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Abstract: The EU’s 2018 Bioeconomy Strategy Update and the European Green Deal recently confirmed that the bioeconomy is high on the political agenda in Europe. Here, we propose a conceptual
analysis framework for quantifying and analyzing the development of the EU bioeconomy. The
bioeconomy has several related concepts (e.g., bio-based economy, green economy, and circular
economy) and there are clear synergies between these concepts, especially between the bioeconomy
and circular economy concepts. Analyzing the driving factors provides important information for
monitoring activities. We first derive the scope of the bioeconomy framework in terms of bioeconomy
sectors and products to be involved, the needed geographical coverage and resolution, and time
period. Furthermore, we outline a set of indicators linked to the objectives of the EU’s bioeconomy
strategy. In our framework, measuring developments will, in particular, focus on the bio-based
sectors within the bioeconomy as biomass and food production is already monitored. The selected indicators commit to the EU Bioeconomy Strategy objectives and conform with findings from previous
studies and stakeholder consultation. Additionally, several new indicators have been suggested and
they are related to measuring the impact of changes in supply, demand drivers, resource availability,
and policies on sustainability goals.
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In the last twenty years, policymakers of the European Union (EU) have placed a
high priority on a sustainable and circular (bio)economy with the aim to reduce the use
of petrochemicals, to mitigate climate change, to reduce the dependency on imports of
natural resources, and to promote local economies. This focus on the bioeconomy is
evident from a multitude of EU policy initiatives, spearheaded by the European Green
Deal, and research programs, including the recent European Bio-Based Industries Joint
Undertaking [1,2]. Many bioeconomy strategies on a regional and national level have
been developed, most of them in Europe, but also in the United States, South Africa,
or Thailand. Those countries are also willing to intensively promote the development
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of their bioeconomies politically, using enabling policy means [3]. Where a designated
bioeconomy strategy is missing, the governments have often addressed the topic in related
strategies. One example is The Netherlands, where it is linked to the circular economy
strategy [4]. The recent EC Bioeconomy Strategy update [5] revalidates the objectives of
the 2012 Bioeconomy Strategy, which are now accompanied by three main action areas:
bio-based sectors, rural development, and ecological boundaries.
Further, the bioeconomy is seen as an important part of sustainable consumption and
production, which gains importance on national, EU, and global levels [6]. Sustainable
development combines consumption and production and has three major dimensions:
economy, society, and the environment. All three dimensions are addressed in the Sustainable Development Goals (SDGs) global framework, which was launched by the United
Nations in 2015 and constituted a landmark in the push for sustainable development [7].
To measure the impacts of the bioeconomy on the three dimensions of sustainable development, a monitoring framework is considered crucial [8,9].
This paper aims to outline the drivers of the circular bioeconomy based on an analysis
of important relations within and outside the bioeconomy. Subsequently, we derive the
bioeconomy framework’s scope using definitions of the bioeconomy and set up an indicator
framework to measure and monitor its development along with its social, environmental,
and economic impacts. Our study focuses on the EU and EU bioeconomy policies, but
where appropriate references to methods and policies beyond the EU are made.
This paper proceeds as follows: Section 2 shows how the bioeconomy works as a
system’s approach, i.e., which driving forces influence the bioeconomy, what is the impact
of the bioeconomy on societal challenges and what are the trade-offs. Section 3 presents
various definitions of the bioeconomy, pins it down to related terms, and delimits it using
a sectorial view. In Section 4, we review previous efforts on measuring and monitoring the
bioeconomy and subsequently present our framework. Section 5 concludes on implications
of the previous chapters for our framework.
2. Driving Forces and Relations within the Bioeconomy
The development of the bioeconomy is driven by a number of forces and knowing
and understanding how they influence the bioeconomy is vital for monitoring and impact
assessment [10]. Several studies [1,11,12] identified several major forces steering the development of the bioeconomy. We group these drivers as supply drivers (Sections 2.1–2.3),
demand drivers (Section 2.5), resource availability (Section 2.4), and the measures of
governments to influence the development of the bioeconomy (Section 2.6).
2.1. Technology and Innovation
2.1.1. Advances in Biological Sciences
Advances in biological sciences are a major supply driver of the bioeconomy. One of
the earliest advances was the fermentation of food products, whose underlying biological
processes have been refined over the past thousands of years [1]. Following the first
successful recombinant DNA experiments in 1973 by Paul Berg and others, commercial
applications of modern biotechnology started in 1982 [13,14].
Today, a wide array of applications of biotechnology and bioengineering, alongside
recombinant DNA technologies, are used for improvements in food and feed sectors,
biofuels, materials, chemicals, and pharmaceuticals [15,16]. Genetic engineering is likely to
play a key role in further developments of non-food applications, but the use of modern
biotechnology is not uncontroversial [17]. Policies related to the application of modern
biotechnology can have wide-ranging implications that need to be considered for assessing
impacts [18–21]. The debate on the use of modern biotechnology has been rekindled by
the advent of so-called new plant breeding technologies (NPBTs) for gene editing and
related regulatory issues. The regulatory status affects further advances of the CRISPRbased technologies, one of the most important gene-editing tools, as it may disincentivize
investments and bring companies to reallocate their research out of the EU [14,22]. In a
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comparison of the worldwide CRISPR patent landscape by Martin-Laffon et al. [23], it is
already apparent that Europe is lagging behind the United States and China. Therefore,
the development of regulatory measures is an important factor in the further advances in
biological sciences.
Technological advances would not have been possible without investments in the
bioeconomy. As outlined in the Updated Bioeconomy Strategy “By capitalising on unprecedented advances in life sciences and biotechnologies, as well as innovations merging the
physical, digital and biological worlds, the European industrial base can maintain and
enhance its global leadership.” [5] (p. 6). Investments are directly related to the level of
research and development that takes place, which again determines the speed of advances
in biological sciences and other technological advances relevant to the bioeconomy. An
example is the 100 million euro Circular Bioeconomy Thematic Investment Platform, which
the EU should deploy shortly [5]; however, also funding from EC framework programs and
public–private partnerships between the European Union and, for example, the Bio-based
Industries Consortium. It has formulated a Strategic Innovation and Research Agenda that
describes the main technological and innovation challenges to overcome in order to develop
sustainable and competitive bio-based industries in Europe. Research, Demonstration, and
Deployment have been identified to meet the common EU goals in the bio-based economy.
To understand the effects of innovation and investment efforts in the bioeconomy, monitoring the impact of technological developments in natural sciences on the performance
of the bioeconomy in achieving its objectives has been identified as being important [24].
Furthermore, the regulatory environment (e.g., the EU legal framework for the application of genetic modification technology) is of relevance as it has a large influence on
technological developments.
2.1.2. Advances in Information and Communication Technologies
Another important supply driving force related to innovation is the vast and increasing
application of information and communication technologies (ICTs). Watanabe et al. found
that in recent years the bioeconomy has taken major steps driven by digital solutions [25].
Smart (digital) farming such as innovative precision farming uses extensively ICTs and
is seen key for the development of a sustainable agriculture [26]. The biosciences, and
especially genome sequencing and analyses, produce significant amounts of data. Data
storage and information analysis tools are vital enablers of bioeconomy innovations such
as phenotyping, smart breeding, medical diagnostics, genome discovery and exploration,
and therapy development. ICTs also move agriculture, forestry, and fishery management
forward. The use of Blockchain technologies, for instance via a distributed database of
records structured in encrypted smaller datasets, promise to improve agri-food supply
chains [27]. Agri-food supply chains usually involve a high number of intermediaries
between producers and consumers. Blockchains can provide a higher level of transparency,
efficiency, and guarantee traceability for all kinds of products such as coffee [28], fish [29],
or milk [30].
As ICTs improve, many technologies become more affordable, and their use spreads
globally, including in developing countries. New developments allow detection of biobased material content in consumer goods supporting labeling as well as tracking and
tracing of bio-based materials along the supply chain. Their impacts on the bioeconomy
and, therefore, on society, will gain in importance.
2.1.3. Other Technological Advances
Technological advances are obviously not limited to biological sciences and ICT only,
as advances in other sectors also contribute to the development of the bioeconomy. For
example, advances in wood construction technologies may increase the use of wood in
construction. The use of wood in multi-storey buildings has long been difficult and often
limited to single-family houses or other small-scale buildings. Particularly, the development of engineered wood products, such as cross-laminated timber (CLT), allows for the
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increased use of wood in multi-storey buildings [31,32]. Due to these developments, the
markets for engineered wood products—especially CLT –and the use of wood in construction are expected to develop rapidly over the next years to decades [33,34]. Innovations in
the chemical industry have the potential to make the use of biomass more cost-efficient
than the use of fossil-based raw materials. In the agriculture and food sector, major developments are already taking place. Vertical and indoor farming becomes possible by
improvements in the lighting. Indoor aquaculture is making progress for the production
of, e.g., seaweed. Meat substitutes make large progress in providing alternatives that
are accepted by a majority of the population and are not a niche product anymore. A
similar development can be expected with cultured meat, produced by in vitro cultivation
of animal cells.
Altogether, these technological developments are relevant for the bioeconomy and
need to be monitored as well as investments in the chemical and wood-based industries. Furthermore, new bio-based materials and products have to be integrated into the
standardized classification system and data collecting system.
2.2. Market Organization
2.2.1. Advances in Horizontal and Vertical Integration
Another supply driver is horizontal and vertical integration of bioeconomy supply
chains that can influence the supply and demand on bioeconomy markets and impact the
sustainability goals. Therefore, looking at the agricultural sector only and not considering
the increase in up- and down-stream linkages with other sectors through different forms of
contractual arrangements may create biases in policy analysis. Horizontal integration refers
to the acquisition of a business operating at the same level of the value chain in a similar or
different industry [35]. Through mergers and acquisitions or voluntary collaboration at the
farm level, horizontal integration can change the market power of agents with economic
and distributional effects along the value chain. Vertical integration refers to the process
where different parts of the supply chain (e.g., growing raw materials, manufacturing,
transporting, marketing, and/or retailing) are arranged for by a single company. It can
be seen as a supply-side response to differentiate products and to reduce the potential
decrease in producer rents that might result from an increase in product supply. Further
integration of the value chain is also achieved by close partnerships between different
companies, whereby an important enabling factor is advances in ICTs.
New bioeconomy value chains have emerged based on the increasing use of natural
and renewable resources in non-food applications. A central link for these new value
chains are bio-refineries, which have been defined as “a facility (or network of facilities)
that integrates biomass conversion processes and equipment to produce transportation
biofuels, power, and chemicals from biomass” [36]. In the EU, about 800 biorefineries are
running at a different level of maturity (i.e., commercial, demo, pilot, and R&D). However,
this number does not include biogas plants, where in Germany alone there are around
12,000 [37]. The highest geographical concentration of biorefineries is in Northwestern
Europe and agricultural resources are the most used feedstock [38]. However, the type
of inputs and outputs of a biorefinery can vary widely. For examples, in a Kraft pulp
mill biorefinery, a broad range of by-products, such as tall oil, turpentine, bioelectricity,
product gas, sulphuric acid, and biogas can be produced from woody raw materials, and in
a sugar or starch biorefinery, the main primary products are fermentable sugar and animal
feed. The bio-refinery concept is an important part of the value chain of many bio-based
products and has the advantage of operating at a much lower temperature, allowing for
smaller units to be built in comparison to fossil fuel-based refineries [39]. Nevertheless, the
conversion of biomass can result in trade-offs that might be intensified by national and
international bioeconomy policies [40].
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2.2.2. Globalization
A further important driving force that influences the markets is globalization, which
can be understood as “a process of interaction and integration among the people, companies, and governments of different nations, a process driven by international trade and
investment and aided by information technology. This process has effects on the environment, on culture, on political systems, on economic development and prosperity, and on
human physical well-being in societies around the world” [41]. Globalization goes beyond
the increase in international trade and vertical and horizontal integration. This process
contributes to the harmonization of value chains and consumer attitudes around the world.
Globalization also affects the geographic location of production and consumption of goods.
For example, intensively managed forest plantations in the southern hemisphere are replacing boreal and temperate forests as a source of raw material [33]. Furthermore, the
consumption of packaging paper and paperboard is shifting from North America and
Western Europe to emerging countries such as China, and these shifts are linked to changes
in the location where goods are manufactured [42].
The pervasive forces of digitization and globalization of the socioeconomic system
change the framework condition of the bioeconomy. Standards for biorefineries and
bio-based products can be expected to be increasingly harmonized and foster positive
externalities by reducing approval costs and length and trade disruptions caused by
asynchronicity in product approval [43]. Examples are related to the labeling of food, feed,
and other bio-based products [21]. This implies trade in products and innovations related
to the bioeconomy as well as the regulatory environment at the international level needs to
be monitored.
2.3. Increase in Importance of Climate Change and Pressure on Ecosystems
Climate change is a particularly complex driving force in the context of the production
of biomass for the bioeconomy. On the one hand, it is a major challenge for the agricultural
and forestry sectors because a change in climatic conditions as well as more extreme weather
events will affect forest and crop growth and wood production [44]. Climate change also
increases uncertainty in these sectors and can potentially cause market disruptions [45].
The development of the bioeconomy is considered to reduce emissions and to mitigate
climate change, as the use of biological resources, such as wood, manure, food waste, and
algae, for producing materials and energy is generally considered to reduce emissions
compared to fossil-based, emission-intensive products. Furthermore, the bioeconomy
could offer an opportunity to develop new value chains, which could attract private and
public investments into improved management practices that could increase the resilience
of forests to climate change [46]. The use of new breeding technologies provides tools to develop crops that are suitable for a wide range of micro-agroclimatic conditions much faster
and thereby can respond to climate change more effectively. Bio-based products typically
have much smaller carbon dioxide (CO2 ) footprints compared to functionally-equivalent
products made from fossil-based or fossil-intensive materials [47,48]. However, bio-based
products may have greater water, eutrophication, and land-use footprints [49] and biobased products may not always be more environmentally friendly or more sustainable
than fossil-based products.
2.4. Resource Availability
A variety of resources are needed to fuel the economy such as land, water, air, or skilled
labor. The most important resource for the bioeconomy is biomass, either domestically
produced or imported. Besides the quantity, also the type and quality of available biomass
are important. Biomass can originate from agriculture, forestry, marine environment, and
waste. The biomass is then used as food or feed, but also to produce bioenergy and biobased products. Different uses require different types of biomass. The majority of experts
consider the competition of biomass for food and non-food use an important conflict
that needs to be addressed by bioeconomy strategies [50]. A large future potential lies in
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waste biomass, especially agricultural residues and food waste. Monitoring the flow of
biological and other materials within the economy provides information about the potential
availability and current stream of biomass [51]. Such monitoring can be used to measure
resource efficiency, resource dependency, production of solid waste and recycling, pressure
on the environment, and footprints [52,53].
2.5. Demographics, Economic Development, and Consumer Preferences
The strong world population growth is another important determinant on the demandside. Naturally, a growing population leads to an increase in demand for all kinds of products. For example, the pressure on cropland use further expands due to a higher demand for
non-food biomass that is induced by the evolution towards a bioeconomy. The increasing
competition for cropland happens at the expense of shrinking grasslands, savannahs, and
forests, primarily in tropical countries [54], and potentially leads to biodiversity losses and
greenhouse gas emissions. Next, a shifting consumer demand based on the awareness of
the need to ensure sustainable production and consumption is expected to be a major factor
driving future markets in the EU. For example, rising awareness on environmental issues
like climate change and plastic pollution could lead to a change in consumer preferences,
resulting in higher demand for bio-based products [55]. Previous studies have shown that
consumers value the health and environmental attributes of novel food products [56] and
that fully bio-based products result in greater purchase intentions [57].
Other consumer studies, however, have shown great confusion of consumers regarding the term “bio-based products” and many misunderstandings regarding, e.g.,
biodegradability or organic content [58]. Product labels have been introduced to respond
to consumer preferences and they enable the monitoring of expected shifts in demand. So
far, this paper has demonstrated that several driving forces affect the developments of the
bioeconomy and its impacts on the economy, society, and the environment. The following
two sections will discuss the resources that act as an important constraint and the policy
measures that can be used to steer the development.
2.6. Policies, Strategies, and Legislation
2.6.1. Global, EU and National Policies
Agricultural, fisheries, and forestry policies steer the primary production sector, which
is influential to the whole bioeconomy. Furthermore, policies on both, renewable energy
and energy from fossil fuels, are driving the bioeconomy. Renewable energy targets
and subsidies generally result in an increase in bioenergy production. The focus on
bioenergy in the policy landscape could also affect other parts of the bioeconomy, lead to
distortions within the bioeconomy (such as over-cultivation of energy crops), and hinder
environmental benefits and cascading use of biomass [59]. Bioeconomy strategies take a big
role as they outline the visions and intentions of countries and regions [40,60]. The market
mechanisms of the bioeconomy are of high complexity and policy measures targeted
toward single effects involve trade-offs, leakage, and rebound effects [61]. This implies
that also policies not directly targeted at the bioeconomy can have a considerable effect.
For example, tax policies on fossil fuel can lead to substitution effects between fossil
fuel-based products and bio-based products and are a key determinant of bioeconomy
development [62].
Moreover, policies related to the circular economy are influential for the bioeconomy
because of the synergies between both approaches (see Section 3.2 for details). The European Commission’s 2015 CE action plan addressed the transformation of EU MS into
a circular economy focusing on the supply-side for production, consumption, secondary
raw materials, innovation and investment, and monitoring [63]. The 2020 EU Circular
Economy action plan, which was published as part of the Communication on a European
Green Deal, followed up with more focus on the consumer-side and the aim to establish
a coherent product policy framework and promote sustainable products, services, and
business models [64].
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2.6.2. Regional Policies
Bio-based products and industries offer new opportunities for European rural and
coastal regions due to their local biomass resources such as agriculture, marine ecosystems,
and forests, which can be supplemented by municipal waste streams. Investments in new
bio-based industries can be best planned at the regional level where efforts can be targeted
and based upon regional attributes, strengths, and opportunities. At the regional level,
the bioeconomy could endorse a positive impact in terms of job creation and building a
circular economy. The regional dimension of the bioeconomy is especially supported by EU
initiatives like the EU Bioeconomy Strategy, the EU Cohesion Policy, and the introduction
of Regional Innovation Strategies for Smart Specialisation (RIS3). With RIS3, regions are
challenged to make strategic choices for their own socioeconomic development based
on their regional characteristics and assets. The EU supports this trajectory by offering
H2020 funding for exploring innovations and the European Regional Development Fund
for piloting and implementing regional initiatives.
Although many European regions have expressed ambitions to valorize agricultural,
forest, marine, or urban biomass and waste into new bio-based products (i.e., 100–170 regions
have a bioeconomy related focus in their RIS3, depending on the selection criterion), only a few
regions have successfully been through the development path and succeeded in establishing
bio-based industries to date (e.g., Hauts-de-France and Grand Est regions in France as part
of IAR cluster in France, Central Finland, Biobased Delta in the Netherlands). Most of these
success cases exist in regions with established chemical, energy, and paper and pulp industries,
which provided the foundation for building new bio-based industries and clusters to attract
investors and to bring sustainable bio-based products to the market [65].
2.6.3. Legislation
Legislation can act as a strong policy tool to steer the bioeconomy. There are a
large number of legislative acts that are relevant for the bioeconomy in the EU, but no
specific EU bioeconomy legislation exists [66]. The European Agricultural Guarantee
Fund (EAGF) provides direct payments to farmers, based on the type of biomass they
produce and compliance with basic standards concerning the environment (e.g., food safety
and animal welfare). Furthermore, green direct payments can be received for practices
that benefit the environment and climate. The European Agricultural Fund for Rural
Development (EAFRD) finances the so-called agri-environment-climate measures, which
affect the availability, prices, and price stability of biomass and the environmental impact of
agricultural commodities. The Common Fisheries Policy regulates fisheries management,
international policy, market organization, and the European Maritime and Fisheries Fund
has high relevance for biomass from the maritime environment. The EU food and feed
safety legislation is a very comprehensive regulation that the food industry has to comply
with [66]. The Renewable energy directive sets targets for renewable energy shares, which
promotes the uptake of bioenergy and biofuels. The Waste Framework Directive and many
further legal acts regulate the management of waste in the EU. These regulations have a
large impact on the development of the bioeconomy because they steer the handling of
bio-waste streams.
2.7. Relations within the Bioeconomy
Figure 1 summarizes the issues discussed in the previous sections of our conceptual
framework. This should be seen as a dynamic and not as a static process. The DriversImpact-Results (DIR) framework has been adapted from the SAT-BBE project [12]. On
the left side are the supply and demand drivers, which determine the development of
the bioeconomy. Policies, strategies, and legislation on the top constitute the measures
of governments to influence this development. At the bottom, we can see the different
resource availabilities for biomass production, like land, water, and labor, which influence
the biomass market in the center. In the center of the framework are the different supplies
and uses of biomass, which are endogenously determined through the aforementioned
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Insights into the impacts on the targets of the objectives will likely trigger responses
from policymakers (i.e., by reforming the policy or introducing new measures) or from
stakeholders in the private sector (i.e., by investing in techniques or changing their management). In their turn, the responses might influence the drivers behind the development of
the bioeconomy again, such as consumer preferences, economic development, innovation,
and technological change. Policy targets are thus quite closely connected to drivers as
they are answers that anticipate the affected sustainable objectives caused by the status of
drivers and resource availabilities so far. In their turn, adapted policy targets in conjunction
with the drivers will again influence the sustainable objectives behind the bioeconomy. This
iterative process will continue until the environmental, economic, and social sustainable
objectives will be sufficiently satisfied.
This process shows that the bioeconomy is a complex system and therefore its monitoring requires a comprehensive systems analysis. Both dynamics within the bioeconomy
and interactions and pressures from the outside influence the development. These factors
include the changes in existing sectors and products, changes in interactions between
sectors, and the creation of new bio-based products. It is not possible to foresee all new de-
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velopments, but a look at the driving forces of these developments provides an insight into
what parts of the bioeconomy deserve closer attention. A priority is to be able to capture the
level of sustainability and circularity of the bioeconomy. Furthermore, the monitoring has
to be spatially explicit to analyze the development of the local bioeconomy. As the advances
in technology constitute an important driving force of the bioeconomy, monitoring must
include private and public efforts to advance these technological developments.
3. Defining and Delimiting the Bioeconomy
3.1. Definition
The bioeconomy has an inter-sectoral, (inter)national, and transdisciplinary nature,
which is reflected in varying definitions and delimitations. The way in which the term is
defined and in which its activities are delimited depends on the stakeholders: scientists,
policymakers, NGOs, or the private sector. Bugge et al. identified three visions of the
bioeconomy, that is a biotechnology vision, a bio-resource vision, and a bio-ecology vision,
which are associated with different actors and reflect their priorities in the bioeconomy [67].
Furthermore, the bioeconomy is considered as being of pervasive nature, not only a sector
but more and more integrated into day to day life, similar to digitalization [1]. This
presents a challenge for monitoring and measuring the bioeconomy, for which a clear scope
is necessary.
Within Europe, one of the most used definitions is the one defined by the European
Commission [5] (p. 4), who define that “The bioeconomy covers all sectors and systems
that rely on biological resources (animals, plants, micro-organisms and derived biomass,
including organic waste), their functions and principles. It includes and interlinks: land
and marine ecosystems and the services they provide; all primary production sectors that
use and produce biological resources (agriculture, forestry, fisheries, and aquaculture); and
all economic and industrial sectors that use biological resources and processes to produce
food, feed, bio-based products, energy, and services”.
The Commission’s definition of the bioeconomy in its 2018 Bioeconomy Strategy Update expands on the Commission’s 2012 definition by including a wider array of products,
sectors, and value chains. Furthermore, the strategy stresses that “to be successful, the
European bioeconomy needs to have sustainability and circularity at its heart,” thereby
emphasizing sustainability and circularity.
The Global Bioeconomy Summit provides another frequently used definition. The
summit brings together ministers and government representatives from Asia, Africa, Europe, South and North America, international policy experts from the United Nations,
the Organization for Economic Co-operation and Development and the European Commission, as well as high-level representatives from science and industry. The 2018 Global
Bioeconomy Summit defined the bioeconomy as “[ . . . ] the production, utilization, and
conservation of biological resources, including related knowledge, science, technology, and
innovation, to provide information, products, processes, and services across all economic
sectors aiming toward a sustainable economy” [68] (p. 2).
The European Bioeconomy Alliance, a cross-sector overarching alliance of various
bioeconomy industries associations (e.g., The European Vegetable Oil and Protein Meal
Industry), has a comprehensive definition of the bioeconomy:
“The bioeconomy comprises the production of renewable biological resources and
their conversion into food, feed, bio-based products, and bioenergy via innovative,
efficient technologies. In this regard, it is the biological motor of a future circular
economy, which is based on optimal use of resources and the production of
primary raw materials from renewably sourced feedstock” [69] (p. 1)
This definition includes the concept of the circular economy and emphasizes the
relationship between the circular economy and the bioeconomy in that the progress in the
bioeconomy is stimulating the transition to a circular economy.
Another perspective comes from organizations representing different sectors within
the bioeconomy. They emphasize the role of their sectors and how those sectors can con-
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tribute to the overall objectives of the bioeconomy on the one hand, and how their sectors
can benefit from the bioeconomy on the other hand. An example is the Confederation of
European Forest Owners:
“Sustainable, multifunctional forest management and the forest-based sector play
a key role in achieving Sustainable Development Goals, for example, by providing climate action, sustaining life on land, delivering work and economic growth,
enhancing responsible production and consumption, boosting industry innovation and infrastructure, creating sustainable cities and communities, enhancing
good health and well-being, and providing clean energy. The bioeconomy is a
key concept to boost the potential of the forest sector to deliver solutions to these
multiple challenges.” [70] (p. 2)
In this definition, the Sustainable Development Goals are the primary objective and
the bioeconomy is considered a viable solution for their achievement.
In summary, this non-exhaustive selection of definitions provides additional information to and confirm the EC’s perspective on the scope of the bioeconomy. The 2018
Global Bioeconomy Summit specifically mentions the conservation of biological resources
to be included in the bioeconomy. The European Bioeconomy Alliance emphasizes the
importance of the synergies between the bioeconomy and the Circular Economy. Moreover,
the Confederation of European Forest Owners highlights the potential of the bioeconomy
to contribute to the Sustainable Development Goals. Hence, a wide range of stakeholders
supports the EU bioeconomy not only within the EU but also beyond.
3.2. Bioeconomy, Bio-Based Economy, Green Economy, and Circular Economy
In addition to the term ‘bioeconomy’, there exist several related terms, such as ‘biobased economy’, ‘green economy’, and ‘circular economy’. Figure 2 shows the relation
and overlap between the terms. The green economy is generally considered as being an
umbrella concept [71] and is understood to “result in improved human well-being and
social equity, while significantly reducing environmental risks and ecological scarcities.
In its simplest expression, a green economy can be thought of as one which is a low
carbon, resource-efficient and socially inclusive” [72] (p. 1). The bioeconomy is generally
considered to be part of the green economy (Figure 2). Generally, the bioeconomy is often
more related to promoting global economic growth and technological development than
purely focusing on limits to growth as a consequence of resource scarcity, depletion, and
expected population growth [73].
The concept of the bioeconomy has early-on been linked with the concepts of the biobased and the circular economy. The bio-based economy is seen as part of the bioeconomy
and relates to the conversion of biological resources into products and materials. This is
also referred to as bio-based production. In some definitions of the bio-based economy,
an emphasis is put on innovative bio-based products such as biopolymers and bioplastics [74] while in others, traditional bio-based products such as bio-based textiles, wood
products, pulp, and paper are explicitly included as well [75]. Figure 2 summarizes the
different concepts being used and uses the latter definition of the bio-based economy and
additionally includes the food and feed sector in the bio-based economy. The production
of food and feed usually involves the processing of agricultural goods and, therefore, fits
into the bio-based economy.
The circular economy, which shares the rise in popularity and can work complementary
to the bioeconomy [76], can be described as an economy in which products and materials
used show a high degree of recycling and reduction, contrary to a linear economic model that
builds on a ‘take-make-consume-throw away’ pattern [77]. Substitution of non-renewables
with sustainably produced biomass is also an important part of the circular economy. The
concept of circularity is not new and has been the foundation for economy-wide modeling
dating back at least to the works of François Quesnay and the Physiocratic school of the
18th century in France. The Ellen MacArthur Foundation, a strong supporter of the circular
economy concept, defines it as “an industrial economy that is restorative or regenerative
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biomass and can be attributed to the bioeconomy. C13 (textiles), C14 (wearing apparel),
C15 (leather and related products), C19 (coke and refined petroleum products), and C31
(furniture) are traditional sectors that to some extent use bio-based input. In the case of C19,
the sector includes the blending of biofuels with petroleum products. Like in most other
studies, they are part of the bioeconomy, but only for their share of bio-based production.
C20 (chemical products), C21 (pharmaceutical products), and C22 (rubber and plastic
products) are sectors, which include novel activities that further process biomass, often as
a substitute for fossil-based raw material. This substitution is an important objective of
the bioeconomy and, therefore, these potential bio-based sectors are included in the list. In
order to measure the development of new, innovative industries that make novel use of
biomass, biorefineries and cascading use of biomass are two essential concepts that should
be captured.
Apart from the manufacturing sectors, several additional service-related sectors partly
use processed biological resources. These are D35 (electricity, gas, steam and air conditioning supply), F41 (construction), F42 (civil engineering), G46 (wholesale trade), G47 (retail
trade), I55 (accommodation), and I56 (food and beverage service activities). For service
sectors, it is a challenge to determine which share of the use of biological resources (and
therefore part of the bioeconomy) can be assigned to them. However, the importance of the
service sector for GDP and employment in the EU has become so substantial that a large
proportion of the bioeconomy would be omitted from the analysis if it would be ignored.
Efken et al. use estimates from different market research companies to calculate the share
of biobased related activities in total turnover for G46 (wholesale trade), G47 (retail trade),
I55 (accommodation), and I56 (food and beverage service activities) for Germany [84].
However, for the case of restaurants, they do not find any reliable estimates on the share of
turnover related to biological resources and, therefore, consider restaurants completely as
part of the bioeconomy.
Table 1 summarizes the sectors that we consider to belong to the bioeconomy according to previous efforts [61,84–89]. For example, Ronzon et al. in their report use 16 sectors,
and the major indicators applied include turnover, value-added, and jobs [86]. Statistics
and methods measuring the contribution of the bioeconomy to reaching the global societal objectives are relatively well equipped and developed for its traditional sectors and
products like food, feed, pulp and paper, and bioenergy chains [88], but there are gaps
for the innovative biobased sectors. For example, according to Ronzon and M’Barek, the
EU-28 bioeconomy was responsible for 18 million full-time jobs, generated €2.3 trillion of
turnover, and contributed to a value addition of €620 billion in 2015 [86].
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Table 1. Sectors of the bioeconomy and the bio-based economy.
NACE

Fumagalli and
Trenti [87]

SAT-BBE
[60]

Efken et al.
[84]

Ronzon et al.
[86]

Piotrowski et al.
[89]

Ronzon et al.
[85]

Our
FRAMEWORK

A01

Crop and animal production, hunting and
related service activities

X

X

X

X

X

X

X

A02

Forestry and logging

X

X

X

X

X

X

X

A03

Fishing and aquaculture

X

X

X

X

X

X

X

C10

Manufacture of food

X

X

X

X

X

X

XX

C11

Manufacture of beverages

X

X

X

X

X

X

XX

C12

Manufacture of tobacco

X

X

X

X

X

X

XX

C13

Manufacture of textiles

X

X

X

X

X

X

XX

C14

Manufacture of wearing apparel

X

X

X

X

X

X

XX

C15

Manufacture of leather and related products

X

X

X

X

X

X

XX

C16

Manufacture of wood and products of wood
and cork, except furniture; manufacture of
articles of straw and plaiting materials

X

X

X

X

X

X

XX

C17

Manufacture of paper and paper products

X

X

X

X

X

X

XX

C19

Manufacture of coke and refined petroleum
products

X

X

X

X

X

X

XX

C20

Manufacture of chemicals and chemical
products

X

X

X

X

X

X

XX

C21

Manufacture of basic pharmaceutical
products and pharmaceutical preparations

X

X

X

X

X

X

XX

C22

Manufacture of rubber and plastic products

X

X

X

X

X

X

XX

C31

Manufacture of furniture

X

X

X

X

X

X

XX

D35

Electricity, gas, steam, and air conditioning
supply

X

X

X

X

X

X

XX

D3511

Production of electricity

X

X

X

X

X

X

XX

E36

Water collection, treatment, and supply

X

X

X

X

X

X

X

E37

Sewerage

X

X

X

X

X

X

X
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Table 1. Cont.
NACE

Fumagalli and
Trenti [87]

SAT-BBE
[60]

Efken et al.
[84]

Ronzon et al.
[86]

Piotrowski et al.
[89]

Ronzon et al.
[85]

Our
FRAMEWORK

E38

Waste collection, treatment, and disposal
activities; materials recovery

X

X

X

X

X

X

X

E39

Remediation activities and other waste
management services

X

X

X

X

X

X

X

F41

Construction of buildings

X

X

X

X

X

X

X

F42

Civil engineering

X

X

X

X

X

X

X

G46

Wholesale trade, except for motor vehicles
and motorcycles

X

X

X

X

X

X

X

G47

Retail trade, except for motor vehicles and
motorcycles

X

X

X

X

X

X

X

H

Transportation and storage

X

X

X

X

X

X

X

I55

Accommodation

X

X

X

X

X

X

X

I56

Food and beverage service activities

X

X

X

X

X

X

X

M7211

Research and experimental development on
biotechnology

X

X

X

X

X

X

XX

R9104

Botanical and zoological gardens and nature
reserves activities

X

X

X

X

X

X

X

Note. “X” specifies sectors that were not considered as part of the bioeconomy in the respective study; “X” specifies sectors that were included; “XX” specifies sectors that are considered as part of the bio-based
economy in our framework.
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4. Monitoring and Measuring the Bioeconomy
4.1. Stocktaking of Monitoring Systems
There are efforts of monitoring the EU bioeconomy and single country bioeconomies.
The European Commission provides its monitoring results for the EU bioeconomy and
single MS online at https://ec.europa.eu/knowledge4policy/bioeconomy/monitoring_
en [90]. Several countries (Argentina, Australia, Germany, Malaysia, the Netherlands,
South Africa, and the United States) are measuring the contribution of the bioeconomy to
their overall economy or country objectives [91]. Germany is working on a comprehensive
approach to monitor the bioeconomy by a joint inter-ministerial undertaking with three
research projects. In the Netherlands, a bio-based economy monitor protocol to quantify
the size and monitor its development was established already in 2013 [92]. However, so
far there is, except for the efforts by the EC, no common and holistic approach to monitor
and measure the bioeconomy across EU states and, therefore, it is not possible to compare
the results between countries [91,93]. Furthermore, the majority of countries measure their
bioeconomy not comprehensively using only economic indicators [91].
To monitor physical investments, they need to be differentiated by the kind and
amount of biomass used, the production capacity as well as the bio-based products produced, and their intended use. For the products produced, prices and quantity are of
importance as well as their destination: are they further processed within the region, processed outside the region but within the country, within the EU, or exported outside the EU,
and what are countries of destination? To assess the future potential of the bioeconomy not
only the investments into physical capital and related non-physical capital are important
but also in research and development. In addition to the amount of private and public
capital spent, another important aspect is to measure the impact and success of such kinds
of investments with patent applications being an important indicator in this respect. The
Organisation for Economic Co-operation and Development (OECD) patent data can be
used as a source to identify the number of patents filed over time and space in the EU
differentiated by the different sectors of the bioeconomy. Again, the sectors identified in
Section 3.3 provide guidance for the classification of patent applications.
For monitoring the bioeconomy, a sectorial perspective is a very useful approach.
One reason is that usually data are collected on an annual basis at the sectoral level, so
that creates a good base for monitoring, measuring, and benchmarking. This has been
followed by a number of previous projects [84,86]. For example, Ronzon et al. provide
valuable information on economic indicators such as value added [86], but a more regional
disaggregation, as well as disaggregation by products, has been expressed as a need by
stakeholders [94].
4.2. Indicators
To monitor and measure the development of the bioeconomy, a set of indicators is
essential. An indicator is a quantitative or qualitative measure, which must be measurable,
comparable, replicable, and responsive to fluctuations in the development. They can help
policymakers and other stakeholders to understand and interpret results, reveal trade-offs
between policy measures, and formulate clear targets for their policies. There are several
bioeconomy monitoring-related initiatives [12,95] that proposed a set of indicators and
other organizations are already collecting data for their indicators (e.g., by EUROSTAT, Forest Europe, European Environment Agency). EUROSTAT has 100 indicators related to the
SDGs and ten indicators for the circular economy and in particular on biomass flows [96].
The ten indicators for the circular economy are part of a monitoring framework on the
circular economy, which entails four thematic areas (i.e., production and consumption,
waste management, secondary raw materials, competitiveness, and innovation). SDG
indicators are important as some of them measure the bioeconomies contribution to sustainable development. This is supported by Ronzon and Sanjuan, who found that the 2018
EU Bioeconomy Strategy Update could contribute to 53 targets in 12 of the 17 SDGs by
semantically mapping the action plan of the strategy with SDGs [97].
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When defining our set of indicators, we considered a number of criteria. First, we
focus on the bio-based industry and, therefore, gave preference to indicators for which a
plausible link with bio-based production could be assumed (i.e., there should be a measurable effect). For instance, when looking at ‘Greenhouse gas emissions’, we are interested
in the carbon removal capacity of forestry and emission reductions by agriculture and
the bio-based industry. Second, we strive to have a balance of Main Indicators across the
societal objectives from the 2018 Bioeconomy Strategy. Third, we aim at addressing all
three dimensions of sustainability (i.e., environmental, social, and economic) as much as
possible, although our focus is on the economic dimension of sustainability in particular.
Especially the economic sustainability of the bioeconomy at the product level is neglected
thus far [98]. Fourth, we include indicators that are considered important now (e.g., employment), as well as indicators that might become important in the future (e.g., education
and investment) [99,100]. Table 2 presents the selected main and sub-indicators for our
measuring and monitoring framework.
Table 2. Proposed list of indicators by societal objective for our framework.
Main Indicator

Rationale

Sustainability
Dimension

Source

Society

FAO [101]

Environment

Own elaboration,
Bartolini et al. [102],
Wesseler et al. [103]

1. Food and nutrition security
Availability of food
Access to food
Utilization
Stability

To assess the contribution of the bioeconomy to
food and nutrion security based on the widely
accepted four dimension of food security
2. Sustainable natural resource management

Sustainability threshold levels
for Bioeconomy Technologies

New indicator based on genuine investment
theory with a focus on the bio-based economy

Biodiversity

Indispensable to assess the impact of biomass
production at the genetic, species, and
ecosystem level

Environment

SAT-BBE [12], Bartolini
et al. [102], Plieninger
et al. [104], Strohbach
et al. [105], Weikard
et al. [106]

Land cover

To assess land use conflicts

Environment

Lier et al. [88]

Primary Biomass production

To assess biomass availability

Economy

BERST [95]

Sustainable resource use

To assess the sustainability of biomass
production

Environment

Lier et al. [88]

3. Dependence on non-renewable resources
Bio-energy replacing
non-renewable energy

To assess the direct substitutability of fossil
resources with biological resources

Environment

Own elaboration

Bio-material replacing
non-renewable resources

To assess the direct substitutability of fossil
resources with biological resources

Environment

Lier et al. [88]

Biomass self-sufficiency rate

To assess independence from biomass imports.

Economy

Own elaboration

Material use efficiency

To assess the degree of circularity

Economy

Lier et al. [88]

Certified bio-based products

To assess the variety of products from
bio-based production.

Environment

Own elaboration

4. Mitigating and adapting to climate change
Greenhouse gas emissions

Traditional indicator applied to bioeconomy
sectors

Environment

EUROSTAT [96]

Climate footprint

To assess CO2 emissions for sectors based on
life cycle assessments of bio-based production

Environment

Own elaboration
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Table 2. Cont.
Main Indicator

Rationale

Sustainability
Dimension

Source

Climate change adaptation

More indicators of adaption to climate change
impacts are needed.

Environment

Own elaboration

5. Employment and economic competitiveness
Innovation

Traditional indicator applied in more sectorial
and spatial detail

Economy

Lier et al. [88];
SAT-BBE [12]; Own
elaboration

Investments

To assess biomass flows within the EU between
the rest of the world

Economy

Lier et al. [88] Bartolini
et al. [102]

Value Added of the
bioeconomy sectors

To assess product uptake of bio-based
production

Economy

Lier et al. [88]

Comparative advantage

To assess biomass flows within the EU between
the rest of the world

Economy

Own elaboration

Production and consumption
of non-food and feed
bio-based products

Traditional indicator applied in more sectorial
and spatial detail

Economy

Own elaboration

Import and export of
bioeconomy raw materials
and products

To assess biomass flows within the EU between
the rest of the world

Economy

Own elaboration

Employment

Traditional indicator applied in more sectorial
and spatial detail

Society

Lier et al. [88]

Bioeconomy-driving Policies

To assess policies, strategies, and legislation on
the bioeconomy

Society

Own elaboration

We assign the indicators to the five societal objectives based on the EC’s 2018 Bioeconomy Strategy and distinguish between Main Indicators and Sub-Indicators. Based on
consultation with stakeholders (in October 2018), we restrict the number of Main Indicators
to 25 to provide a condensed view on, respectively, the transition of the bioeconomy, and
on the realized (ex-post) and potential (ex-ante) effects of the EU bioeconomy. The Main
Indicators can be disaggregated to Sub-Indicators, which offer a more detailed view. Our
selection of indicators is based on stakeholder feedback and examination of the literature.
As a starting point, we rely on indicators identified by Lier et al., who proposed indicators
for assessing and monitoring the progress of a bioeconomy at the national level using a
survey among ministries and research organizations responsible for national bioeconomy
strategies, policies, and/or related initiatives [88]. We elaborated this set by evaluating
the indicators that are used in the literature and monitoring projects to measure the five
themes from the societal objectives. Based on the four before-mentioned criteria, we created
a comprehensive framework of indicators, which considers social, environmental, and
economic impacts.
A significant aspect of measuring the potential of sustainable bioeconomy is to consider indicators for innovation, supporting policies, strategies, and legislation. Policy
measures can be implemented at a regional, national, supranational, or global level. These
can make a significant contribution to promote the bioeconomy and often provide the foundation for establishing new bio-based industries. We suggest new spatially differentiated
indicators for revealing these effects, measuring inter alia, ‘Innovation’ via ‘Number of
patents submitted by field and sub-field’ and ‘Innovation hurdle for different industries’,
and ‘Policies’ via ‘Policy-induced investment hurdles’ and ‘Country level strategies’. As
previously stated, it is desirable to measure the degree of circularity of the bioeconomy as
well as its contribution to the Sustainable Development Goals. We use indicator measures,
among others, ‘Material use efficiency’ and ‘Sustainable resource use’. By measuring
‘Bio-energy replacing non-renewable energy’ and ‘Bio-material replacing non-renewable
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resources ‘, we assess whether the bioeconomy reduces emissions compared to fossil-based,
emission-intensive products. This can be done using bioeconomy transition indicators to
quantify the substitution of fossil resources [107].
Bracco et al. stress the need for trade-related indicators to link national and global
sustainability performances and ensure sustainable production of imported biomass [98].
We try to fill this gap by taking into account ‘Import and export of bioeconomy raw
materials and products’ and ‘Comparative Advantage’ of countries for biomass production,
which is not only relevant for environmental sustainability but also for biomass availability.
Several authors highlight the importance of environmental indicators for monitoring
the sustainability of the bioeconomy [102,104,105]. We address this by including the availability of biomass and biological diversity used for producing the biomass by employing
the index proposed by Weikard et al. [106]. Their index consists of the number of different
sources of biomass and the abundance as well, which can be presented using different
kinds of metrics such as at regional or national level as well as a share in land use and more.
An important sub-indicator will be related to ecosystem resilience. This can be measured
by changes in the maximum incremental social tolerable irreversible costs (MISTICSs) [103].
Habitats, landscape elements, and regulatory services are further important sub-indicators.
They will be included by differentiating the different forms of land use as commonly done.
The methodologies and indicators described in this paper will contribute to the
development of the EU Bioeconomy Monitoring system [90].
4.3. Regulatory Challenges
One of the important factors for the success of the EU Bioeconomy Strategy is the
regulatory environment. Many of the new technologies for circular bioeconomy use
methods based on new developments in the biological sciences such as CRISPR-Cas.
The use of these technologies is heavily regulated and, in particular, application in plant
breeding has become difficult under the current regulatory environment [43]. In some areas,
recent improvements have been observed such as for the approval of microbial biological
control agents [108] or novel foods [109]. Still, at the international level, approval for new
products of importance for the circular bioeconomy in the EU is more time consuming [110]
and hence much more expensive [111] and reforms are urgently needed [112]. Monitoring
progress on regulatory issues will be important. They can be measured by identifying
investment hurdles and how they change over time [20], the impacts of policies on those
hurdles [113], and because of their importance for the success of the bioeconomy need to
have priority. The measurement of the investment hurdles provides a quantitative measure,
but qualitative measures such as changes in policies are important as well as they indirectly
affect the sectorial growth [114].
5. Conclusions
This paper shows the bioeconomy receives wide support within the EU and beyond.
Most stakeholders apply a sectorial view, defining the bioeconomy according to the sectors
to be included and excluded. We developed a conceptual analysis framework for quantifying and analyzing the development of the bioeconomy, determined the general scope for the
framework, and derived a set of indicators. Using the European Commission’s definition as
a basis for monitoring and measuring the bioeconomy framework, a wide range of sectors
are part of the bioeconomy, including biomass producing activities, conventional biomass
processing activities, novel biomass processing activities, and service-related activities that
use biomass [5]. However, we emphasize the need for improvements in the methodologies
for monitoring and measuring bio-based production. In the corresponding sub-sectors of
the bioeconomy, existing data collecting methodologies and available data sets are lacking
the most. A major issue is that national statistical agencies seldom distinguish between
bio-based and non-bio-based products [115]. Furthermore, we expect at least some of these
sectors to undergo a rapid and volatile development driven by technological change. A
good monitoring system can support public policymakers to assess and steer these devel-
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opments and for industrial stakeholders to manage their investment plans. This requires
that statistical offices in the EU collect data differentiated by product at member state and
regional level. This may allow to provide a more detailed picture of the contribution of the
circular bioeconomy toward regional growth [52].
The inclusion of innovation, policies, strategies, and legislation in the monitoring and
measuring framework is important because these influence the development of the bioeconomy. Policy measures can be implemented at the regional, national, supranational, or
global level. They can make an important contribution to the promotion of the bioeconomy
and provide the foundation for establishing new bio-based industries. New indicators
have been suggested for monitoring innovation, policies, strategies, and legislation. The
indicators measure the changes over time. The indicators can be combined into time-series
datasets and put onto a standardized scale that allows further transformation to compare
developments among EU member states or even beyond as commonly done in the literature
on economic growth [116] or trade [117].
It is widely considered crucial for society to achieve sustainable development on national, EU, and global levels, and the bioeconomy has an important role in that achievement.
The sustainability of the bioeconomy is mostly attached to its environmental dimension,
especially when it comes to sustainable production and use of biomass. To ensure that
biomass is used sustainably, the bioeconomy needs to include strategies from the circular
economy. A prominent example of this is the recycling of bio-based products. Our proposed set of indicators is designed to be able to measure the degree of circularity of the
bioeconomy as well as its contribution to the Sustainable Development Goals.
However, many new bio-based products can be expected to enter the market, but not
all can be explicitly singled out in statistics. First of all, procedures to collect new data
for new products need to be adjusted, which is a long and expensive process. Secondly,
the market of new bio-based products is still very volatile in the sense that many new
initiatives appear and disappear from the market. Therefore, a selection needs to be made,
which should be based on sound market analysis. A monitoring framework relies on data
that is collected regularly and in a detailed manner.
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