
economically feasible.

Evaluating the whole process, biodiesel from rich miscella via alkaline catalyst
can be considered a promising alternative, especially for locations far from the major
diesel suppliers’ metropolis. By means of some technical adjustments regarding
improvement of efficiency, the process should be able to contribute to the reduction
of energy costs, provided the whole process can be executed in a single industrial
plant using solely ethanol as the solvent extraction and acyl acceptor in the
transesterification reaction.

5 Conclusions

The replacement of hexane (as the extractant) and methanol (as the acyl acceptor)
for ethanol in the biodiesel production chain is promising as it contributes to
reducing energy expenditure by using only ethanol for both the oil extraction and the
transesterification reaction, reducing waste production generated by the vegetable
oil refining industry. Oil extraction with ethanol does not require the usual oil
refining steps prior to biodiesel production, making the process more economical
and environmentally friendly, and produces a lipid feedstock less susceptible to
deterioration and loss by oxidation reactions. The integration of extraction and direct
transesterification, generates non-toxic high quality and high added value products
and co-products that can be applied by other industries as well. The latter includes
the detoxified meal, gums, the poor miscella and glycerol, containing substantial
amounts of antioxidants and other polar substances.

The efficiency and cost of the process as a whole can be improved through
intensification of research efforts into optimization studies of the ethanolic extrac-
tion and the further use of co-products generated in the extraction process and
transesterification.
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