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1.1. BACKGROUND

European countries have likely overshot their nitrogen, phosphorus, and land system
boundaries and emit decreasing but still vast amounts of greenhouse gases (European
Environment Agency, 2021; European Environment Agency & Federal Office for the En-
vironment FOEN., 2020; Hayha et al., 2018). Heatwaves in Europe in 2018, 2019, 2020,
and 2022 and an increasing trend of heatwaves since the 1970s have heightened the
urgency of tackling climate change (Zhang et al., 2020). Additionally, biodiversity loss and
the accompanying ecosystem services have become increasingly evident (IPBES, 2019;
Leclere et al., 2020). However, European countries can still steer away from this unsustain-
able pathway and avoid the severe consequences of climate change and biodiversity loss
(Dasgupta, 2021; IPCC, 2022). Their policymakers strive to transform their fossil-based
economies and steer them onto a sustainable path by using their natural resources differ-
ently (European Commission, 2018b). Keeping track of this path is challenging because it
affects many economic sectors, societal aspects, and environmental systems and requires
novel, sophisticated approaches and indicators.

One opportunity for a society is to transition towards a bioeconomy, which entails all
economic sectors and systems linked to biological resources and their functions and
principles (European Commission, 2018b). A bioeconomy in the European Union (EU)
could tackle economic, environmental, and social problems if the transition from a fossil-
based economy is realized properly (O’Brien et al., 2017). Policymakers have stated that
safeguarding sustainable land use and preserving natural capital in the bioeconomy can
contribute to sustainable development. This contribution could be achieved by reducing
the use of raw fossil materials in order to mitigate climate change, forming new value
chains to promote economic growth, and creating jobs in rural areas (European Com-
mission, 2018b). Notably, the transition to a bioeconomy involves the sustainable use of
natural resources, high expenditures on research and development of new technologies,
and education for new and restructured jobs (Purkus et al., 2018). Policymakers have the
power and tools to steer this transition efficiently and sustainably.

The EU has an extensive policy framework with multiple interlinked strategies to reach
the Sustainable Development Goals (SDGs) of the United Nations (UN) (European Com-
mission, 2019b). A crucial part of this framework is the European Green Deal, a set of
policy initiatives with the aim of making the EU climate neutral by 2050. These initiatives
could influence the development of the bioeconomy and vice versa (Palahi et al., 2020),
and they are strongly linked to the objectives of the EU Bioeconomy Strategy. The Circular
Economy Action Plan, the European Industrial Strategy, the Farm to Fork Strategy, the
Biodiversity Strategy for 2030, and New EU Forest Strategy for 2030 are some of the most
intertwined policies (European Commission, 2022a).
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With regard to bioeconomy policies, the 2012 EU Bioeconomy Strategy constitutes an
initial attempt to promote the bioeconomy’s development. The 2018 EC Bioeconomy
Strategy Update both confirmed that the bioeconomy is high on the political agenda and
proposed an action plan with 14 concrete measures (European Commission, 2018b). In
2022, the European Commission (EC) published the EU Bioeconomy Strategy progress re-
port, which identified positive developments and shortcomings of the strategy and action
plan. The report found that more national and regional bioeconomy strategies have been
implemented focusing on cross-sectoral cooperation and sustainability. The bioeconomy
has been expanded in central and eastern European countries, and private investment,
research, and innovation in bio-based sectors have increased. A gap in the strategy has
been the alignment of ecological limits, e.g., land and biomass demands, with economic
development. The strategy also found that greater understanding of promoting sustain-
able consumption is needed (European Commission, 2022a).

1.2. PROBLEM STATEMENT

The bioeconomy is a broad strategy tackling many different economic, social, and environ-
mental challenges simultaneously (Wesseler & von Braun, 2017; Zilberman et al., 2018).
There are tradeoffs with other policies as links between them increase, which makes
objectives and elements more complicated. Consequently, as the EU aims to promote the
bioeconomy and reach the UN SDGs by establishing an extensive police framework, it is
crucial to track this process and its dynamics to ensure that resources are efficiently spent
(Calicioglu & Bogdanski, 2021; Linser & Lier, 2020).

The development of the bioeconomy is driven by several forces, and knowing and un-
derstanding how these influence the bioeconomy is vital for measuring its development
(Wesseler & von Braun, 2017). The bioeconomy has an inter-sectoral, (inter)national,
and transdisciplinary nature, which is reflected in varying definitions and delimitations.
How the term is defined and its activities delimited depends on stakeholders: scientists,
policymakers, non-governmental organizations, or the private sector (Bugge et al., 2016).
This ambiguity presents a challenge for measuring the bioeconomy, for which a clear
scope is useful (van Leeuwen et al., 2015). Additionally, the bioeconomy has been linked
with the circular economy, which can be described as an economy in which products and
materials show a high degree of recycling, reuse, and reduction. The circular economy
concept shares the rise in popularity of and can work complementarily to the bioeconomy
(Carrez et al., 2017). Defining which sectors make up the bioeconomy allows us to identify
the specific activities and industries that contribute to it and to track their growth and
development over time (Heijman, 2016; Kuosmanen et al., 2020). Additionally, defining
the sectors that comprise the bioeconomy can help in identifying potential gaps and over-

12 CHAPTER 1



laps in the existing framework and in developing more comprehensive, accurate measures
of the bioeconomy. The Statistical Classification of Economic Activities in the European
Community — from the French, Nomenclature Statistique des activités économiques dans
la Communauté européenne (NACE) provides a starting point for defining which and to
what extent economic activities belong to the bioeconomy. When setting up an indica-
tor framework for the bioeconomy, the driving forces of its development, the scope of
the societal objectives, and the specific statistical measures to quantify it are the most
important pieces of information to have.

Governments and NGOs widely use indicator frameworks to track progress towards crucial
societal objectives, but these frameworks are complex and come with pitfalls (Lyytimaki
et al., 2020; Rinne et al., 2013; Sébastien et al., 2014). A prominent example is the UN
SDGs, which include 231 indicators to measure progress towards 169 corresponding
targets (United Nations, 2022). Researchers have pointed out the risk of overuse, non-
use, and misuse of these indicators, which could affect the implementation of the SDGs
(Lyytimaki et al., 2020). However, comprehensive, reliable, and user-friendly indicators
can be used by policymakers to assess a desired development’s current state and direc-
tion at the appropriate detail level and implement suitable policy actions. Society can use
the same information to hold policymakers accountable for their actions (Biermann et al.,
2022). A comprehensive framework has indicators that not only measure development
and economic, environmental, and social impacts but also reveal tradeoffs between them
(van Leeuwen et al., 2015). Such a framework would hence benefit from accommodating
many well-defined quantitative indicators and finding patterns in their evolution (Lier et
al., 2018).

When policymakers choose sectors they want to prioritize for the transition to a bio-
economy, they typically assess which sectors have the most potential for a sustainable
transition. This potential can be related to, for example, a sector’s value-added, its envi-
ronmental impact, or its regulatory burden (Wesseler & von Braun, 2017). Consequently,
when the European Council requested the EC to assess how each economic sector can
best contribute to reaching the 2030 greenhouse gas emissions targets, environmental,
economic, and social impacts had to be taken into account (European Council, 2020). The
EC also presented the “Fit for 55” Package, which contains many legislative proposals to
achieve the EU Green Deal. These changes in the legislation, such as in the revision of land
use, forestry, and agriculture regulations, can be expected to also affect the bioeconomy
sectors (European Commission, 2021).

Regarding bioeconomy development, there is still a knowledge gap between ecological
limits and economic development(European Commission, 2022a). Research into the vary-
ing social costs and benefits of investing in bioeconomy sectors could address this gap
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and promote a sustainable, efficient transition. This weighing out relates to measuring
sustainable economic development over time and, by that, going beyond macro-statistical
analysis like gross domestic product (GDP) (Dasgupta et al., 2015). New frameworks
measuring sustainable development include a range of aspects such as capital assets,
manufactured goods, services provided by nature, health services, and the needs of
future generations (Arrow et al., 2012). Due to its strong relationship with climate change
and biodiversity, future rewards and costs of investing in the bioeconomy are uncertain.
In addition, investments into the bioeconomy, such as certain forms of land use change
or greenhouse gas emissions, are partially or entirely irreversible. Further, the timing for
a transition towards the bioeconomy is flexible in that waiting for better future insight is
generally possible, especially for novel activities that further process biomass. Consider-
ing these three characteristics of investments in the bioeconomy allows policymakers to
promote sectors with low investment hurdles and high societal benefits.

Besides measuring the wide development of the bioeconomy, another challenge is
quantifying and analyzing its individual aspects. Especially the food sector is a crucial
part of the bioeconomy puzzle. While this sector is a conventional manufacturing activity,
consumer demand has recently shifted toward new health, functional, and ethnic food, as
well as different dietary alternatives and environmentally sustainable choices. This evolv-
ing consumer demand and the development of new technologies have led to increased
innovation in the food sector in recent decades. When new foods enter the market, the
EU regulates them under the novel food regulation (NFR) (European Commission, 2022b).
The EC created the NFR within an extensive general EU food regulation. Its elaborate
authorization procedure for novel foods (NFs) entails costs and benefits for society (de-
Magistris et al., 2015; Lahteenmaki-Uutela, 2007). The innovation developments in this
sector and the tradeoffs related to the regulation of new products have wide-ranging
implications for the rest of the bioeconomy.

1.3. OBJECTIVE, RESEARCH QUESTIONS, AND METHODS

The previous section described the development of an EU bioeconomy as a multi-layered
endeavor that can be analyzed from various angles. The objective is to investigate the
development of the EU bioeconomy, starting from a broader and ending at a narrower
perspective. The thesis begins by presenting a conceptual framework. Then, it empirically
investigates how the bioeconomy is developing, assesses the sustainability of bioeconomy
sectors, and finally analyses the relationship between regulation and innovation in the
food sector.
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This combination of angles and approaches allows the thesis to address the overall ques-
tion:

How is the EU bioeconomy developing and affecting the economy, society, and the
environment?

Chapters 2 to 5 of the thesis are based on four articles. These chapters address the follow-
ing four research questions related to the topic introduced in the problem statement. Fig-
ure 1.1 shows the approach used to measure the EU bioeconomy as a reversed pyramid,
reflecting the narrowing of the perspective from the first to the fourth research question.
Each study contributes equally to addressing the overall research question while offering
a different perspective on the bioeconomy.

Figure 1.1: Approach to investigating the development of the EU bioeconomy and its economic,
societal, and environmental impacts.

RQ 1: An indicator framework, many elements

Overall RQ: How is the EU bioeconomy developing and affecting the
economy, society, and the environment?

Research Question 1: What is driving the development of the EU bioeconomy, and how can
it be measured?

Knowing and understanding how different forces influence the development of the bio-
economy is vital for monitoring and for impact assessment. The focus on the bioeconomy in
the EU is evident from the multitude of EU policy initiatives spearheaded by the European
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Green Deal and from research programs such as the recent European Bio-Based Industries
Joint Undertaking. Recently, the EC introduced the term ‘circular bioeconomy’ to inter-
twine bioeconomy and circular economy concepts and emphasize the use of a circular
approach to the bioeconomy. Chapter 2 analyses the driving forces of the bioeconomy,
grouping them into supply and demand drivers, resource availability, and government
measures. A conceptual analysis framework for quantifying and analyzing the develop-
ment of the EU bioeconomy is proposed. First, the scope of the bioeconomy framework
in terms of bioeconomy sectors is derived by following the broad definition of the bio-
economy by the EC and reviewing previous monitoring studies. Then, a set of indicators
based on stakeholder feedback and an examination of the literature is outlined. These
indicators are subsequently linked to the objectives of the EU’s bioeconomy strategy, and
whether they measure social, environmental, or economic impacts is investigated. Finally,
the chapter suggests several new indicators related to measuring the impact of changes in
supply, demand drivers, resource availability, and policies on sustainability goals.

Research Question 2: What patterns can be found in the evolution of the bioeconomies of
ten selected EU Member States?

Measuring the development of the bioeconomy requires quantifying a range of indicators
to determine its impact on the economy, the environment, and society. Many indicators
can measure various development characteristics of a trend, such as the transition from a
fossil-based economy to a bio-based one. For example, there are 100 EU SDGs indicators,
232 UN SDGs indicators, and 1600 World Bank World Development Indicators. Chapter
3 devises a method that can accommodate any number of indicators when measuring a
trend. The objective is to empirically investigate whether the circular bioeconomies in ten
selected EU Member States (MSs) were progressing or regressing over the time frame of
2006 to 2016, as measured by 41 indicators. The chapter models the development of the
intra-distribution of the indicators using by Markov transition matrices. These matrices
were first used in the cross-country growth and income literature to investigate patterns
in income distributions because conventional regression methods were not able to study
the dynamics of evolving distributions (Quah, 1996). Later, many researchers adopted
this approach to analyze trade-specialization patterns by estimating the intra-distribution
dynamics of trade-specialization indices over time. For example, the intra-distribution dy-
namics of the Lafay index were analyzed, considering the difference between the exports
and imports of 208 sectors (Zaghini, 2005). This chapter applies the same approach, but
for many indicators instead of one. The examination of the intra-distribution of indicators
allows a unique analysis of the dynamics of circular bioeconomies.
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Research Question 3: How sustainable is the transition to a bioeconomy in the economic
sectors of EU Member States?

Measuring the sustainability of the bioeconomy is crucial to evaluate its continuous con-
tribution to societal wellbeing. The overall objective of the 2018 EU Bioeconomy Strategy
is to ensure the “prosperity” of EU citizens, and measuring this objective is directly linked
with measuring sustainable development. A good understanding of measuring sustainable
development is crucial for deriving indicators for monitoring the bioeconomy that can
quantify this link (Calicioglu & Bogdanski, 2021). Chapter 4 uses the genuine investment
framework to assess the sustainability of bioeconomy sectors. Genuine investment can
be expressed as the investments or disinvestments in each of a society’s capital assets,
where each investment is the product of the change in the quantity of the asset times the
shadow price of that asset (K. Arrow et al., 2004). First, genuine investment, based on the
seminal paper by Arrow et al. (2012), is introduced and subsequently advanced by explic-
itly including the concepts of uncertainty and irreversibility. The chapter then applies the
framework empirically to the bioeconomy sectors of the EU-28 countries, measuring the
sustainability of the transition to a bioeconomy. The hurdle rates for bioeconomy sectors
are calculated from their value-added from 2005 to 2015. In investment analysis, a hurdle
rate is the minimum rate of return on a project a manager or company is willing to accept
before starting a project. In this chapter, a hurdle rate of 1.5, for example, indicates that
the benefits of a bioeconomy investment project have to be at least 1.5 times larger than
its irreversible costs to be considered sustainable. Additionally, reversible and irreversible
costs and benefits of bioeconomy investments are estimated using bioeconomy value-
added and greenhouse gas emissions as measures. This estimation allows calculation of
the maximum incremental social tolerable irreversible benefit or costs a sustainable tran-
sition to a bioeconomy would entail. The indicator quantifies the irreversible costs that
can be tolerated with the introduction of a bioeconomy investment project. The larger the
value, the more sustainable the bioeconomy will be.

Research Question 4: How is the EU’s novel food regulation developing and impacting
innovation in the food sector?

The food sector is an important part of the bioeconomy and major technological innova-
tions are expected to occur in it (Kristinsson & Jorundsdéttir, 2019). Consumer demand
is shifting towards new health, functional and ethnic food, as well as dietary alternatives
and environmentally sustainable choices due to demographic changes, globalization, and
income changes (Belluco et al., 2017; Hermann, 2009; Marberg et al., 2017). Consumer
demand evolved, and new food products surged into the market. Food consumption and
food consumption changes can impact sustainability by reducing food waste, greenhouse
gas emissions related to food consumption, and more (e.g., European Commission. Direc-
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torate General for Research and Innovation., 2021). The EU regulates new food products
under the NFR. Such a regulation must balance safety, regulatory burden, and impacts on
the sustainability of the food sector. The more NFs are approved, the more sustainable
the food sector can be expected to become; if European consumers replace animal-source
foods with these NFs, the environmental impacts might be reduced by more than 80%
while meeting nutrition and feasible consumption constraints (Mazac et al., 2022). Chap-
ter 5 empirically analyzes the development of the EU NFR authorization procedure from
1997 to 2020, investigating the number of applications, the duration of the authorization
procedure, and the determinants of approval. A unique dataset was gathered from official
sources of the EC. An empirical strategy using Bayesian methods is applied to address the
shortcomings of the data. The yearly number of applications is modelled through a Bayes-
ian hierarchical model, and the share of applications that received a decision within a
certain period is assessed. Finally, the chapter applies a Bayesian logit model to assess the
contribution of the new NFR and different applicants’ characteristics on the probability
that an NF is authorized.

The remainder of the thesis is structured as follows: Chapters 2 through 5 address RQs 1
through 4, respectively. Chapter 6 discusses the research findings, limitations, and policy
implications.
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CHAPTER 2

Development of the Circular
Bioeconomy: Drivers and Indicators'




ABSTRACT.

The EU’s 2018 Bioeconomy Strategy Update and the European Green Deal recently con-
firmed 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 con-
cepts, 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. Further-
more, we outline a set of indicators linked to the objectives of the EU’s bioeconomy strat-
egy. 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.




2.1. INTRODUCTION

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 pet-
rochemicals, 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 re-
search programs, including the recent European Bio-Based Industries Joint Undertaking
(European Commission, 2019b; Wesseler & von Braun, 2017). Many bioeconomy strate-
gies 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 of their bioeconomies politically, using enabling
policy means (Dietz et al., 2018). 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 (Ministry of Economic
Affairs and Climate Policy, 2018). The recent EC Bioeconomy Strategy update (European
Commission, 2018b) 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 (Knudsen et al.,
2015). 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 (Griggs, 2018). To measure the impacts of the bioeconomy on
the three dimensions of sustainable development, a monitoring framework is considered
crucial (D’Adamo et al., 2020b; O’Brien et al., 2017).

This chapter aims to outline the drivers of the circular bioeconomy based on an analysis
of important relations within and outside the bioeconomy. Subsequently, the chapter
derives 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. This study focuses on the EU and EU bioeconomy
policies, but where appropriate references to methods and policies beyond the EU are
made.

This chapter proceeds as follows: Section 2 shows how the bioeconomy works as a sys-
tem’s approach, i.e., which driving forces influence the bioeconomy, what is the impact
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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. Section 4 reviews previous efforts on measuring and monitoring the bio-
economy and subsequently presents the framework. Section 5 concludes on implications
of the previous sections for our framework.

2.2. 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 (Vivien et al., 2019). Several studies (SAT-BBE, 2015b; Sheppard et al., 2011;
Wesseler & von Braun, 2017) identified several major forces steering the development of
the bioeconomy. We group these drivers as supply drivers (Sections 2.2.1, 2.2.2 and 2.2.3),
demand drivers (Section 2.2.5), resource availability (Section 2.2.4), and the measures of
governments to influence the development of the bioeconomy (Section 2.6).

2.2.1. Technology and Innovation

2.2.1.1. 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 (Wesseler & von Braun,
2017). Following the first successful recombinant DNA experiments in 1973 by Paul Berg
and others, commercial ap-plications of modern biotechnology started in 1982 (Nationale
Akademie der Wissenschaften Leopoldina, 2019; Tramper & Zhu, 2012).

Today, a wide array of applications of biotechnology and bioengineering, alongside recom-
binant DNA technologies, are used for improvements in food and feed sectors, bio-fuels,
materials, chemicals, and pharmaceuticals (Wesseler & Zilberman, 2021; Yoshida, 2017).
Genetic engineering is likely to play a key role in further developments of non-food ap-
plications, but the use of modern biotechnology is not uncontroversial (Paarlberg, 2014).
Policies related to the application of modern biotechnology can have wide-ranging impli-
cations that need to be considered for assessing impacts (Smart et al., 2015, 2017; Venus
et al., 2018; Wesseler et al., 2017). 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 CRISPR-based technologies, one of the most important gene-editing tools, as it may
disincentivize in-vestments and bring companies to reallocate their research out of the
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EU (Nationale Akademie der Wissenschaften Leopoldina, 2019; Wesseler et al., 2019). In
a comparison of the worldwide CRISPR patent landscape by Martin-Laffon et al. (2019), 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 bioecon-
omy. As outlined in the Updated Bioeconomy Strategy “By capitalising on un-precedented
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.” (European Commission, 2018b, p.5). 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 In-
vestment Platform, which the EU should deploy shortly (European Commission, 2018b);
however, also funding from EC framework pro-grams and public—private partnerships
between the European Union and, for example, the Bio-based Industries Consortium.
It has formulated a Strategic Innovation and Re-search Agenda that describes the main
technological and innovation challenges to over-come in order to develop sustainable and
competitive bio-based industries in Europe. Re-search, 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, moni-
toring the impact of technological developments in natural sciences on the performance
of the bioeconomy in achieving its objectives has been identified as being important
(European Commission, n.d.). 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.

2.2.1.2. Advances in Information and Communication Technologies

Another important supply driving force related to innovation is the vast and in-creasing
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
(Watanabe et al.,, 2019). Smart (digital) farming such as innovative precision farming
uses extensively ICTs and is seen key for the development of a sustainable agriculture
(Walter et al., 2017). 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 technolo-
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gies, for instance via a distributed data-base of records structured in encrypted smaller
datasets, promise to improve agri-food supply chains (Antonucci et al., 2019). 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 guaran-
tee traceability for all kinds of products such as coffee (Salerno, 2018), fish (Provenance,
2016), or milk (Dongo, 2018).

As ICTs improve, many technologies become more affordable, and their use spreads glob-
ally, including in developing countries. New developments allow detection of bio-based
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.

2.2.1.3. 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 multistorey buildings has long been difficult and often
limited to single-family houses or other small-scale buildings. Particularly, the develop-
ment of engineered wood products, such as cross-laminated timber (CLT), allows for the
increased use of wood in multistorey buildings (Nayha et al., 2014; Tollefson, 2017). 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 (Hurmekoski et al., 2018; UN, 2019). 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 substi-
tutes 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 ani-mal 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. Fur-
thermore, new bio-based materials and products have to be integrated into the standard-
ized classification system and data collecting system.
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2.2.2. Market Organization

2.2.2.1. 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 sus-
tainability 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 (Investopedia, n.d.). Through mergers and acquisitions or
voluntary collabo-ration 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 partner-
ships 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 biofu-
els, power, and chemicals from biomass” (Cherubini, 2010). In the EU, about 800 biorefin-
eries 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 (BNetzA Marktstammdatenregister, n.d.). The highest geographical con-
centration 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 (Clomburg et al., 2017). Nevertheless, the conversion of biomass can
result in trade-offs that might be intensified by national and international bioeconomy
policies (Choi et al., 2019).
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2.2.2.2. 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, compa-
nies, 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” (Levin Institute, n.d.).
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 produc-
tion 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 (Hurmekoski et al., 2018). 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 (Hetemaki & Hurmekoski, 2014).

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 (Purnhagen & Wesseler, 2021). Examples are related to the labeling of
food, feed, and other bio-based products (Venus et al., 2018). This implies trade in prod-
ucts and innovations related to the bioeconomy as well as the regulatory environment at
the international level needs to be monitored.

2.2.3. 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 (Lindner et al.,
2010). Climate change also increases uncertainty in these sectors and can potentially
cause market disruptions (Challinor et al., 2017). 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 man-
agement practices that could increase the resilience of forests to climate change (Verkerk
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et al., 2018). The use of new breeding technologies pro-vides 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 (Leskinen et al., 2018; Spierling et al.,
2018). However, bio-based products may have greater water, eutrophication, and land-
use footprints (Spencer et al., 2017) and bio-based products may not always be more
environmentally friendly or more sustainable than fossil-based products.

2.2.4. 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 bio-
based 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 (Issa et al., 2019). A large future poten-
tial lies in 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 (Van Berkel & Delahaye, 2019). Such
monitoring can be used to measure resource efficiency, resource dependency, production
of solid waste and recycling, pressure on the environment, and footprints (Capasso &
Klitkou, 2020; D’Adamo et al., 2020a).

2.2.5. Demographics, Economic Development, and Consumer Preferences

The strong world population growth is another important determinant on the de-mand-
side. Naturally, a growing population leads to an increase in demand for all kinds of prod-
ucts. 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 increas-
ing competition for cropland happens at the expense of shrinking grasslands, savannahs,
and forests, primarily in tropical countries (Bringezu et al., 2009), and potentially leads
to bio-diversity 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
aware-ness 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
(von Braun, 2018). Previous studies have shown that consumers value the health and
environmental attributes of novel food products (Dolgopolova & Teuber, 2016) and that
fully bio-based products result in greater purchase intentions (Reinders et al., 2017).
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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 (Sijtsema et al., 2016). 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.

2.2.6. Policies, Strategies, and Legislation

2.2.6.1. 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 environmen-
tal benefits and cascading use of biomass (Keegan et al., 2013). Bioeconomy strategies
take a big role as they outline the visions and intentions of countries and regions (Choi
et al., 2019; Nitescu & Murgu, 2020). The market mechanisms of the bioeconomy are of
high complexity and policy measures targeted to-ward single effects involve trade-offs,
leakage, and rebound effects (SAT-BBE, 2015a). 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 (Tsiropoulos et
al., 2017).

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 Eu-
ropean 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 (European Commission, 2015). 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 (European Commission, 2020).
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2.2.6.2. 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 introduc-
tion 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
(Van Leeuwen, 2016).

2.2.6.3. Legislation

Legislation can act as a strong policy tool to steer the bioeconomy. There are a large num-
ber of legislative acts that are relevant for the bioeconomy in the EU, but no specific EU
bioeconomy legislation exists (Ronzon et al., 2016). 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 prac-
tices 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 agri-cultural commodities. The Common Fisheries Policy regulates fisheries manage-
ment, 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
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comply with (Ronzon et al., 2016). The Renewable energy directive sets targets for renew-
able 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.

2.2.7. Relations within the Bioeconomy

Figure 2.1 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 Drivers-
Impact-Results (DIR) framework has been adapted from the SAT-BBE project (SAT-BBE,
2015b). On the left side are the supply and demand drivers, which determine the de-
velopment 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 three boxes of driver types. Furthermore, waste/by-products, whose
usage is the key to a sustainable and circular bioeconomy, have been taken into account.
In combination, the drivers, policies, and resources have an impact on the demand and
supply of the bioeconomy which in its turn determines to what extent it will contribute to
achieving sustainable and policy targets of the objectives (right-hand side).

To make the impacts on the objectives measurable, they must be transformed into criteria
or targets. For example, the objective ‘mitigating climate change’ could be reflected in the
criteria ‘reduce greenhouse gas (GHG) by 40% by 2030 as compared to 1990'. Therefore,
meaningful indicators must be assigned that can measure the development and impacts
of the bioeconomy in relation to the criteria and policy targets. For example, the indicator
‘% CO2 in bio-based and fossil-based sectors’ could be applied to measure the impact on
the target ‘reduce GHG with 40%’.

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 man-
agement). In their turn, the responses might influence the drivers behind the develop-
ment 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
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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
developments, 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 devel-
opments.

Figure 2.1: Overview of the relations within the bioeconomy.
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2.3. DEFINING AND DELIMITING THE BIOECONOMY

2.3.1. 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, policy-
makers, NGOs, or the private sector. Bugge et al. (2016) 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
(Bugge et al., 2016). 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 (Wesseler & von Braun, 2017). 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 by the European Commission,
who define that “The bioeconomy covers all sectors and systems that rely on biological re-
sources (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 indus-
trial sectors that use biological resources and processes to produce food, feed, bio-based
products, energy, and services” (European Commission, 2018b, p.4).

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,” (European
Commission, 2018b, p.4) 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, Eu-rope,
South and North America, international policy experts from the United Nations, the Orga-
nization 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” (BIOOKONOMIERAT, 2018, p.2).
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The European Bioeconomy Alliance, a cross-sector overarching alliance of various bio-
economy industries associations (e.g., The European Vegetable Qil 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” (European Bioeconomy, 2016, p. 1).

This definition includes the concept of the circular economy and emphasizes the rela-
tionship 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-
tribute to the overall objectives of the bioeconomy on the one hand, and how their sec-
tors 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 ac-
tion, 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 sec-
tor to deliver solutions to these multiple challenges.” (Confederation of European Forest
Owners, 2017, 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 impor-
tance 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.
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2.3.2. Bioeconomy, Bio-Based Economy, Green Economy, and Circular
Economy

In addition to the term ‘bioeconomy’, there exist several related terms, such as ‘bio-based
economy’, ‘green economy’, and ‘circular economy’. Figure 2.2 shows the relation and
overlap between the terms. The green economy is generally considered as being an
umbrella concept (D’Amato et al., 2017) and is understood to “result in improved human
well-being and social equity, while significantly reducing environmental risks and ecologi-
cal scarcities. In its simplest expression, a green economy can be thought of as one which
is a low car-bon, resource-efficient and socially inclusive” (Unep et al., 2012, p. 1). The
bioeconomy is generally considered to be part of the green economy (Figure 2.2). Gener-
ally, 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 (Pilzl et al., 2014).

The concept of the bioeconomy has early-on been linked with the concepts of the bio-
based 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
(Dubois & Gomez San Juan, 2016) while in others, traditional bio-based products such as

Figure 2.2: Relations between bioeconomy, bio-based economy, green economy, and circular
economy.
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bio-based textiles, wood products, pulp, and paper are explicitly included as well (Carus
& Dammer, 2018). Figure 2.2 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 (Carrez et al., 2017), 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 (Buongiorno,
2018). 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
Frangois 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 by intention and design”
(Ellen MacArthur Foundation, 2013, p. 14). Similarly, the European Commission defines
the circular economy as an economy “where the value of products, materials, and re-
sources is maintained in the economy for as long as possible, and the generation of waste
minimized, [it] is an essential contribution to the EU’s efforts to develop a sustainable, low
carbon, resource-efficient and competitive economy” (European Commission, 2015, p. 2).

The synergies between the bioeconomy and circular economy concepts are significant.
Several European industry associations such as CEPI (Confederation of European Paper
Industries) and EuropaBio (The European Association for Bioindustries) use and support
the concept of a ‘circular bioeconomy’ and promote greater integration of both concepts
instead of developing both in parallel (Confederation of European Forest Owners, 2017;
EuropaBio, 2017). Recently, the term circular bioeconomy has been introduced by the EC,
among others, to intertwine the bioeconomy and circular economy concepts and empha-
size the use of a circular approach to the bioeconomy, but also to show limitations of the
overlap (Carus & Dammer, 2018; European Commission, 2018a; Hetemaki et al., 2017).

2.3.3. Sectors in Bioeconomy and Bio-Based Economy

To monitor the bioeconomy and considering the broad definition of the bioeconomy by the
European Commission, there is a need to define which sectors make up the bioeconomy
(Heijman, 2016; Kuosmanen et al., 2020). Bioeconomy-related activities can be broadly
classified as (i) Natural-resource based activities that directly exploit a biological resource
(e.g., the primary sectors agriculture, fishery, and forestry) and provide biomass for fur-
ther processing; (ii) Conventional manufacturing activities that further process biomass
(e.g., food or wood processing sectors); and (iii) Novel activities that further process the
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biomass and/or bio-mass residues (bioenergy or bio-based chemical sectors). The NACE
provides a useful starting point for defining which and to what extent economic activities
belong to the bioeconomy. Its divisions AO1-A03 (i.e., agriculture, forestry, and fishery)
are unambiguous as they constitute entire sectors and cornerstones of the bioeconomy.
Apart from the primary sectors in Section A, the main part of the bioeconomy can be
located in Section C—Manufacturing. Divisions C10 (food products), C11 (beverages), C12
(tobacco products), C16 (wood and wood products), and C17 (paper and paper products)
are conventional bioeconomy sectors that further process biomass and can be attrib-
uted 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 sec-
tors, 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 condition-
ing supply), F41 (construction), F42 (civil engineering), G46 (wholesale trade), G47 (retail
trade), 155 (accommodation), and 156 (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. (2016) 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 156 (food and beverage service activi-
ties) 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 2.1 summarizes the sectors that we consider to belong to the bioeconomy ac-cording
to previous efforts (Efken et al., 2016; Fumagalli & Trenti, 2014; Lier et al., 2018; Piotrowski
et al., 2018; Ronzon et al., n.d., 2017; SAT-BBE, 2015a). For example, Ronzon et al. (n.d.)
in their report use 16 sectors, and the major indicators applied include turnover, value-
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added, and jobs (Ronzon et al., n.d.). 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 (Lier et al., 2018), but there are gaps for the innovative biobased sectors.
For example, according to Ronzon et al. (n.d.), 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 (Ronzon et al., n.d.).

Table 2.1: Sectors of the bioeconomy and the bio-based economy.

Crop and animal
A01 production, hunting and v v v v v N N
related service activities

A03 Fishing and aquaculture v v v v N N N

Cl1  Manufacture of beverages N v v v v v vV

c13 Manufacture of textiles X v v v v N vV

s Manufacture of leather X v v v v v v

and related products

c1y  Manufacture of paper and v v v v v v vV

paper products

c20 Manufactur.e of chemicals v v v v v v I
and chemical products

(o)
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Table 2.1: Sectors of the bioeconomy and the bio-based economy.

22 Manufacture of rubber and X v X v v v W

plastic products

Electricity, gas, steam, and

D35 . -
air conditioning supply

E36 Water collection, X X X X X X v
treatment, and supply

Waste collection,
treatment, and disposal
activities; materials
recovery

E38

F41 Construction of buildings X v X X X X v

Wholesale trade, except
G46 for motor vehicles and X X v X X X v
motorcycles

H Transportation and storage X X X X X X v

Food and beverage service
activities

156

Botanical and zoological
R9104 gardens and nature X X X X X X v
reserves activities

ote: “X” specifies sectors that were not considered as part of the bioeconomy in the respective
study; "V specifies sectors that were included; “v'V” specifies sectors that are considered as part of
the bio-based economy in our framework.
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2.4. MONITORING AND MEASURING THE BIOECONOMY

2.4.1. 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/knowledge4dpolicy/bioeconomy/monitoring_en (Robert et
al., 2020). 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 (Bracco et al., 2018). Germany is working
on a comprehensive approach to monitor the bioeconomy by a joint inter-ministerial un-
dertaking 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
(Meesters et al., 2013). However, so far there is, except for the efforts by the EC, no com-
mon and holistic approach to monitor and measure the bioeconomy across EU states and,
therefore, it is not possible to compare the results between countries (Bracco et al., 2018;
Linser & Lier, 2020). Furthermore, the majority of countries measure their bioeconomy
not comprehensively using only economic indicators (Bracco et al., 2018).

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 2.3.3 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 (Efken et al., 2016; Ronzon et al., n.d.). For example,
Ronzon et al. (n.d.) provide valuable information on economic indicators such as value
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added, but a more regional disaggregation, as well as disaggregation by products, has
been expressed as a need by stakeholders (Piotrowski et al., 2019).

2.4.2. Indicators

To monitor and measure the development of the bioeconomy, a set of indicators is es-
sential. 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 (BERST, 2014; SAT-BBE, 2015b) 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 (Eurostat, 2019). 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 (2020), 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.

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 (Bracco et al., 2019). 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) (Philippidis et al., 2018; Urmetzer et al., 2020). Table
2.2 presents the selected main and sub-indicators for our measuring and monitoring
framework.

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 consul-
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tation with stakeholders (in October 2018), we restrict the number of Main Indica-tors
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. (2018).,
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 bio-economy strategies, policies, and/or related initiatives (Lier et al., 2018).
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 con-sider
indicators for innovation, supporting policies, strategies, and legislation. Policy measures
can be implemented at a regional, national, supranational, or global level.
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Table 2.2: Proposed list of indicators by societal objective for our framework.

1. Food and nutrition security

Access to food

Stability

New indicator based on
Sustainability threshold Own elaboration, Bartolini

enuine investment theor
levels for Bioeconomy & y Environment etal. (2017), Wesseler et

ith a f the bio-
Technologies with a focus on the bio al. (2007)
based economy

Land cover To assess land use conflicts Environment Lier et al. (2018)

To assess the sustainability

Sustainable resource use X X
of biomass production

Environment Lier et al. (2018)

To assess the direct
Bio-energy replacing non- substitutability of fossil
renewable energy resources with biological
resources

Environment Own elaboration

Biomass self-sufficiency To assess independence

. ; Economy Own elaboration
rate from biomass imports.

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

Certified bio-based
products

Traditional indicator
applied to bioeconomy Environment EUROSTAT (2019)
sectors

Greenhouse gas
emissions

Sy
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Table 2.2: Proposed list of indicators by societal objective for our framework.

More indicators of
adaption to climate change Environment Own elaboration
impacts are needed.

Climate change
adaptation

Traditional indicator
Innovation applied in more sectorial Economy
and spatial detail

Lier et al. (2018); SAT-BBE
(2015); Own elaboration

Value Added of the To assess product uptake of

Econom Lier et al. (2018
bioeconomy sectors bio-based production v ( )

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

Traditional indicator
applied in more sectorial Economy Own elaboration
and spatial detail

Traditional indicator
Employment applied in more sectorial Society Lier et al. (2018)
and spatial detail

wv
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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 dif-
ferentiated indicators for revealing these effects, measuring inter alia, ‘Innovation’ via
‘Number of patents submitted by field and sub-field’ and ‘Innovation hurdle for differ-
ent 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 in-
dicator measures, among others, ‘Material use efficiency’ and ‘Sustainable resource use’.
By measuring ‘Bio-energy replacing non-renewable energy’ and ‘Bio-material replacing
non-renewable resources ‘, we assess whether the bioeconomy reduces emissions com-
pared to fossil-based, emission-intensive products. This can be done using bioeconomy
transition indicators to quantify the substitution of fossil resources (Jander et al., 2020).

Bracco et al. stress the need for trade-related indicators to link national and global
sustainability performances and ensure sustainable production of imported biomass
(Bracco et al., 2019). We try to fill this gap by taking into account ‘Import and export of
bioeconomy raw mate-rials 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 (Bartolini et al., 2017; Plieninger et al., 2019; Strohbach
et al., 2015). We address this by including the availability of biomass and biological diver-
sity used for producing the biomass by employing the index proposed by Weikard et al.
(2006). Their index consists of the number of different sources of biomass and the abun-
dance 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) (Wesseler et al., 2007). 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 develop-
ment of the EU Bioeconomy Monitoring system (Robert et al., 2020).

2.4.3. Regulatory Challenges

One of the important factors for the success of the EU Bioeconomy Strategy is the regula-
tory 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
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has become difficult under the current regulatory environment (Purnhagen & Wesseler,
2021). In some areas, recent improvements have been observed such as for the approval
of microbial biological control agents (Frederiks & Wesseler, 2019) or novel foods (Zarba
et al., 2020). Still, at the international level, approval for new products of importance for
the circular bioeconomy in the EU is more time consuming (Jin et al., 2019) and hence
much more expensive (Purnhagen & Wesseler, 2019) and reforms are urgently needed
(Eriksson et al., 2019). Monitoring progress on regulatory issues will be important. They
can be measured by identifying investment hurdles and how they change over time (Wes-
seler et al., 2017), the impacts of policies on those hurdles (Wesseler & Zhao, 2019), 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 (Acemoglu & Azar, 2020).

2.5. 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 sec-tors 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 (European Commission, 2018b). 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
(Jander et al., 2020). 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 developments 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 (D’Adamo et al., 2020a).

The inclusion of innovation, policies, strategies, and legislation in the monitoring and
measuring framework is important because these influence the development of the
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bioeconomy. Policy measures can be implemented at the regional, national, suprana-
tional, 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 legisla-
tion. 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 (Quah, 1996) or trade (Zaghini, 2005).

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 pro-
posed 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 initia-
tives 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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CHAPTER 3

Full Speed Ahead or Floating Around?
Dynamics of Selected Circular
Bioeconomies in Europe’




ABSTRACT.

Measuring the progress of the circular bioeconomy requires quantifying a range of indica-

tors. Contrary to previous studies that analyzed only a few indicators, we devise a method
that can accommodate any number of them. Our objective is to empirically investigate
whether the circular bioeconomies in ten selected European Union Member States were
progressing or regressing over 2006—2016 as measured by 41 indicators. We model the
development of the intra-distribution of the indicators using Markov transition matrices.
We find that the ten circular bioeconomies mostly progressed. Moreover, research and
development quickly progressed in the private sector but regressed in the public sec-
tor, suggesting substitution between them. Our cross-country comparison reveals that
Germany is the front-runner in the circular bioeconomy, but circular bioeconomies in
Slovakia, Poland, and Latvia also developed quickly.




3.1. INTRODUCTION

The size of a country’s economy is commonly measured by its GDP and other comparable
indicators (Kubiszewski et al., 2013). A part of the economy is the bioeconomy, which
entails all economic sectors and systems linked to biological resources and their func-
tions and principles (European Commission, 2018b). Measuring the development of the
bioeconomy requires quantifying a range of indicators to determine its impact on the
economy, the environment, and society (Wesseler & von Braun, 2017).

The bioeconomy in the European Union (EU) can potentially tackle economic, environ-
mental, and social problems if the transition from a fossil-based economy is approached
in the right way (O’Brien et al., 2017). Sustainable land use and natural capital preserva-
tion within the bioeconomy could be promoted by following the principles of a circular
economy, which is defined as an economy “[...] where the value of products, materials
and resources is maintained in the economy for as long as possible, and the generation of
waste minimised” (European Commission, 2015, p. 2). Applying the principles of a circular
economy in the bioeconomy, the advancement of the circular bioeconomy can contribute
to sustainable development by reducing the use of raw fossil materials to mitigate climate
change, forming new value chains to promote economic growth, and creating jobs, espe-
cially in rural areas. Recent European heatwaves in 2018, 2019, and 2020 and an increas-
ing trend of heatwaves since the 1970s have heightened the urgency to tackle climate
change (Zhang et al., 2020). The circular bioeconomy is expected to mitigate the effects of
climate change by reducing fossil fuel consumption and adapt to it by reducing heat stress
and flood risks by increasing tree and vegetative cover (Bell et al., 2018). However, the
transition to a circular bioeconomy requires the sustainable use of natural resources, high
expenditures on research and development (R&D) of new technologies, and education for
new and restructured jobs (Purkus et al., 2018). These challenges emphasize the need for
policy actions to steer this transition in a structured and sustainable way. Hence, the EU
and several EU Member States (MSs) as individual countries have launched and adopted
bioeconomy policy strategies to achieve long-term sustainable development, such as the
EU Green Deal in December 2019 (European Commission, 2019b; German Bioeconomy
Council, 2018).

The bioeconomy policy strategies show that the transition to a circular bioeconomy is a
political aim deepened by the world’s pressing environmental problems. Still, it comes with
economic, environmental, and social impacts that must be considered, so the progress of
circular bioeconomies in EU MSs should be tracked and compared (Jander & Grundmann,
2019). In the last decade, several large frameworks have been developed to monitor the
trends and progress of various policy objectives, such as the UN SDGs.
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Many indicators can measure various development characteristics of a trend, such as the
transition from a fossil-based economy to a bio-based one. For example, there are 27
indicators to support the Europe 2020 Strategy, 100 EU SDGs indicators, 231 UN SDGs
indicators, or 1,600 World Bank World Development Indicators. In the same vein, Bracco
et al. (2019) reviewed existing monitoring approaches to the bioeconomy and collected
269 distinct indicators from 19 sources that measured a wide range of impact categories,
such as food security, biodiversity conservation, and the resilience of biomass producers.
Among others, Lier et al. (2018) proposed 161 indicators and the BioMonitor project 84
indicators for a bioeconomy-monitoring framework.

In previous quantitative assessments of circular bioeconomy development, researchers
have selected a few economic and social indicators to track their developments. Ronzon
and M’Barek (2018) examined the temporal dynamics of the EU bioeconomy and provided
a spatial analysis of the EU circular bioeconomy, comparing different EU MSs and grouping
them according to the labor market specialization and the apparent labor productivity of
their circular bioeconomies. Ronzon and M’Barek (2018) considered only four indicators:
the number of people employed, turnover, value added, and apparent labor productivity.
D’Adamo et al. (2020b) compared the socio-economic performance status of bioeconomy
sectors in EU MSs using the same indicators as Ronzon and M’Barek (2018) except for
apparent labor productivity. Furthermore, they introduced a new composite dimension-
less indicator to measure and compare socio-economic performance between EU MSs.
Efken et al. (2016) measured the importance of the bioeconomy within the economy as a
whole in Germany from 2002 to 2010 using employment and gross value added as indica-
tors. Other studies have also been limited to economic indicators and employment (e.g.,
Piotrowski et al., 2016) or provided only snapshots in time instead of temporal develop-
ment (e.g., lost et al., 2019).

Unlike to the previous literature, we devise a theoretical framework that accommodates
any number of well-defined quantitative indicators and empirically analyze 41 of them.
We investigate their distribution to find patterns in the evolution of the circular bioecono-
mies of ten selected EU MSs. A similar approach to ours has been used in other fields of
economics with a single indicator for many regions or sectors. Quah (1993; 1996) was
the first in the cross-country growth and income literature to investigate patterns in
income distributions using Markov transition matrices. Later, many researchers adopted
this approach to analyze trade-specialization patterns by estimating the intra-distribution
dynamics of trade-specialization indices over time (e.g., Alessandrini et al., 2007; Chiap-
pini, 2014; Fertd & Sods, 2008; Zaghini, 2005). Zaghini (2005) analyzed the probability of
new EU MSs moving between different degrees of trade specialization. He examined the
intra-distribution dynamics of the Lafay index, considering the difference between the
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exports and imports of 208 sectors. The variation of the relative ranking of sectors by the
Lafay index over time depicts these intra-distribution dynamics.

In our exploratory research, we paint a picture of the development of the EU circular
bioeconomy between 2006 and 2016 and analyze its specificities in Finland, France,
Germany, ltaly, Latvia, The Netherlands, Poland, Portugal, Slovakia, and Spain. Our re-
search objective is to investigate whether the circular bioeconomies in these countries
are progressing or regressing over the ten-year period. We selected these EU Member
States, from now on referred to as the EU-10, on several grounds. First, we considered
the (potential) importance of the circular bioeconomy to their economies. Countries such
as The Netherlands and Finland already have highly competitive agricultural and forestry
sectors and consider the circular economy an approach to consolidate their positions and
be more environmentally sustainable (Ministerie van EZ, 2013; Ministry of Employment
and the Economy, 2014). Others, such as Latvia and Italy, focus on increasing per capita
income competitiveness in their bioeconomy sectors (Italian Presidency of Council of
Ministers, 2017; Latvian Ministry of Agriculture, 2018). Second, the selected countries
cover the whole range of agricultural intensification, from intensive agriculture in The
Netherlands and Germany to extensive agriculture in Latvia and Portugal (European Com-
mission, 2019a). Third, we wanted to achieve good geographical coverage across the EU,
including the distinction by the entry date into the EU—before and after 2004. Finally, we
were constrained by the availability of coherent data for the included indicators. The data
sources of Eurostat did not contain consistent time series for all indicators, in all EU Mem-
ber States, and all years. Therefore, our choice of the countries and the period is a result
of a compromise that respects the three qualifications above. That said, our framework
allows including additional countries and years if the necessary data is available.

Our article contributes to the current literature by including a wide range and a high
number of indicators to provide a more comprehensive view of the circular bioeconomy’s
progress and economic, social, and environmental impacts in ten EU countries. Our analy-
sis of the dynamics of circular bioeconomies is unique by examining the intra-distribution
of indicators.

3.2. BACKGROUND

3.2.1. Circular bioeconomy policy actions

The circular bioeconomy is high on the political agenda, and many policymakers have
proposed and already implemented policy actions to support and steer its development.
Table 3.1 presents an overview of policy actions related to the bioeconomy in the EU and
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Table 3.1: Overview of actions related to the bioeconomy from 2007 to 2017 by countries in this
study

European Union

Innovating for Sustainable Growth: A Bioeconomy  Policy Strategy Supra- No 2012
for Europe national

Germany

Erneuerbare Energien Gesetz 2012 Policy measure National Yes 2012—-
2016

Bioeconomy. Baden-Wiirttemberg Path Towards a  Policy strategy Regional No 2013
Sustainable Future

Finland

Distributed Bio-Based Economy — Driving Policy strategy National No 2011
Sustainable Growth

The Finnish Bioeconomy Strategy — Sustainable Policy strategy National Yes 2014
growth from bioeconomy

The Netherlands

Framework Memorandum on the Bio-Based Framework paper National Yes 2012
Economy

France

The new face of Industry in France Research & innovation National Yes 2012

The new face of Industry in France Research & innovation National Yes 2012
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Table 3.1: Overview of actions related to the bioeconomy from 2007 to 2017 by countries in this
study

Stratégie nationale de transition écologique vers High-tech National No 2014

développement durable

Bioeconomy in Italy: A unique opportunity to Holistic bioeconomy National No 2017
reconnect economy, society, and the environment development

Horizon 2030 Holistic bioeconomy National No 2016
development

Portugal

Latvia

Note: Poland and Slovakia did not implement an action related to the bioeconomy in this period.
Source: German Bioeconomy Council (2018)

EU-10. Policymakers in the EU have made the bioeconomy a priority to reduce the use of
petrochemicals, mitigate and adapt to climate

change, reduce dependency on imports of natural resources, and promote rural develop-
ment (European Commission, 2018b). At the EU level, this is reflected in a multitude of EU
policy initiatives and research programs, including the EU Bioeconomy Strategy and the
European Bio-Based Industries Joint Undertaking (Wesseler & von Braun, 2017). At the
MS level, most countries in this study have developed dedicated bioeconomy strategies
or other policy initiatives and research programs related to the bioeconomy from 2006 to
2016. The exceptions are Italy and Latvia, who published their bioeconomy strategies only
afterwards in 2017, and Slovakia and Poland, who have not yet developed a bioeconomy
strategy while it is under development (Joint Research Centre, 2019). However, in Slovakia
and Poland, bioeconomy development is recognized in regional and smart specialisation
strategies (RIS3 SK, 2013; Sosnowski et al., 2014).

~N
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While bioeconomy strategies target the whole bioeconomy, policy actions can also target
specific policy areas. An example of the latter is the German Erneuerbare Energien Gesetz
(EEG), which targeted the promotion of renewable energy. The promotion of bioenergy in
the EEG then affected other parts of the bioeconomy, such as agriculture and electricity
production.

3.2.2. Measuring performance with indicator frameworks

Governments have taken numerous policy actions on the circular bioeconomy that they
must monitor, such as the SDGs. Policymakers have used monitoring frameworks with a
diverse set of indicators for many policy objectives. The 17 UN SDGs are a widely used
framework and include 232 indicators to measure progress towards 169 corresponding
targets. However, measuring progress towards the SDGs is complicated by the fact that
there are no specific targets for SDG indicators (United Nations, 2017). Nevertheless, three
prominent methods to measure SDG performance have been developed: the Bertelsmann
Index (BI) by Bertelsmann Stiftung and the Sustainable Development Solutions Network
(Lafortune et al., 2018; Sachs et al., 2018), the Organisation for Economic Co-operation
and Development’s (OECD) distance measure (OECD, 2016), and progress measures based
on Eurostat’s report (Eurostat, 2019). Substantial discrepancies exist between these
methods (Miola & Schiltz, 2019); the normalization of indicators is a significant one.

The SDG indicators must be normalized to enable aggregation and comparison because
they measure different economic, environmental, and social targets and therefore have
different units and dimensions. Accordingly, researchers subtract the minimum value
across all countries from the indicator value and divide the difference by the range of
values across all countries for the Bl (Lafortune et al., 2018). This procedure generates a
score which relates to the indicator values in all included countries but means little for the
development of a single country independently. For the OECD’s distance measure, the lat-
est value of an indicator is subtracted from the target value and is divided by the standard
deviation across all countries (OECD, 2019). Again, the resulting score is related to all
included countries, and importantly, target values for each indicator are necessary. The
progress measure based on Eurostat’s report linearly interpolates the value of a specific
indicator for 2030. For that, the difference between the latest and the first observation is
divided by the difference in years and then multiplied by the difference between 2030 and
the latest observation and added to the value of the latest observation (Miola and Schiltz,
2019). All indicator values are then rescaled between zero and one and aggregated to
obtain a performance measure at the goal level. This method is sensitive to outliers in
the time-series data because only two observations are included in its calculation. The z-
score (standard score) is another method for normalization and is common for composite
indices of development, which integrate various social, political, and economic aspects of
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the development of a country (Booysen, 2002). Its calculation is straightforward and uses
the mean and standard deviation of an indicator (see Section 3.4.1 for details).

For our framework, we needed to normalize because of our selected data and methodol-
ogy. We analyzed the development of the circular bioeconomy in the EU and its MSs
independently and compared the development among countries, but targets were not
available for a significant number of indicators, so we used z-scores to normalize the
indicators. Before we could do that, we needed to gather and prepare our dataset, which
the following section describes.

3.3. DATA

We used time-series data from Eurostat’s ‘indicator set to measure the progress towards
the SDGs’ and ‘monitoring framework on the circular economy.” From the 232 SDG indica-
tors, we chose those related to the bioeconomy according to Ronzon and Sanjuan (2020).
To select bioeconomy-related indicators, they identified any meaning-based equivalence
or similarity between SDG targets and the EU Bioeconomy Action Plan that is part of the
Updated Bioeconomy Strategy 2018.

The selected 41 ‘bioeconomy-related’ and circular-economy indicators cover not only a
multitude of aspects of the circular bioeconomy but also different periods. The largest
data gaps occur before 2005 and in the recent years 2017-2019. The former data gaps
likely come from indicators that were introduced later and for which data collection
needed to be implemented in all EU MSs; the latter is likely due to the time it takes to
collect the data. For a consistent data set, we finally considered the period of 2006-2016
and filled in remaining data gaps by predicting missing values using linear regression. The
indicators from the circular economy monitoring framework were either coded as ‘cei’
(competitiveness and innovation) or ‘wm’ (waste management), followed by a classifica-
tion number. In contrast, SDG indicators were coded as ‘sdg’ with a goal number between
1 and 17, followed by a classification number.

In most cases, we avoided the same indicator being represented multiple times with dif-
ferent dimensions or measurement units in the data. For example, the indicator ‘Employ-
ment rates of recent graduates’ from SGD 4 — Quality Education contains disaggregated
data for males and females, but we only kept the aggregated total. However, we kept the
disaggregated data for indicators that can provide additional insights. For instance, we in-
cluded the indicators disaggregated by sectors as well as the total for ‘Share of renewable
energy in gross final energy consumption by sector’ because they likely move in different
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directions. Table 3.2 provides a list of all our indicators and specifies which are aggregated
and which are not.

In the next step, we checked the indicators for consistency in their interpretation. For
some indicators such as agricultural factor income per annual work unit, a higher value
means either the bioeconomy is progressing or has a positive impact on society, while
for others such as ammonia emissions from agriculture, a higher value means the bio-
economy is regressing, has a negative impact on society, or both. To make all indicators
consistent, we had to ensure that a higher indicator value indicates a move in the desired
direction. Therefore, we assigned a negative sign to the indicators whose desired direction
was negative. A similar approach was taken, for example, by the OECD (2019) and Ronzon
and Sanjuan (2020). In the case of indicators whose optimal value is zero, we took their
absolute value and assigned a negative sign to it.

Table 3.2: List of the indicators used in this study

Code Description Desired Direction

cei_cie010 Value added at factor costs (Mio Euro) +
cei_cie010 Value added at factor costs (% of GDP) +
cei_cie010 Gross investment in tangible goods (Mio Euro) +
cei_cie010 Gross investment in tangible goods (% of GDP) +
cei_cie010 Persons employed (umber) +
cei_cie010 Persons employed (% of total employment) +
cei_wmO030 Recycling of biowaste (kg per capita) +
sdg_02_20 Agricultural factor income per annual work unit +
sdg_02_30 Government support to agricultural research and development (Mio Euro) +
sdg_02_30 Government support to agricultural research and development (Euro per inhabitant) +
sdg_02_40 Area under organic farming - % of utilised agricultural area (UAA) +
sdg_02_50 Gross nutrient balance on agricultural land by nutrient (nitrogen) 0
sdg_02_50 Gross nutrient balance on agricultural land by nutrient (phosphorus) 0
sdg_02_60 Ammonia emissions from agriculture (tonne) -
sdg_02_60 Ammonia emissions from agriculture (kg/ha) -
sdg_04_20 Tertiary educational attainment by sex (total) +
sdg_04_50 Employment rates of recent graduates by sex (total) +
sdg_04_60 Adult participation in learning by sex (total) +
sdg_07_10 Primary energy consumption (Mio tonnes of oil equivalent) -
sdg_07_30 Energy productivity (Euro per kg of oil equivalent) +
sdg_07_40 Share of renewable energy in gross final energy consumption by sector (total) +
sdg_07_40 Share of renewable energy in gross final energy consumption by sector (transport) +
sdg_07_40 Share of renewable energy in gross final energy consumption by sector (electricity) +
sdg_07_40 Share of renewable energy in gross final energy consumption by sector (heating and N

cooling)

sdg_08_30 Real GDP per capita — Chain linked volumes (% on previous period, per capita) +
sdg_08_40 Long-term unemployment rate by sex (total) -
sdg_09_10 Gross domestic expenditure on R&D by sector — Higher education sector

sdg_09_20 Employment in knowledge-intensive services +
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Table 3.2: List of the indicators used in this study

Code Description Desired Direction

sdg_09_20 Employment in high- and medium-high technology manufacturing +
sdg_09_30 R&D personnel by sector - Business enterprise sector (% of active population) +
sdg_09_30 R&D personnel by sector - Government sector (% of active population) +
sdg_09_30 R&D personnel by sector - Higher education sector (% of active population) +
sdg_09_40 Patent applications to the European Patent Office (number) +
sdg_09_40 Patent applications to the European Patent Office (per million inhabitants) +
sdg_11_60 Recycling rate of municipal waste (% of total waste generated) +
sdg_12_41 Circular material use rate (% of material input for domestic use) +
sdg_13_10 Greenhouse gas emissions (base year 1990) -
sdg_13_10 Greenhouse gas emissions (tonnes per capita) -
sdg_14_10 Surface of marine sites designated under NATURA 2000 (km?) +

Note: “+” denotes indicators that progress with a higher value; “-“denotes indicators that regress
with a higher value; and “0” denotes indicators whose desired value is zero.

In this way, the positive and negative deviations from the optimum were treated equally.
Table 3.2 shows the desired directions of all the indicators; we adopted the directions of
SDG bioeconomy indicators from Eurostat (2019). The circular economy indicators are
all designed so that an increase means a move in the desired direction. Having prepared
our data, we applied our methodology to the indicator framework, as outlined in the
following section.

3.4. METHODOLOGY

3.4.1. Z-scores

We analyze the evolution of the bioeconomies in Finland, France, Germany, Italy, Latvia,
The Netherlands, Poland, Portugal, Slovakia, and Spain in the period of 2006-2016. We
first examined the movements over time of all circular bioeconomy indicators together
and compared them across countries. We then analyzed the dynamics of circular bio-
economy indicators using Markov transition matrices.

As all indicators have different units and magnitudes, they need to be normalized for
meaningful comparison and aggregation. Although several normalization methods exist,
they suffer from deficiencies, as pointed out in Section 3.2.2. We calculated the z-score
(standard score) for each indicator to put our data onto a standardized scale. The z-score
of a given indicator in a given year measures how many standard deviations the indicator
value is away from the indicator’s mean. A positive z-score denotes a value above the
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mean, and a negative z-score corresponds to a value below the mean over the whole
period. The z-score of indicator i in year t is given by

z, =~ (1)

where x, is the value of an indicator, X, is the temporal mean of indicator i, and s, is the
indicator’s temporal standard deviation. Using equation (1) for normalizing our indica-
tors allowed us to aggregate them, giving equal weight to all indicators, and track their
movement over time. To rank the normalized indicators according to the ‘speed’ of their
development over time, we calculated the slope parameter of a linear regression of a
z-score of indicator j on time as shown in equation (2)

_ Cov[t,zl.] 2)
" Var[t]
We used parameter B, as a measure to rank the indicators and did not examine whether
there was a statistically significant relationship. A larger value of |8 corresponds to a
faster-progressing indicator.

3.4.2. Markov transition matrices

To analyze the dynamics of the circular bioeconomy, we needed to understand the devel-
opment of the intra-distribution of indicators over time. Z-scores allowed us to rank the
indicators according to their change over years and define a distribution of these changes.
We calculated the quartiles of the z-scores across all indicators for each year and used
them as boundaries to divide the indicators into quarters: from Q;, the indicators with
the lowest z-scores, to Q, and Q;, with the medium-low and medium-high z-scores, to Q,,
the indicators with the highest z-scores. We then used the quarters to construct Markov
transitions matrices.

Following Quah (1993; 1996) and Zaghini (Zaghini, 2005), we modeled the development
of the intra-distribution of indicators over time using Markov transition matrices. These
matrices were used in the cross-country growth literature to analyze income convergence
(e.g. Quah, 1993; 1996). To build a Markov chain, we need a transition matrix and an
initial distribution. Assuming a finite set S={l,...,m} of states, a real number p, must be
assigned to each pair (i, ) e S* of states, ensuring that the properties

;20 VG j)eS’ 3)
> p;=1 Vies (4)
Jjes
are satisfied. The transition matrix P can be defined as follows:
Pu P P
p= p'21 p'zz p'lm (5)
Pw Pm2 " Pum
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where the value of each cell is a transition probability, that is, the probability that an
indicator from segment i moves to segment j in the next year. We calculated the transition
probabilities for each period by counting the number of transitions between intervals of
the relative change of indicator levels.

We compared the mobility (i.e., the extent of indicator movement among quarters) be-
tween different periods and countries with two metrics proposed by Shorrocks (1978):

_ n—tr(P) (©)

and
M, =1-|det(P)| (7)

where n is the order of a square transition matrix P, tr(P) is its trace (i.e., the sum of
elements on the main diagonal), and det(P) is its determinant.

For both metrics, a higher value suggests a higher indicator mobility between segments,
while zero indicates no mobility at all. However, both metrics can still lead to different
outcomes, as they measure different types of mobility. M, relates only to the trace of the
transition matrix and therefore measures the ratio between diagonal and off-diagonal
transition probabilities. The metric M, uses the determinant of the transition matrix and
therefore measures all changes in the matrix.

3.5. RESULTS

3.5.1. The external shape of the distribution of circular bioeconomy
indicators

To analyze the movement of all circular bioeconomy indicators, we examined the external
shape of the z-score distribution across all countries over time. The graph in Figure 3.1
shows that the aggregated distribution comes close to a normal distribution, which results
from the calculation of a z-score, and that most indicators have a z-score between -2 and
2. In the graph in Figure 3.2, the distribution for each consecutive year shifts to the right
and therefore peaks at a higher z-score level. Circular bioeconomy indicators, on average,
improve over time for the EU-10 aggregate.

To further describe and analyze the external shape of the distribution of circular bio-
economy indicators, we present brief descriptive statistics for the EU-10 in Table 3.3. It
shows that the EU-10 mean z-score progressed from -0.622 in 2006 to 0.466 in 2016.
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Figure 3.1:Indicator distribution over the whole period for all countries (Kernel density estimates)
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Note: The graph shows the density estimates for the z-scores aggregated across all indicators and
years.

This progression is nearly continuous over the whole period except for an interruption
between 2008 and 2010. The national bioeconomies’ developments confirm this positive
trend to varying extents. Germany progressed from a mean of -1.001 in 2006 to 0.769
in 2016; Slovakia increased its mean by 1.504 from 2006 to 2016 and Portugal by 1.186.
Finland progressed the least, from a mean of -0.35 in 2006 to only 0.045 in 2016.

Latvia, The Netherlands, Poland, Italy, Spain, and France have successively greater prog-
ress but still lag behind Germany and Slovakia. The range of z-scores for the EU-10 is
generally higher in the first four years of the examined period, then relatively low around
2.5 from 2010 to 2013, before increasing again in 2014 and 2016.

Figure 3.3 confirms the generally positive trend as the median (the band inside the box)
increases over time in the EU-10. The interquartile range (the width of the box) is compa-
rable to the range and shows a similar picture. In the middle of the period (2010-2012),

Table 3.3: Descriptive statistics from the standardized indicator distribution

EU-10

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Mean -0.622 -0.430 -0.122 -0.155 -0.122 0.052 0.081 0.138 0.310 0.405 0.466
Median -0.954 -0.758 -0.476 -0.248 -0.164 0.029 0.175 0.286 0.555 0.706 0.733
St. dev. 1.113 0.953 1.005 0.842 0.735 0.716 0.677 0.761 0.858 0.941 1.134
Range 5339 4972 4359 5.044 4.885 4.621 4554 4.800 4.096 4.832 5.747
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Figure 3.2: Indicator distribution by year for all countries (Kernel density estimates)
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Note: The graph shows the temporally disaggregated z-scores for all indicators.

it is generally lower than at the beginning and end. With some small deviations, the same
trend can be seen in the development of circular bioeconomy indicators in each country
(Appendix A).

We ranked all 41 indicators from best to worst according to the development of their
z-scores over time. Table 3.4 presents the five best and worst indicators for all countries,
which shows how their circular bioeconomies are progressing or regressing. The rate of
progress was among the highest for the share of renewable energy in gross final energy
consumption in all countries except Italy. The indicators for the share of renewable energy
do not differentiate between the type of renewable energy and do not allow to assess the
progress with respect to bioenergy only. However, in 2017, the largest part of renewable
energy was still biofuels and renewable waste in all EU-10 countries and therefore, it is
likely that bioenergy played a major role in the progress of the share of renewable energy
(Bdérawski et al., 2019). Also, biowaste recycling, the recycling rate of municipal waste, and
the circular material use rate were among the most-improving indicators in seven of the
ten countries. By contrast, a negative development took place for ammonia emissions and
the nutrient balance on agricultural land in Germany, Latvia, and Slovakia. At least one
economic indicator for private investments, jobs, and gross value added related to circular
economy sectors is regressing in six of the ten countries. Two of these economic indicators
are among the worst in Italy, Latvia, Portugal, and Slovakia.
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Figure 3.3: Developmentof circular bioeconomy indicators in the EU-10 from 2006 to 2016 as box
plots.
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Note: A box plot illustrates the z-scores for each year. The band inside the box corresponds to the
median and the width of the box to the interquartile range. The upper (lower) whisker extends from
the hinge to the largest (lowest) value no further than 1.5 * IQR from the hinge. The points corre-
spond to outliers beyond the range of the whiskers

In contrast, the percentage of total employment for circular economy sectors increased
sharply in Spain, Latvia, and Portugal. This development is ambiguous for indicators
related to R&D. The indicators for patent applications are among the worst in Germany,
Italy, and France, while they are among the best in Poland. On the one hand, indicators
related to public expenditure, agricultural research and development, higher education,
and government are among the worst in Spain, Finland, The Netherlands, and Poland, but
indicators related to R&D personnel or R&D expenditure in the business enterprise sector
are among the best in Germany, France, and Italy.
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3.5.2. Intra-distribution dynamics of the circular bioeconomy

To analyze the dynamics of the selected circular bioeconomies, we model the develop-
ment of the intra-distribution of indicators over time using Markov transition matrices.
The matrices are constructed by tracing how each indicator changes its position relative
to other indicators between two periods. To keep things manageable and to ease the
interpretation of the results, in each year, we assign the indicators to quarters according
to the quartiles for a given year, based on the value of an indicator’s z-score. Indicators in
the first quarter (Q1) have the lowest z-scores and those in the fourth quarter (Q4) have
the highest z-scores. The indicators in Q2 perform better than in Q1 but worse than in Q3,
which in turn performs worse than in Q4.

Now we are in a position to follow each indicator between any two points in time (e.g., t
andt+ 1 ort+ 10) and determine whether the indicator has stayed in the same quarter or
has left it for some other quarter. By calculating the proportions of individual moves from
a given quarter at time t into any quarter at t + 1, we estimate the transition matrices as
presented in Table 3.5.

The left-hand side of Table 3.5 presents averages of one-year transition matrices in the
period 2006-2016, while the right-hand side presents one transition matrix for each
country over the whole period (i.e., ten years). To ease the interpretation of results, let
us have a look at the one-year transition probabilities of Germany. For example, the value
0.50 (Q1, Q1) means that 50 percent of indicators that were in Q1 in one year, stayed in
Q1 also in the next year. Similarly, 11 percent (Q1, Q4) of indicators that started in Q1 in
one year improved their performance by moving to Q4 in the next year. The final example
shows that 14 percent (Q4, Q1) of highly-ranked indicators that started in Q4 in one year
worsened their performance by moving to Q1 in the next year.

The diagonal values of the transition matrices depict how dynamic a circular bioeconomy
isin a country. If the diagonal values are higher than the non-diagonal values, more indica-
tors stay in their quarters from one year to the next. Hence, the indicators grow or decline
in a homogenous manner.

We can illustrate a country that has been less dynamic in the short term by comparing
the one-year transition matrices of Portugal and Germany. For Portugal, the diagonal val-
ues are relatively high; for example, 65% of the indicators stayed in the best-performing
quarter (Q4) from year to year. In contrast, in Germany, the probability for indicators to
stay in their initial quarters was generally lower, with 53% staying in Q4 and approximately
25% staying in Q2 and Q3. This comparison shows that the intra-distribution of circular
bioeconomy indicators fluctuates less in Portugal.
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Table 3.5: Short-term and long-term transition matrices for all countries

Germany

Ql .50 .24 .18 .08 Q .00 .30 .10 .60
Q3 .07 .23 .37 .33 Q3 .10 .30 .40 .20
Ergodic . . .242 .260 Ergodic  .245 .244 .243 .269
Q3 Q, Q, Q, Q3 Q,
Q2 .26 .37 .22 .16 Q, .00 .10 .30 .60

Ql . . . . Q,

Q3 . . . . Q;

Ergodic . . . . Ergodic

Ql . . . . Q;

Q3 . . . . Qs

Ergodic . . . . Ergodic

Q2

Q4

Portugal

Ql
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Table 3.5: Short-term and long-term transition matrices for all countries

One-year transition matrix Ten-year transition matrix
Q3 .09 .19 .48 .25 Qs .30 .10 .20 .40
Q4 .06 .10 .19 .65 Q, .45 A5 .09 .00
Ergodic  .233 234 .246 .288 Ergodic  .244 244 .244 .268
Latvia

Q Q, Qs Q, Q, Q, Qs Q4
Ql .53 .22 .18 .07 Q, .10 .10 .40 .40
Q2 .22 .37 .26 .16 Q, .20 .10 .30 .40
Q3 .16 .26 33 .25 Qs .00 .60 .20 .20
Q4 .08 .14 22 .56 Q, .64 .18 .09 .09
Ergodic  .243 244 .247 .267 Ergodic  .245 .243 .244 .268

Source: own calculations

Comparing short- and long-term matrices, it is evident that over a ten-year period, the
probability of an indicator to shift from one quarter to another is more likely than over a
one-year period.

This disparity is intuitive because one would expect that, over a longer period, indicators
progress or regress at different speeds. However, what stands out in this table is the extent
of the disparity between short- and long-term matrices. Not a single probability exceeds
a 50% likelihood of staying in one quarter; the highest is for Poland to stay in Q2 with a
probability of 45%. The probability of staying in the medium-performing quarters (Q2
and Q3) is also higher than in the least-performing quarter (Q1) and the best-performing
quarter (Q4). In contrast, for the short-term matrices, this tendency is, to a lesser extent,
the opposite.

Table 3.6 provides an overview of short-term mobility for one-year matrices (in M1 and
M2) divided into averages for two periods: 2007-2011 and 2012-2016. This overview
allows us to see whether mobility was higher in the first five or second five years of the
given period. In 2007-2011, the country with the highest mobility (0.832) was Germany,
which decreased to 0.810 in 2012-2016. The table shows a decline in short-term mobility
in seven of the ten countries. The decline was especially substantial in Finland and The
Netherlands, each going down by 0.18. In Italy, however, short-term mobility was stable;
only in Poland and Slovakia did mobility increase by 0.03 and 0.07, respectively. Table 3.6
also shows mobility indices for one-year and ten-year transition matrices, that is, short-
term and long-term dynamics. According to M1, mobility is higher over ten years than
over one year in all countries.
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Table 3.6: Mobility Metrics

Country One-year 2007-2011 One-year 2012-2016 Change in Mobility

Germany 0.83 0.96 0.81 0.98 -0.02 0.02

The Netherlands 0.80 0.95 0.63 0.97 -0.18 0.02

Poland 0.68 0.98 0.75 0.99 0.07 0.01

Italy 0.73 0.98 0.73 0.98 0.00 -0.01
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Portugal 0.72

Short-term and long-term mobility

M,

Finland 0.74 0.98 1.23 0.97 0.49 -0.01

France 0.75 0.98 1.23 0.98 0.49 0.00

Slovakia 0.79 0.99 1.24 0.96 0.44 -0.03

Spain 0.68 0.95 1.20 0.98 0.52 0.03

Latvia 0.74 0.95 1.17 0.99 0.43 0.04

Source: Own calculations

To assess the movement of the whole distribution of z-scores over time, we regressed
z-scores on a time variable. The result was a significant slope coefficient for all countries.
Figure 3.4 depicts the relation between the mobility according to M1, and the z-score
slope. We can observe a general pattern of a higher slope with a higher level of mobil-
ity. This pattern is unexpected because we previously found an increase in indicators’
z-scores and a decrease in mobility over time.

The graph shows that Germany’s and Slovakia’s bioeconomies improved the fastest while
also maintaining the highest short-term mobility. Portugal and Spain experienced rela-
tively slow progress in their bioeconomies while also maintaining low short-term mobility.
In contrast to this trend, Finland’s bioeconomy had average short-term mobility but im-
proved the slowest. The remaining countries can be found in the middle of the spectrum.
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Figure 3.4: Correlation of average one-year mobilities (M1) and time trend of z-scores between
countries.

time trend of z-scores
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3.6. CONCLUSIONS

In this quantitative study, we showed the similarities and differences in the dynamic evolu-
tion of a wide range of indicators for circular bioeconomies in ten EU Member States. We
developed a novel framework in which we normalized indicators with various units and
dimensions and then investigated patterns using Markov transition matrices. Our frame-
work allowed us to understand indicators that cover various economic, environmental,
and social aspects of a circular bioeconomy.

We found that the evolutions of the EU-10 circular bioeconomies were generally progres-
sive considering all indicators; however, this development was not homogeneous. While
most of the EU-10 rapidly progressed in their shares of renewable energy and recycling
and circular material use rates, agro-environmental indicators rapidly regressed in Ger-
many, Latvia, and Slovakia. Economic indicators related to circular-economy sectors were
among the worst indicators in six countries and among the best in only three countries.
The indicators related to R&D generally progressed quickly in the private sector and re-
gressed in the public sector, which suggests that one substituted for the other.

Our results show that the circular bioeconomy is multi-faceted and that, while it gener-
ally progressed during the study period, not all indicators moved in the desired direc-
tion. This pattern is exemplified in Germany’s circular-bioeconomy indicators, which
progressed the most on average in comparison to the rest of the EU-10. At the same
time, intra-distribution dynamics were also high for Germany: indicators sharply differed
in their developments, and their relative rankings strongly varied in consecutive years.
Indicators, such as patent applications and ammonia emissions from agriculture, even
regressed rapidly. We recommend that policymakers consider all indicators and not only
a few because a country with highly dynamic indicators seems to progress differently in
economic, environmental, and social aspects. Therefore, examining only a few indicators
can bias the picture of a country’s circular bioeconomy.

Moreover, our cross-country comparison revealed that circular bioeconomies develop at
different paces. Circular bioeconomies in Slovakia, Poland, and Latvia developed quickly
in comparison to the rest of the EU-10. Their substantial relative progress from 2006 to
2016 was particularly unexpected because their governments have not implemented any
policy actions at national level for the circular bioeconomy during that period. However,
D’Adamo et al. (2020b) found that Slovakia, Poland, and Latvia are still lagging behind the
rest of the EU in terms of socio-economic performance. Therefore, the rapid development
of circular bioeconomies in Slovakia, Poland, and Latvia may be partly explained by a
catch-up effect on highly developed circular bioeconomies such as The Netherlands. This
finding is consistent with Ronzon and M’Barek (2018), who emphasized the potential of
the bioeconomy in Central and Eastern Europe.
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In contrast, the circular bioeconomies in Finland, Spain, The Netherlands, and Portugal
improved the slowest, even though they have dedicated national bioeconomy strategies.
Moreover, Finland and The Netherlands have additional policy and green-growth strate-
gies. Perhaps the impacts of these policy strategies are limited and more concrete policy
actions are needed, such as an economy-wide carbon tax or targeted investments in bio-
industrial initiatives (Philippidis et al., 2018). It is also possible that more time is needed
for these strategies to take effect.

We faced significant challenges in compiling the data needed for our framework. After we
had selected our indicators according to their relevance to the circular bioeconomy and
data availability, only 41 indicators remained. This number of items is feasible but possibly
affects the robustness of the results using Markov transition matrices. As soon as addi-
tional indicators become available, this issue could be easily addressed by future studies.
Moreover, we analyzed the directions, speeds, and dynamics of circular bioeconomies, but
we could not assess their initial states with our framework. In an unlikely but theoretically
possible case, a circular bioeconomy could already be at its steady state at the beginning
of the study period, so zero progress in its indicators’ z-scores would not be problematic.
This problem could be solved if quantitative targets for all indicators were determined,
which would allow us to assess the distance from realizing those targets.

Another limitation of our study is that we mostly use ‘bioeconomy-related’ indicators from
the SDGs because an established comprehensive indicator framework is absent for the
bioeconomy. However, contributing to the SDGs is a major objective of policy strategies
targeting the circular bioeconomy, such as the 2018 EU Bioeconomy Strategy (European
Commission, 2018). A downside of our results is that not all of these indicators are
intended to measure the progress or impact of the circular bioeconomy but more general
aspects of sustainable development. For instance, the indicators on the share of renewable
energy include types other than bioenergy. Therefore, including more indicators specific
to the circular bioeconomy would yield more precise results. As comprehensive indicator
frameworks for the circular bioeconomy have already been proposed, we expect more
indicators to become available in the future.

With more indicators available in the future, creating, for example, economic, environ-
mental, or social indicator groups to compare their developments and dynamics might
produce interesting results. We expect the intra-distribution dynamics to be lower for
indicators within groups than for ungrouped indicators. More countries should also be
added to the analysis, especially countries with large circular bioeconomies outside the
EU, such as the United States and China. We anticipate that more circular bioeconomy
indicators for current and additional countries will be collected, the evolution of which
our framework can help to analyse.
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3.A APPENDIX. DEVELOPMENT OF CIRCULAR BIOECONOMY
INDICATORS IN TEN SELECTED EUROPEAN UNION MEMBER
STATES FROM 2006 TO 2016 AS BOX PLOTS

Figure 3.A.1: Germany
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Figure 3.A.3: The Netherlands
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Figure 3.A.6: Slovakia
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Figure 3.A.8: Spain
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Figure 3.A.9: Portugal
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Figure 3.A.10: Latvia
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Note: A box plot illustrates the z-scores for each year. The band inside the box corresponds to the me-
dian and the width of the box to the interquartile range. The upper (lower) whisker extends from the
hinge to the largest (lowest) value no further than 1.5 * IQR from the hinge. The points correspond to
outliers beyond the range of the whiskers.

DYNAMICS OF SELECTED CIRCULAR BIOECONOMIES IN EUROPE 81






CHAPTER 4

Bioeconomy Real Opftions and
Sustainability — Measuring the
Contribution of EU Bioeconomies 1o
Sustainable Development”

- }

giz, K & Wesseler, J. H. H. (2022). Bioeconomy Real Options
on of EU Bioeconomies to Sustainable D pment. To be submit-

4



ABSTRACT.

Measuring the sustainability of the bioeconomy is crucial to evaluating its continuous
contribution to wellbeing. Previous studies that have addressed sustainability measure-
ment vary in their emphasis on sustainability dimensions and countries’ scores. Studies
that have addressed the sustainability of the bioeconomy have focused on indicators
that measure specific contributions to sustainability. We devise a framework directly
linked to the 1987 Brundtland Report’s definition of sustainable development. Our
framework uses the concepts of intergenerational wellbeing and genuine investment,
whereby sustainability is defined as non-declining intergenerational wellbeing over time.
Sustainability-related investment projects include uncertainty and irreversibility, which
we model explicitly in contrast to previous works. We calculate two related indicators—
hurdle rate and maximum incremental social tolerable irreversible costs (MISTICs)—which
have a forward-looking approach, investigating whether future investment projects in the
bioeconomy are sustainable. We use these two indicators to empirically analyze the sus-
tainability of European Union (EU) Member States’ (MSs) bioeconomies and sectors. We
found that the hurdle rate in the bioeconomy is lower for the bio-based part than for the
non-bio-based part for most countries, indicating a high potential for further sustainable
investments in the transition toward an EU bioeconomy. The majority of countries have
overall negative MISTICs for their bioeconomy, implying that bioeconomy projects need
to provide irreversible benefits. However, all the countries have bioeconomy sectors with
positive MISTICs. Our findings are consistent with Ecological Footprint’s report indicating
ecological deficits for most EU MSs, as they have a greater footprint than biocapacity.




4.1. INTRODUCTION

Assessing a country’s societal wellbeing goes beyond standard economic indicators,
such as gross domestic product (Stiglitz et al., 2010). The bioeconomy, which entails all
economic sectors and systems linked to biological resources and their functions and prin-
ciples, can contribute meaningfully to societal wellbeing (European Commission, 2018b).
Measuring the sustainability of the bioeconomy is crucial to evaluating its continuous
contribution to wellbeing.

The updated European Union (EU) Bioeconomy Strategy stresses that “[...] the need to
achieve sustainability constitutes a strong incentive to modernize our industries and to
reinforce Europe’s position in a highly competitive global economy, thus ensuring the
prosperity of its citizens” (European Commission, 2018b, p. 4). The overall objective is
to ensure the “prosperity” of EU citizens, and measuring this objective is directly linked
with sustainable development (European Commission, 2018b; OECD, 2009; von Braun,
2018). Sustainable development was defined in the 1987 Brundtland Report as “meeting
the needs and aspirations of the present generation without compromising the ability of
future generations to meet their need” (Brundtland, 1987, p. 292). A good understanding
of measuring sustainable development is vital for deriving indicators for monitoring the
bioeconomy to ensure that such indicators can be directly linked to sustainable develop-
ment.

Many researchers have addressed sustainability measurement, which is a controversial
topic because the ambiguity of the sustainability concept makes it difficult to have agreed-
upon measures (Parris & Kates, 2003; Salas-Zapata & Ortiz-Mufioz, 2019). The literature
includes several suggestions for measuring sustainability, such as the Ecological Footprint
(EF) (Wackernagel & Rees, 1996), the United Nation’s (UN) Human Development Index
(HDI) (Sagar & Najam, 1998), Bhutan’s Gross National Happiness Index (GNH) (Mukheriji
& Sengupta, 2004). These sustainability indices emphasize different sustainability dimen-
sions: the EF focuses on the environmental dimension, the HDI focuses on the economic
and social dimension, and the GNH focuses on the environmental and social dimension
(Strezov et al., 2017). The Organization for Economic Co-operation and Development
(OECD) has a wide range of work on measuring wellbeing with indicators beyond the
gross domestic product (GDP). They assess progress toward the Sustainable Development
Goals’ targets (OECD, 2019) and measure inclusive growth using a set of economic indica-
tors (OECD, 2018). Lastly, the OECD estimates wellbeing for 362 regions using indicators
for nine dimensions, such as income, health status, and environmental quality (OECD,
2014).
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Previous sustainability measurement studies vary in their emphasis on sustainability
dimensions and in the countries’ scores. One striking aspect is that Western countries
with high GDPs, which are conventionally considered model countries, do not always rank
high. For example, regarding the Happy Planet Index, founded by the New Economics
Foundation (2006), countries in Latin America and the Asia Pacific region lead the way
with their high life expectancy, wellbeing, and ecological footprints. Another major study
is the OECD’s Measuring Wellbeing and Progress: Well-being Research, which also sup-
ports the idea that macro-statistical indices such as GDP fall short of measuring diverse
experiences and living conditions. The study, measuring material conditions, quality of
life, sustainability, and their relevant dimensions, and resources for future wellbeing, also
aims to bridge the gap between existing metrics and policy interventions”.

Much discussed is the World Bank’s measure of genuine savings and Arrow et al.s (2003)
approach to genuine wealth and investment. Both concepts serve as measures of sustain-
able economic development over time. The genuine savings rate is computed by sub-
tracting resource depletion and environmental degradation from traditional net savings
while adding investment in human capital (Hamilton & Clemens, 1999; Hamilton & Naikal,
2014). The concepts of inclusive wealth and genuine investment are similar: a society’s
inclusive wealth is determined by measuring the shadow value of the economy’s stock
of capital assets (including manufactured capital assets, natural capital assets, human
capital, etc.). The object of interest is intergenerational wellbeing, the discounted flow of
current and future generations’ utilities. The main point is that wellbeing is not only the
wellbeing of the current generation but also the potential welfare of the generations to
follow. Genuine investment is then defined as a measure of changes in the economy’s set
of capital assets weighted at shadow prices. Accordingly, positive genuine investment is
used as an indicator of sustainable development.

Arrow et al. (2012) presented a theoretical framework for analyzing the sustainability of
economic development over time using the concepts of intergenerational wellbeing and
genuine investment, among others. They define intergenerational wellbeing as the dis-
counted flow of current and future generations’ utilities, where utility is derived through
consumption of the economy’s stock of capital assets, including manufactured goods,
services provided by nature, health services, and many more. Barbier (2013) extended
Arrow et al’s (2012) approach with ecosystem services as a special type of natural capital.
The author regarded this extension as possible but challenging because many ecosystem
goods and services are not traded on the market and have no or only unreliable valu-
ation estimates. Furthermore, the depreciation of natural capital is frequently irrevers-
ible (Barbier, 2013), which stresses the need to consider irreversibility in sustainability
measurement.

4 https://www.oecd.org/statistics/better-life-initiative.htm
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Previous studies on the sustainability of the bioeconomy have focused on indicators that
measure its contributions to sustainability. These indicators usually measure a specific as-
pect of sustainability and do not constitute a comprehensive measure. The EU Bioeconomy
Monitoring System has several indicators mapped to the Sustainable Development Goals,
but the level at which they are sustainable is unclear®. D’Adamo et al. (2020b) presented a
framework based on multi-criteria decision analysis that could provide a country’s overall
sustainability score for the bioeconomy once sufficient data were gathered. A great deal
of previous research into sustainability has focused on the land dimension, especially
land use change, and its impact on biodiversity greenhouse gas (Bringezu et al., 2021;
Liobikiene et al., 2020; O’Brien et al., 2017). The existing literature quantitatively assesses
the sustainability of the bioeconomy in the past or develops a framework for its future
assessment (Egenolf & Bringezu, 2019; Jander et al., 2020).

Contrary to other studies measuring the bioeconomy’s sustainability, we devise a frame-
work that is directly linked to the 1987 Brundtland Report’s definition of sustainable
development. Our framework is based on Arrow et al. (2012)‘s framework, which uses
the concepts of intergenerational wellbeing and genuine investment. By including future
generations’ wellbeing, we directly assess the ability of future generations to meet their
own needs. We advance their framework by explicitly including uncertainty and irrevers-
ibility. Irreversible is relevant because if we could reverse a decision at zero cost, and
the changes implemented today do not turn out to be as desired in the future, we could
reverse back, and no harm would have been done. However, this is rarely the case, and the
costs of reversing an investment decision are often substantial. Additionally, uncertainty
is even more critical if decisions include irreversible costs. We can calculate whether the
benefits are larger than the costs if we know exactly what would happen. Uncertainty
can be understood as a decision with more than one possible outcome, where no prob-
abilities can be assigned to each outcome. The implications of the future growth of the
bioeconomy for sustainability largely depend on irreversibility effects, which are driven by
uncertainty about future benefits and costs, including technical change and their degree
of irreversibility (Arrow et al., 2012; Dasgupta, 2008; Wesseler, 2009). Irreversibility is im-
portant for sustainable development because it ensures that the resources we use today
will be available for future generations. When we make decisions that have irreversible
consequences, we are essentially depleting resources that cannot be replenished.

This principle, including uncertainty and irreversibility, can be measured with an indicator
called the maximum incremental social tolerable irreversible costs (MISTICs) (Wesseler et
al., 2007; Wree et al., 2016). These irreversible costs can be tolerated by introducing new
technology or other changes to the bioeconomy. The larger the value, the more sustain-
able an economy will be. We derive the indicator for several sectors and subsectors of the

5 https://knowledge4policy.ec.europa.eu/bioeconomy/monitoring_en
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EU bioeconomy. Our indicators have a forward-looking approach, investigating whether
future investment projects are sustainable. We not only assess past development and
current state, but we also directly investigate where bioeconomy investment should
take place. We apply our framework empirically to the bioeconomy sectors of the EU-28
countries, measuring the sustainability of the transition to a bioeconomy. We estimate
reversible and irreversible costs and benefits using bioeconomy value added and green-
house gas emissions. This estimation allows us to calculate the MISTICs that a sustainable
transition to a bioeconomy would entail.

The paper is structured as follows: Section 4.2 provides a detailed description of our con-
ceptual framework, and Section 4.3 outlines the computation of the discount rate. Section
4.4 presents the empirical application of the EU bioeconomy. Section 4.5 discusses the
implications of our results and concludes the paper.

4.2. CONCEPTUAL FRAMEWORK

Arrow et al. (2012) presented a theoretical framework for analyzing the sustainability
of economic development over time, using the concepts of intergenerational wellbeing
V(t) and genuine investment AV, = dV/dt — among others. The authors defined intergen-
erational wellbeing as the discounted flow of current and future generations’ utilities,
where utility is derived through consumption of the economy’s stock of capital assets,
including manufactured goods, services provided by nature, health services, and many
more. Arrow et al. (2012) then defined sustainability as non-declining intergenerational
wellbeing over time AV, > 0, and genuine investment is defined as a measure of changes
in wellbeing AVt, that is, as a measure of changes in the economy’s set of capital assets
weighted at shadow prices. The authors’ definition of genuine investment implies that
intergenerational wellbeing V(t) is augmented (or deteriorated) via investments solely if
the genuine investment’s shadow value is positive (or negative). Thus, positive genuine
investment is an indicator of sustainable economic development.

Nonetheless, it is important to acknowledge that sustainability-related investment
projects (as well as investment projects in general) are additionally, but not to the same
degree, characterized by the following features: (1) the investment’s expected future
rewards are uncertain, as are its expected future losses; (2) the investment’s immedi-
ate costs are partially or completely irreversible (i.e. sunk costs), as is the investment
itself; and (3) the investment’s timing is flexible, in that waiting for better future insight
is generally possible (e.g. Arrow & Fisher, 2013; Dixit & Pindyck, 1994). As an illustration
of uncertainty, sustainability-related investment projects mostly aim at long-term goals,
such as the reduction of greenhouse gas emissions, enhanced production and resource
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use efficiency, and preservation of non-renewable capital assets. These types of projects
are inherently uncertain. As an illustration of the irreversibility, the conversion of virgin
forests for other uses inevitably entails the loss of biological diversity. Further, the expan-
sion into arable land areas or coastal areas protecting mangrove forests to provide for a
growing population causes irreversible and uncertain changes. Lastly, as an illustration
of flexibility, the flexible timing of investment projects is generally possible, but a delay
entails a cost of foregone benefits. For example, the introduction of a new biorefinery
may be postponed due to low current production efficiency and uncertainty about future
markets for bio-based products. Technical changes may increase production efficiency,
and the markets for bio-based products may develop over time. All three features of
investments—uncertainty, irreversibility, and flexibility—need to be considered for the
assessment of genuine investment.

Investment might generally be defined as “[...] the act of incurring an immediate cost in
the expectation of future rewards” (Dixit & Pindyck, 1994, p. 3). The notion of genuine
investment is based on Arrows et al.’s (2012) contribution to sustainability and the mea-
surement of wealth. For explanatory purposes, the author’s formal concepts of wellbeing
and genuine investment are illustrated in Appendix A.

Arrow et al’s (2012) model requires a forecast of the economy’s future after time ¢ to
well-define the intergenerational wellbeing. The forecast depends on the stock of assets
at time ¢, advancements in technology, consumer preferences, and institutions beyond
t. Given that Arrow et al. (2012) captured these time-varying factors as exogenous, we
suppose ¥ (1) following a geometric Brownian motion (GBM), which enables us to endog-
enous future prices and costs without explicitly modeling them.

Moreover, we also analyze the flexibility of investment McDonald and Siegel (1986) and
compare the value of an immediate genuine investment decision to the option value of
a postponed genuine investment decision. Hence, we implement the real options meth-
odology (Scatasta et al., 2006). For the option value to invest calculations, we follow Dixit
and Pindyck (1994). The model is illustrated in Appendix A.

From the methodologies illustrated in Appendix A, we calculate the coefficient:

A

p-1 (1)
which is called the hurdle rate (Demontﬂ]et al., 2004). The incremental benefit of the new
investment costs needs to be at least -1 times the net irreversible costs of the genuine
investment project to be considered more beneficial than the best alternative investment

5
available. As the hurdle rate 3-17", this result has important implications for the measure-
ment of sustainable investments. First, private sector companies taking the irreversibility
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effects of the investments into account will invest only if the value is larger than V.
The values of these investments will be observable, and the related value added will be
captured by national accounting statistics. Second, investments with a value below V" will
not be observable, but their value is greater than or equal to zero (see equation 14). Not
considering these values underestimates the economic value of the bioeconomy. Third,
the size of the threshold value V" is larger than one. A lower threshold level, ceteris
paribus, increases the incentives for immediate investment, while a higher threshold level
decreases them. The size of the threshold level depends not only on market data, such
as prices and investment costs but also on policies. Costs for research and development
and market approval are outcomes of regulatory policies, and many of these can be
considered fixed costs. Policies that reduce these fixed costs can have a positive effect
on private sector incentives to invest in and develop the market for bio-based products.
Hence, monitoring the regulatory policy environment becomes even more important.

Equation 2 can be rearranged by providing:

1<r=pB7L (2)
1

Equation (2) is a formula for the threshold level of irreversible costs I to be ac-
cepted while staying on a sustainable development path defined as previously defined,
dY /dt>0. Wesseler (2003), Scatasta et al. (2006), and Wesseler et al. (2007) called this
threshold value the MISTICS, that is, the maximum amount of irreversible costs society
should be willing to tolerate as compensation for an investment’s benefits. Since g >1,
the MISTICs or I have to be lower than V, by the factor (B,-1)/ B, (the reverse hurdle
rate). The hurdle rate 8/(8-1) reflects the degree of uncertainty and flexibility associated
with investment projects. A hurdle rate of 1.5, for example, indicates that the benefits of
a genuine investment project have to be at least 1.5 times greater than its irreversible
costs to be considered sustainable (Wesseler et al., 2007). Further, since 7, is expected to
increase over time, the MISTICs will increase as well.

MISTICs can be used as an indicator of the sustainability of a specific investment against
irreversible environmental impacts. Possible uncertainties are explicitly considered, and
the threshold value is reduced by the size of the hurdle rate, as the benefits 7, are divided
by the hurdle rate. This adds an additional level of precaution to the assessment. The
larger the threshold value, the larger the potential negative irreversible environmental
impacts can be, and the more sustainable the specific investment will be, while a lower
value indicates the opposite. The MISTICs for investments in the bioeconomy can be esti-
mated for different investments, and changes over time provide an indication of improved
or decreased sustainability.
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4.3. EMPIRICAL APPLICATION

4.3.1. Sustainable development of the bioeconomy

We used the framework presented in Section 4.2 to empirically analyze the sustainability
of EU Member States’ (MSs) bioeconomies and sectors. We followed the delimitation
of the bioeconomy in terms of bioeconomy sectors from Kardung et al. (2021), which is
based on the NACE. Table 4.1 shows the sectors according to the International Standard
Industrial Classification of All Economic Activities (ISIC) Rev. 4 codes, as used by the OECD,
as well as the corresponding NACE codes.

Table 4.1: Comparison of the BioMonitor bioeconomy sectors according to the NACE codes with
the equivalent ISIC sectors used in the analysis.

AO01: Crop and animal production, hunting and related
service activities

Ao2rorestyandlogging 0 e e oresmandnne

AO03: Fishing and aquaculture

C11: Manufacture of beverages

C13: Manufacture of textiles

_ 13T15: Textiles, wearing apparel, leather, and related

products
C15: Manufacture of leather and related products

C17: Manufacture of articles of straw and plaiting
materials 17T18: Paper products and printing
C19: Manufacture of coke and refined petroleum
products

19: Coke and refined petroleum products

C21: Manufacture of basic pharmaceutical products

and pharmaceutical preparations

31T33: Other manufacturing; repair and installation of
machinery and equipment

C31: Manufacture of furniture

D3511: Production of electricity

E37: Sewerage

E39: Remediation activities and other waste

management services
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Table 4.1: Comparison of the BioMonitor bioeconomy sectors according to the NACE codes with
the equivalent ISIC sectors used in the analysis.

BioMonitor sectors (NACE codes) ISIC sectors
FA1: Construction of buildings
F42: Civil engineering

41T43: Construction

G46: Wholesale trade, except for motor vehicles and

motorcycles 45T47: Wholesale and retail trade: repair of motor
G47: Retail trade, except for motor vehicles and vehicles

motorcycles

H: Transportation and storage 49T53: Transportation and storage

155: Accommodation

- — 55T56: Accommodation and food services
156: Food and beverage service activities

M7211: Research and experimental development on

. TTL_69T82: Other business sector services
biotechnology

R9104: Botanical and zoological gardens and nature 90T96: Arts, entertainment, recreation, and other
reserves activities service activities

The value of investments in bioeconomy projects is taken from Cingiz et al. (2021), who
calculated the bioeconomy share of value added for 28 EU MS and 36 sectors from 2005
to 2015 using input—output tables. We used a risk-adjusted discount rate of 10.5 percent,
as is common in this type of analysis (Demont et al., 2004; Wesseler et al., 2007). Table
4.2 presents the riskless rate of return for the EU-28, calculated by the 10-year average
long-term interest rate from the OECD (2021). Following McDonald and Siegel’s (1986)
approach, we calculated the g, coefficient, see Appendix B:

1 r-y, -y, 17T 2r
p-y-he | Rl 2, @)

where 7 is the riskless rate of return, 7, is the difference between the discount rate and
the temporal trend of value added, o is the temporal variance of value added.

The hurdle rate (4) is then calculated for each country and sector:

A ()

1

hurdlerate =

We can now calculate the MISTICs, which indicate how much a society should be willing
to tolerate to stay on a sustainable path. MISTICs can also have a negative value, implying
that the investment would need irreversible benefits to be sustainable.
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Table 4.2: Riskless rate of return for EU Member States

Country Riskless rate Country Riskless rate
AUT 0.030 ITA 0.041
BEL 0.032 LTU 0.050
DEU 0.026 LVA 0.054
DNK 0.027 NLD 0.029
ESP 0.040 POL 0.050
FIN 0.029 PRT 0.054
FRA 0.030 SVK 0.037
GBR 0.034 SVN 0.042
GRC 0.087 SWE 0.027
HUN 0.068

IRL 0.045 Average 0.041

Source: Adapted from OECD (2021)

For example, the impact of the investment could be an increase in biodiversity. MISTICs
are calculated as follows:

MISTIC = +R

w
b (5)
51

where W is social incremental reversible benefits, which are weighted by the hurdle rate,
and R is social incremental irreversible benefits.

4.3.2. Estimating the social incremental reversible benefits

The social incremental reversible and irreversible benefits of investing in the bioeconomy
are challenging to quantify because they are manifold and partly intangible. Social ben-
efits are hard to estimate because they cover the full spectrum of costs and benefits,
including social and environmental effects. This concept, combined with the bioeconomy,
which contributes to sustainable development in multiple ways, makes it challenging to
estimate holistic social benefits. First, we must define the social incremental reversible
benefits (SIRBs) of investing in the bioeconomy. We calculated the average yearly change
in bioeconomy value added over the 2006—2015 period. This average indicates the eco-
nomic benefit that the bioeconomy provided for a sector over this period.

4.3.3. Estimating the social incremental irreversible benefits

Moving on to the social incremental irreversible benefits (SIIBs), we follow a straightfor-
ward and consistent approach to investigating how investing in the bioeconomy affects
climate change mitigation, a major policy objective of transitioning to a bioeconomy.
We estimated the SlIBs based on greenhouse gases emitted in a sector in relation to the
change in bioeconomy value added. The greenhouse gas emissions data are from OECD’s
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Air Emission Accounts and are provided by ISIC Rev. 4 activities®. The greenhouse gas emis-
sions given in tons of CO, (carbon dioxide) equivalent include carbon dioxide, methane,
nitrous oxide, hydrofluorocarbons, perfluorocarbons, sulfur hexafluoride, and nitrogen
trifluoride. We assumed that the level of greenhouse gas emissions (GHGe;,) in year i and
sector j is a linear function of the bioeconomy value added (BBV4,), non-bioeconomy
value added (NBV4;), and other factors. We estimated the effect of bioeconomy value
added, non-bioeconomy value added if present, and several control variables on green-
house gas emissions using multiple linear regression, as follows:

GHGe, = f3, + j3, * Year, + 3, * Country + 3, * BBVA, + 3, * NBVA, + B, * BBVA, * NBVA, + ¢, (6)

where GHGe,is the level of total greenhouse gases in year i and sector j, Year; is the number
of years from 2004, Country is the country of origin, BBV4,is the bioeconomy value added,
NBVA; is the

non-bioeconomy value added, BBVA,* NBV4,is the interaction between the two types of
value added components, and ¢ is the error term.

The regression coefficients £, and f, represent the marginal effect of an additional unit
of bioeconomy value added on greenhouse gas emissions. For fully bio-based sectors,
we did not have S, and thus treated as zero. Then, the difference between g, and g,
provides the complete marginal effect of an additional unit of bioeconomy value added,
as we assumed a substitution between bioeconomy and non-bioeconomy. Tables 4.3a and
4.3b present the multiple linear regression results for each sector within the bioeconomy
scope. The first model for agriculture, forestry and fishing (01T03) shows a positive coef-
ficient, significant at 0.01 percent, suggesting that an increase in bioeconomy value added
correlates with an increase in greenhouse gas emissions.

We canillustrate how we calculate the SIIBs for bioeconomy sectors using textiles, wearing
apparel, leather, and related products (13T15) as an example. This partly bio-based sector
has statistically significant coefficients for BE_VA (-1,814.9) and non_BE_VA (352.0). Thus,
we calculate -1,814.9 minus 352.0, which equals 2,166.9. Then, we multiply this value
by the carbon price and the average change in the bioeconomy value added in a sector,
resulting in the SIIB for a sector for a country. We use Rennert et als (2022) preferred
mean social cost of carbon dioxide estimate of €191’ per ton of CO,.

6 We downloaded the data from the official website of the OECD, which is freely available at https://stats.oecd.org/
Index.aspx?DataSetCode=AEA.
7 Converted from $185, 2020 US dollars via https://www.oanda.com/.
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Table 4.3a: Regression results of bioeconomy value added on greenhouse gas emissions per sector.

GHGe
© oo w2 wmms 16 ims 19
Year -569,453.5"  -97,642.07" -34,395.4"" -21,533.6"7 45,7495 45,993.5
Country  -127,9866 113371 800 4733 -117948 70135
BE_VA 2,321.0" 279.3™ -1,814.9" 197.1" 498.3™" -24,403.0”
NonBEVA 30T gsuasT
BE_Non_ 01" -17.47
BE_VA

R 0.74 0.91 0.85 0.42 0.79 0.74

Residual Std. 11,403,827.0 967,372.9 (df 255,610.1 (df 341,896.9 (df  1,069,230.0 (df 3,625,068.0
Error (df = 241) =241) =239) =241) =241) (df = 239)

GHGe

Year -384,471.6""  -43,857.3"7"  -3,094,534.0"" -122,313.17" -1,046,048.0"" -22,059.9”

BE_VA 9,347.1"" 2,919.9" -13,678.2" 294,57 -5,208.1"" 182,57

ok *x wxk

0.04 0.5 -0.001""

*xk

BE_Non_ -0.01""

BE_VA

-0.1 -0.1

R’ 0.71 0.72 0.78 0.91 0.88 0.87

Residual Std.  4,845,240.0 493,903.9 37,675,915.0 1,726,956.0 8,773,358.0 418,105.9
Error

Note: *p <0.1; **p <0.05; ***p <0.01

wv
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Table 4.3b: Regression results of bioeconomy value added on greenhouse gas emissions per sector.

Dependent variable:

GHGe
69782 90T96
Year -83,257.8"" -30,604.8""
Country 27,719.8"" 9,074.8"
BE_VA 19.6 871.1""
Non_BE_VA 35.77 9.8
BE_Non_BE_VA -0.000 0.001"
Constant 461,120.7 136,663.5
Observations 245 245
R’ 0.75 0.87
Adjusted R 0.74 0.87
Residual Std. Error (df = 239) 1,252,136.0 488,280.0
F Statistic (df = 5; 239) 140.7"" 332.9™

Note: *p <0.1; **p <0.05; ***p <0.01

Having estimated the social incremental reversible benefits and reversible benefits, we
have all the elements for calculating the MISTICs, for sector j and country k as follows:

-1
MISTICs , _AL *AVA, —AVA, *(Bs; — B,;) * CO, price, (7)

1 jk

ﬂ\fl
where 5 is the reverse hurdle rate for sector j and country k, AVAis the average yearly
change in added bioeconomy value added, £, (5,,) is the marginal effect of an additional
unit of (non-) bioeconomy value added on greenhouse gas emissions, and CO,priceis the

social cost of carbon dioxide.

4.3.4. Hurdle rates for bioeconomy sectors

To analyze the potential for sustainable investment in the EU bioeconomy, we examined
the hurdle rates for all bioeconomy sectors across all countries. Table 4.4 presents the
hurdle rates for all bioeconomies in the EU-28, differentiating between the bio-based
and non-bio-based parts of these sectors. The countries with the lowest hurdle rate for
their bioeconomy are lItaly, the Netherlands, and Portugal, with 1.01, followed closely by
Austria, Belgium, Cyprus, Germany, and France, with 1.02. The hurdle rate is lower for
the bio-based part for 23 out of 28 countries, with Germany, Finland, France, Ireland, and
Romania as exceptions. However, the hurdle rate for the bio and non-bio parts is relatively
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low for Germany, Finland, and France. Lithuania has the highest hurdle rate (3.91), fol-
lowed by Latvia (3.16), Ireland (2.95), and Estonia (2.79).

The graphs in Figures 4.1a and 4.1b show high variability in the sectorial hurdle rates
within and between the countries®. The whiskers of the boxplots in Figure 4.1b extend
further than in Figure 4.1a, with Slovakia, Lithuania, Estonia, Bulgaria, Latvia, and Ro-
mania as extreme cases, with hurdle rates ranging from -6 to 20. It may be that these
extreme values stem from volatile bioeconomy value-added values; these countries are
all relatively small, with lower levels of value added, where smaller absolute changes lead
to greater relative changes. Figures 4.1a and 4.1b confirm Italy, the Netherlands, Portugal,
and France as the countries with the lowest hurdle rates, as their medians (the band
inside the box) are the lowest. The highest hurdle rate medians are exhibited by Romania,
Latvia, and Bulgaria. These countries also have a high interquartile range (the width of the
box), which is generally higher for countries with higher hurdle rate medians.

We ranked all bioeconomy sectors from highest to lowest according to their hurdle rates.
Table 4.4 presents the five highest sectors for all countries, which shows where sustainable
investment is the most difficult. By contrast, Table 4.5 presents the five sectors with the
lowest hurdle rates. Considering all countries, coke and refined petroleum products (19)
is the sector that occurs most often among the five highest sectors (16 occurrences) and
the sector with the highest hurdle rate (12 occurrences). Other sectors with a frequently
high hurdle rate, twelve times, are agriculture, forestry, and fishing (01T03), other manu-
facturing; repair and installation of machinery and equipment (31T33), and electricity,
gas, water supply, sewerage, waste, and remediation services (35T39). Rubber and plastic
products (22) stand out as having the highest hurdle rate in the Czech Republic, Greece,
Croatia, Hungary, and Romania.

Turning now to the sectors with the lowest hurdle rate, food products, beverages, and
tobacco (10T12) lead other sectors, with 21 occurrences. This sector is followed by pa-
per products and printing (17T18), with 17 occurrences. Therefore, these conventional
bioeconomy sectors frequently provide the least obstacles to bioeconomy investment. In
particular, food products, beverages, and tobacco stand out as the sector with the lowest
hurdle rate in eight countries. The third most frequent sector is wholesale and retail trade;
repair of motor vehicles (45T47) with 14 occurrences. Transportation and storage (49T53),
accommodation, and food services (55T56), other business sector services (69T82), and
arts, entertainment, recreation, and other service activities (90T96) also have a frequently
low hurdle rate, with nine occurrences among the five lowest sectors each.

8 The outliers, values greater (less) than the third (first) quartile plus (minus) 1.5 * the IQR, have been removed for
these graphs.
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Table 4.4: Hurdle rates for bioeconomies and the highest bioeconomy sectors for each EU Member
State

AUT 1.02 1.02 19 9.42 31T33 1.44 20721 1.31 22 1.22 35T39 1.18

BGR 1.68 12.81 55T56 136.18 10T12 6.73 20721 5.18 13T15 4.2 49753 3.64

CZE 1.14 1.27 22 5.68 19 5.53 69782 3.12 35T39 2.48 01T03 1.78

DNK 1.03 1.03 31133 2.15 20T21 1.88 01T03 1.49 55T56 1.4 35T39 1.15

EST 2.79 2.89 16 48.35 90796 34.82 22 6.77 69T82 6.71 01T03 4.73

FRA 1.02 1.01 19 1.29 31733 1.19 01703 1.14 90796 1.14 13715 1.11

GRC 1.04 1.09 22 2.27 19 2.07 41743 2.01 16 2.01 35T39 1.72

HUN 1.33 1.56 22 3.04 20721 2.89 31733 2.87 01703 1.89 45T47 1.6

ITA 1.01 1.01 19 1.48 41743 1.45 69782 1.17 13T15 1.14 20721 1.12

LUX 1.04 2.12 90T96 6.34 13T15 1.85 01T03 1.42 35T39 1.37 45747 1.34

MLT 1.07 3.37 49T53 5.99 55T56 3.12 16 1.86  45T47 1.79 22 1.53

POL 1.76 2.52 69782 3.91 31733 3.79 17718 3.09 20721 3.01 49753 2.79

ROU 1.68 -3.20 22 14.72 55T56 6.46 31T33 5.68  41T43 5.33 90796 5.16

SVN 1.05 1.13 41743 2.78 19 2.25 22 1.5 49753 1.33 20721 1.31

=
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Table 4.5: Hurdle rates for lowest bioeconomy sectors for each EU Member State

AUT 17718 1.01 45747 1.03 55T56 1.04 49753 1.04 10T12 1.04

BGR 90796 -254.3 69T82 -5.9 35T39  -3.55 17718 -3.41 22 -1.63

CZE 10T12 1.06 49753 1.09 45747 1.1 55T56 1.15 16 1.16

DNK 19 -2.36 90796 1.01 10T12 1.03 17718 1.03 69782 1.04

EST 55T56 -11.47 19 -4.26 13T15 1.2 31733 1.5 49753 1.85

FRA 17718 1.01 10T12 1.01 20721 1.02 45747 1.02 49753 1.03

GRC 01703 1.08 13T15 1.08 17718  1.09 45747 1.17 90796 1.19

HUN 10T12 1.12 41743 1.16 19 1.17 55T56 1.19 13T15 1.25

ITA 10T12 1.01 45747 1.01 177118 1.01 16 1.02 55T56 1.02

LUX 31733 -2.95 17718 1.02 69782  1.08 10T12 1.08 16 11

MLT 90796 -17.04 69T82 -6.85 417143 111 17718 1.14 01703 1.17

POL 41743 -16.15 22 -3.35 13T15 143 01703 1.46 35T39 1.58

ROU 20721 -40.99 19 -8.61 69782  -1.53 35T39 -1.07 01T03 1.57

SVN 10T12 1.03 45747 1.06 177118  1.07 31733 1.07 55T56 1.1

[y
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4.3.5. Maximum incremental social tolerable irreversible costs for the
bioeconomy

We estimate the MISTICs to analyze the level of irreversible impact that can be considered
sustainable for the bioeconomy. MISTICs can be positive or negative, affecting the value’s
interpretation. A positive value means that society can bear the irreversible costs of invest-
ing in the bioeconomy while staying on a sustainable path. For example, an investment
project to produce biomass might induce irreversible land use changes that decrease
biodiversity and are still sustainable. A negative value means the opposite: a project must
increase biodiversity to be sustainable.

The first (second) column in Table 4.6 provides the total (per capita) MISTICs for the
EU-28 bioeconomies. The major shares of countries have negative MISTICs for their
bioeconomies. We used the per capita values to compare the countries. Portugal has the
highest value (€7.71), followed by Cyprus (€4.42), Greece (€2.17), and Romania (€2.04).
On the contrary, the MISTIC is the lowest for Ireland (€-70.87), followed by Sweden (€-
29.71), Denmark (€-20.18), and Finland (€18.44). However, each of these countries has
bioeconomy sectors with positive MISTICs.

As before, we ranked all bioeconomy sectors from highest to lowest according to their
MISTICs. Table 4.6 presents the five highest sectors for all countries, which indicates the
sectors in which bioeconomy investment has the highest benefits. By contrast, Table 4.7
provides the five sectors with the lowest benefits. Considering the EU-28 bioeconomies,
electricity, gas, water supply, sewerage, waste, and remediation services (35T39) occur
most frequently among the five highest sectors (26 occurrences). In 20 countries, 35T39
has the highest MISTICs. It is followed by other business sector services (69T82; 24
occurrences), transportation, and storage (49T53; 22 occurrences), and textiles, wear-
ing apparel, leather and related products (13T15; 32 occurrences). Transportation and
storage (49T53) stands out, with being the first and second highest MISTICs, with 5 and
15 occurrences, respectively. Considering the EU-28 altogether, the five sectors with the
highest MISTICs (4 occurrences) are electricity, gas, water supply, sewerage, waste, and
remediation services (35T39) in Spain, Great Britain, Italy, and Poland, and transportation
and storage (49T53) in Germany.

Agriculture, forestry, and fishing (01T03) have 27 occurrences among the sectors with
the lowest MISTICS, making them last place. In 22 countries, this sector has the lowest
MISTICs. Second to last is 10T12, with 25 occurrences, and third from last, chemicals, and
pharmaceutical products (20T21), with 24 occurrences. Chemicals and pharmaceutical
products sector (20T21) has 4 and 19 occurrences as the lowest and second to lowest
sectors, respectively. If we consider all countries, the five sectors with the lowest MISTICS
are agriculture, forestry, and fishing (01T03) in France and ltaly; chemicals and pharma-
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ceutical products (20T21) in Germany; and agriculture, forestry, and fishing (01T03) in
Great Britain and Spain, all with two occurrences. This bottom five is closely followed by
Ireland’s chemicals and pharmaceutical products (20T21).

Table 4.6: MISTICS for bioeconomies and the highest bioeconomy sectors for each EU Member
State

AUT -23.8  -2.84 35T39 70.89 49753 28.24 69782 0.57 13T15 0.06 55756 -1.79

BGR -7 -0.95 35T39 30.62 49753 7.82 13T15 0.85 69T82 0.09 55T56 -0.24

CZE -51.1  -4.89 35T39 66.52 19 2.46 69T82 0.34 55T56 -0.07 13T15 -0.13

DNK -111.8 -20.18 19 9.98 10T12 5.94 49753 5.25 22 211 17718 1.1

EST -4.2 -3.16  35T39 9.45 49753 4.23 19 2.76 69T82 0.06 13T15 0.05

FRA -388.9 -6.00 35T39 116.62 49T53 102.66 22 6.92 17T18 4.59 69T82 0.8

GRC 23.9 217 01T03 26.43 35T39 21.82 17T18 8.09 90796 3.11 45747 1.23

HUN -114.2 -11.45 35T39 12.61 49T53 8.86 13T15 0.27 69T82 0.15 55756 -0.1

ITA -164  -2.75 35T39 27173 49753 83.01 13T15 12.76 16 242 69T82 1.45

LUX -2.3 -4.49 49753 0.73 20721 0.21 35T39 0.19 17T18 0.09 69T82 0.01

MLT -1.2 -2.87 49753 0.84 35T39 0.32 69782 0.01 22 0 16 -0.01

POL -12.7 -0.33  35T39 229.97 49T53 974 19 13.53 13T15 33 69T82 1.16

ROU 41.6 2.04 35T39 95.1 19 79.31 49753 31.27 13T15 0.77 69T82 0.36

SVN -7.9 -3.87 35T39 10.17 49753 4.22 13715 0.1 69T82 0.06 19 -0.05

w

BIOECONOMY REAL OPTIONS AND SUSTAINABILITY 10




Table 4.7: MISTICS for lowest bioeconomy sectors for each EU Member State

AUT 01T03 -52.91 20T21 -30.51 10T12 -12.09 19 -6.59 22 -5

BGR 01T03 -28.47 20T21 -6.7 10T12 -3.82 19 -2 17718 -1.69

CZE 01T03 -78.69 20T21 -16.9 22 -6.05 10T12 -5.59 49753 -4.76

DNK 20721 -61.22 01T03 -36.63 35T39 -3496  45T47 -1.56 90796 -1.51

EST 01T03 -15.69 16 -1.17 10712 -1.11 17T18 -0.69 45747 -0.57

FRA 01T03 -415.27 20T21 -107.35 10T12 -57.25  45T47 -25.04 90796 -8.54

GRC 10T12 -11.23 20T21 -9.31 19 -8.11 49753 -6.79 13T15 -1.38

HUN 01T03 -79.99 20T21 -24.88 19 -19.13 22 -3.8 10T12 -35

ITA 01T03 -355.27 20T21 -70.17 10T12 -36.29 19 -23.36 22 -18.32

LUX 017103 -1.71 19 -0.84 10T12 -0.38 90796 -0.28 22 -0.13

MLT 01103 -1.1 90796 -0.33 10T12 -0.29 17718 -0.23 45747 -0.15

POL 01T03 -166.34 20T21 -70.48 10T12 -37.86 22 -25.84 17718 -21.62

ROU 01T03 -104.15 20T21 -24.01 10712 -22 17T18 -3.56 90796 -3.2

SVN 01103 -10.79 20T21 -8.18 22 -0.74 10T12 -0.67 177118 -0.58

=
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4.4. DISCUSSION AND CONCLUSION

In this study, we quantified and compared the sustainability of bioeconomy development
in the EU. We conceptualized a theoretical framework building upon Arrow et al.s (2012)
framework for assessing whether economic growth is compatible with sustaining wellbe-
ing over time. We complemented their framework with the characteristics of bioeconomy-
related investment projects: uncertainty about future rewards and losses, irreversible
impacts, and flexible timing. We linked bioeconomy value added with intergenerational
wellbeing and estimated irreversible effects on greenhouse gas emissions, which allowed
us to apply our framework empirically to the European Union’s bioeconomy. We calcu-
lated hurdle rates to describe the degree of uncertainty and flexibility of bioeconomy
sectors and the maximum amount of irreversible costs as indicators of the sustainability
of bioeconomy investments against irreversible environmental impacts.

We found that the hurdle rate in the bioeconomy is lower for the bio-based part than for
the non-bio-based part for most countries, indicating a high potential for further sustain-
able investments in the transition toward an EU bioeconomy. The countries with the low-
est hurdle rates for their bioeconomy are Italy, the Netherlands, and Portugal, followed
closely by Austria, Belgium, Cyprus, Germany, and France. The sectorial hurdle rates show
high variability within and between countries. Conventional bioeconomy sectors, such as
food products, beverages, and tobacco and paper products and printing, have low hurdle
rates in many countries. We recommend that policymakers prioritize investment in the
bioeconomy in specific sectors, which can vary from country to country. The majority of
countries have negative MISTICs for their bioeconomy, implying that bioeconomy projects
need to provide irreversible benefits. However, all of the countries have bioeconomy sec-
tors with positive MISTICs. Our findings are consistent with the results reported by the
Ecological Footprint, which showed that most EU MSs have an ecological deficit, as they
have a greater footprint than biocapacity.

Our results show a high potential for sustainable bioeconomy investments in many Euro-
pean countries, with hurdle rates only slightly above 1. The most potential is frequently
in conventional bioeconomy sectors, but unconventional bioeconomy sectors, such as
transportation and storage and arts, entertainment, recreation, and other service ac-
tivities, also show potential. When we look at individual countries, we can see that some
surprising sectors have the lowest hurdle rates, such as construction in Poland. Loizou
et al. (2019) also identified this as a promising bioeconomy sector with the potential to
stimulate knock-on effects in the Polish economy. An expert survey also named construc-
tion and building materials a promising bioeconomy sector, along with bio-composites,
food and feed additives, pharmaceuticals, and bioplastics (Stegmann et al., 2020). In ac-
cordance with this result, we found that the food products, beverages, and tobacco sector
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has a low hurdle rate in many countries and chemicals and pharmaceutical products in
France, Great Britain, Lithuania, Romania, and Sweden.

Moreover, our estimation of the MISTICs revealed that Portugal, Cyprus, Greece, Roma-
nia, and Croatia are the only European countries where bioeconomy investments are
sustainable without compensating for irreversible impacts. The countries with the low-
est MISTICS are Ireland, Sweden, Denmark, and Finland, which performed well in other
studies on bioeconomy development (D’Adamo et al., 2020b; Ronzon et al., 2022). These
seemingly contradictory results can be explained by the increased difficulty of augmenting
investments in an already well-developed bioeconomy. Low-hanging fruits—that is, bio-
economy investment projects that provide high economic and environmental benefits—
have already been collected in these countries. However, if we consider the MISTICS on a
sectorial level, we find the electricity, gas, water supply, sewerage, waste, and remediation
services sector frequently as the highest. This outcome stems from the significant reduc-
tion in greenhouse gases in this sector, which is associated with increased bioeconomy
value added. Bioenergy can be essential in decarbonizing electricity (IEA, 2016), but it
can also cause biodiversity loss, deforestation, increased demand for agricultural land,
and water scarcity (GBEP, 2011). The case is similar for transportation and storage, where
biofuels are one of the primary ways to decarbonize the sector (IEA, 2021). The MISTICs
indicator can be used to evaluate the tradeoff between irreversible benefits and costs of
bioenergy investments, where a positive MISTIC value reflects tolerable irreversible costs.

Comparable to this study, the World Bank published several reports with empirical
results on “genuine savings” (GS) as an indicator to measure sustainable development.
They provide a database that includes the latest estimates of GS for all EU MSs (and most
countries in the world) termed “adjusted net savings” (ANS) based on the World Bank
(2010) . ANS is calculated by taking net national savings plus education expenditure minus
energy depletion, mineral depletion, net forest depletion, carbon dioxide damage, and
particulate emissions damage. They do not include other important sources of environ-
mental degradation because of the lack of internationally comparable data. Contrary to
our MISTICs, all but one country has positive ANS. The results show Sweden, Denmark,
Ireland, and Finland as having high ANS. Greece is the only country with a negative ANS,
and Portugal, Romania, and Cyprus have comparatively low values. A possible explanation
for these results contradicting ours might be that we estimate the marginal effect of an
additional unit of bioeconomy value added on greenhouse gas emissions and then mul-
tiply with the change in value added. If this coefficient is negative for a sector estimated
uniformly across all countries, it reduces the MISTICs for a country with the most strongly
increasing value added.
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Agriculture, forestry and fishing, which are the biomass-producing foundation of the
bioeconomy, have the lowest MISTICS in most countries and a high hurdle rate in many
countries. A combination of these two factors might explain these negative results. First,
total factor productivity slightly decreased in the EU between 2004 and 2013 (Barath
& Fert8, 2017), indicating a lower investment potential. Second, the sector is a major
contributor to GHG emissions (Kuosmanen et al., 2020), and we found that increases in
bioeconomy value added are related to a rise in GHG emissions. According to our results,
in most countries, future investment projects in agriculture, forestry and fishing have to
compensate for their irreversible costs with an increase in biodiversity or contribute to
decarbonizing the sector to be sustainable.

We faced significant challenges in compiling the data needed for the empirical applica-
tion of our framework. After designing our framework, we aimed to apply it to the EU
bioeconomy systematically, which means that we required data available for all EU MSs,
sectors, and an extended period. However, data capable of covering all bioeconomy sec-
tors are still lacking (D’Adamo et al., 2020b). Therefore, we could not include a social
indicator for the calculation of MISTICs. Further, other indicators measuring important en-
vironmental impacts on biodiversity soil quality are not available by economic activity. As
soon as additional indicators become available, future studies could quickly address this
issue. Similarly, estimating option values is difficult, as they cannot be directly observed;
indicators can be derived but are not yet available. These include the number of patent
applications over time and public and private sector investments in the bioeconomy.
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4.A APPENDIX A.

Arrow et al. (2012) define intergenerational wellbeing V' (¢) as the discounted flow of
current and future generations’ utilities U . Utility is derived through consumption C(s)
at time § and of the economy’s stock of capital assets K (s) at time ', including manu-
factured goods, services provided by nature, health services, and many more.’ The term
U(C(s)) is interpreted as felicity (utility flow) at date s. Accordingly, 6 denotes the felicity
discount rate. Continuous time is denoted by § and 7, s = . Consequently, intergenera-
tional wellbeing ¥ (¢) is formalized as (Arrow et al., 2012, p. 322):

V(t):JIU((_?(S))J““”]dSﬁZ0 (A.1)

Arrow et al. (2012) then define sustainability as non-declining intergenerational wellbeing
over time dV /dt>0. Genuine investment is determined as a measure of changes in
wellbeing, where wellbeing is a function of its determinants, namely the economy’s stock
of capital assets K and time 7. Given that K(¢).K(s) and C(s) are determined for all future
times s 2t we can write that v(s)=v(k(:).:). This is a standard Ramsey model in which
generations make consumption and savings. These savings are capital assets for the next
generation. The variable t reflects the impact of time-varying factors, which we treat as
exogenous. These include changes in terms of trade, technological change, unexplained
population growth, and unexplained changes in institutions. Supposing that v (¢) is dif-
ferentiable in K. If we take the derivative of v (r) with respect to ¢, and by the definition
of sustainability

Z2.7 — 50

dv oV dt 6Vd_K_a_V+Z oV (1) dK,(t)
dt ot dt 0K dt ot “oK,(r) dt

To arrive at a measure of comprehensive wealth that accounts for certain exogenous
changes (e.g., changes in the total factor of production), we need an additional shadow
price. For this purpose, we take t as a capital asset. Now, we define r(¢) (= 0V /0t ) as the
shadow price of time at ¢ in order to calculate comprehensive wealth, as in Arrow et al.
(2012), and »,(t) (=av (1)/ék,(¢), for all i) as the shadow price of the i” capital asset at time
t. By letting 1,(:) equal Ak, (:)/as, genuine investment is

AV (t)=r(t)At+X p, (1)1, (1) At (A.2)

Equation (A.2) shows that the changes in an economy’s set of capital assets weighted at
shadow prices, including time, equal the change in wellbeing. Hence, by defining genuine

9 Note that the population size is fixed throughout the model. Moreover, movements in total factor productivity

and the changes in international trade are exogenous. The consumption flow at time § include both marketed
goods and also leisure, health services, and consumption services supplied by nature.
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investment, we establish the relationship between comprehensive wealth and inter-
generational wellbeing. Looking at Equation (A.2) in more detail, it shows that positive
genuine investment increases wellbeing, while negative genuine investment decreases
intergenerational wellbeing. Hence, positive genuine investment facilitates sustainable
development.

The costs of irreversible change are implicitly captured in Arrows et al’s (2012) genuine
investment model by using shadow prices in Equation (A.2). What Equation (A.2) does
not explicitly consider is the effect that uncertainty over future benefits and costs has
on the number of investments that are partially or completely irreversible. The fact that
sustainability is defined as non-declining wellbeing over time (dV / dt > 0) helps to for-
mally solve the described dilemma. Considering that future benefits and costs of genuine
investment will always be uncertain, we determine that dV /dt >0 needs to be preserved
as an important property of the genuine investment model (analogous to the definition of
sustainability), where ¥ solely considers changes through reversible investments. Thus,
we assume that genuine investments 7(r) require among them investments / that are
irreversible (to keep the model simple, we assume / to be time invariant). This is the
difference in ¥ and 7 : while V includes reversible and irreversible investments, ¥ only
considers reversible investments. The valuation of ¥ comprises uncertainty effects, since
V follows a GBM. Thus, all three additional features of sustainability-related investment
projects are taken into consideration: uncertainty is taken into account by letting ¥ follow
a GBM, flexibility by making use of the option value concept, and irreversibility by assign-
ing a separate parameter / that explicitly reflects the effects of irreversibility.

Arrow et al’s (2012) model requires a forecast of the economy’s future after time 7 to
well-define the intergenerational wellbeing. The forecast depends on the stock of assets
at time 7, advancements in technology, consumer preferences, and institutions beyond
. Given that Arrow et al. (2012) takes these time-varying factors as exogenous, we suppose
7 (¢) following a GBM, which enables us to endogenous future prices and costs to a certain
degree without explicitly modeling them.

A stochastic process fulfilling the property of non-negativity through time is GBM. By
letting intergenerational wellbeing ¥ follow a GBM, uncertainty over future intergen-
erational wellbeing is introduced to the model (Pindyck, 2000). The GBM features a
constant percentage drift (or trend) parameter & , and a constant percentage volatil-
ity (or uncertainty) parameter 0 . dz shall denote the increment of a Wiener process,
which is normally distributed during the time interval At with zero mean and variance At
. Consequently, Equation (A.2) can be reformulated as follows:

dl?(z)za(l?(t),t)dt+a(1?(t),z)dz (A3)
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=aV (t)dt+oV (t)dz (r4)

The stochastic differential equation in Equation (A.3) can be simplified as Equation (A.4),
since we suppose it is a GBM, so that «(v()).1)=a?(:) and o(7(:).))=07(1), where & and O
are constants. Percentage changes in ¥ (AV /V ) are normally distributed in the natural
logarithm of ¥ . Absolute changes in ¥ (AV ) are log-normally distributed. Since Equation
(4) is continuous over time but not differentiable, we need Ito’s Lemma. First, we take the
natural log of 7(¢) and by using Ito’s lemma,

d (7 (1)) =(n7 (1)) dr?(z)%(lnﬁ(z))" dV(t)dI}(t)—%—%ﬁgz
- d;((l’) ) 7% I}(lt)z (e (1) dr* + 20addz +0°7 (1) d2*)
dv (1) 1 s

1 2
70 EI}([)Z oV (t) dt

since dt*, dtdz is equal to 0 and dz(:)' =ar. Then, we use Equation (A.4).

d(lnl}(t)):[ao;]dHo-dz(t)

As a next step, we integrate the above equation from 0 to , and we get

2

lnl;'(t):lnI}(O)+(a—%jﬁ—az(t)—az(O)

Since the increment of the GBM is normally distributed and is equal to 0 at £ =0. Then
we get

P (1) = I}(O)+exp[(a—%2]t+0'z(t)] (A5)

Thus far, we have explained how uncertainty about the future level of intergenerational
wellbeing ¥ is included in our model of genuine investment. In the following paragraphs,
we will analyze how the flexibility of investment timing might be taken into account.
McDonald and Siegel (1986) developed the basic model of the value of waiting to invest
under uncertainty, irreversibility, and flexibility known as the real option model. Scatasta
et al. (2006) are among many researchers who suggest making use of the real option
model, that is, comparing the value of an immediate genuine investment decision to the
option value of a postponed genuine investment decision. Therefore, we will henceforth
differentiate between the value ¥ and the option value £(7) of genuine investment proj-
ects.
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The value to option to invest is a well-known concept. However, for the sake of comple-
tion of the model, we will provide the Bellman equation (for a detailed explanation, see
Dixit and Pindyck, 1994, Chapters 4 and 5). Since there is no immediate payout before
investment, the continuation region, where no investment is made, of the continuous
time Bellman equation (Dixit & Pindyck, 1994, p. 140) is:

1
SF =—E(dF
 EdF)

SFdt = E(dF)

where ¢ > 0 is the discount rate. The left-hand side of the equation is the expected return
of the investment, and the right-hand side is the expected capital appreciation over an
interval df. Now, by Ito’s Lemma, we calculate dF and take the expected value of it
E(dF). If we plug into the above equation, we reach the following Bellman equation:

2 2
oV

; F( l?)+a I?F’( V)—&F:O

Note that we take 0 —a >0, otherwise growth being larger or equal then discount rate
leads the analysis to a trivial case or NPV. Moreover, the above equation satisfies the
following boundary conditions (Dixit & Pindyck, 1994, p. 141):

F(0)=0 (A.6)
F(I}*):I}*—] (A7)
F'(I}*) =1 (A.8)

Following Dixit and Pindyck (1994), who showed that under the assumption I} follows
a GBM, the option value of genuine investments F(I}) shall be given by the following
equation, where 4, and 4, are constants that have yet to be determined, and 5 and 5,
are the two roots of the fundamental quadratic:

/}I :l_iz+\/|:i2—l:|2+ 2(5;05) >17 andﬁz =l_iz_\/|:iz_l:|z +2(6:a) <0 (
2 o 2

o o 2 o

6 denotes the exogenous discount rate:

F(I}):AIIW‘ +AZI}'82 (A.9)
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Note that Equation (A.9) is subject to the boundary conditions (A.6), (A.7), and (A.8),
where [ represents the sunk or irreversible costs of a genuine investment project.
Boundary condition (A.6) implies that 4, =0, so that Equation (A.9) can be reduced to:

F(I}) = AVH (A.10)

Boundary conditions two and three concern optimal investment because is a threshold
value at or above which it is optimal to invest. The second condition (Equation 7) is the
value-matching condition, and the last condition (Equation A.8) is the smooth-pasting
condition (Dixit & Pindyck, 1994; Pindyck, %000, 2002). Boundary conditions two and
three concern optimal investment because V" is a threshold value at or above which it
is optimal to invest. The second condition (Equation A.7) is the value-matching condition,
and the last condition (Equation A.8) is the smooth-pasting condition (Dixit & Pindyck,
1994; Pindyck, 2000, 2002).

Accordingly, the sustainability criterion shall be non-declining intergenerational wellbeing
under irreversibility as well as uncertainty and flexibility over time dY /dt>0, with:

Y(t):F(I}t,I) (A.11)

Since we aim to look at irreversibility effects in more detail, we now pose the question of
how much irreversible cost can be accepted (the threshold value of 7, I*) while main-
taining a positive genuine investment rate dY /dr >0, where [ is the stock of irreversible
genuine investments. Therefore, we substitute Equation (A.11) into Equations (A.7) and
(A.8). By rearranging, we get the following (McDonald & Siegel, 1986):
V-1 —1)%
A:( x A) = (ﬁ] A )/f—l (A.12)
D
l}*: ﬂl
)Bl -1

1 (A.13)

and we have for the value of investment:

AVPV <V*

R . (A.14)
V—-I1>V

F(V,I):{

The result in Equation (A.13) indicates that an investment will be sustainable if the actual
value of project Vis larger than V.
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4.B APPENDIX B.

Thus far, the discount rate has been exogenously introduced into the model. In this sec-
tion, we discuss how to calculate the equilibrium expected rate of return on investment
opportunity following the method introduced by McDonald and Siegel (1986). Note that
the main difference between the two models is the cost of investment. In our model,
we take the value of investment V as a GBM, whereas McDonald and Siegel (1986) take
both the cost and the benefit as a GBM. We should also point out that our model aims to
measure genuine investment (the change in intergenerational wellbeing). Thus, we define
the value of an investment as the discounted flow of current and future generations,
and, following Arrow et al. (2012), to measure comprehensive wealth, we show that the
changes in an economy'’s set of capital assets weighted at shadow prices, including time,
equals the change in wellbeing (Arrow et al., 2012, p.325). This approach already captures
the costs of irreversible change by using shadow prices, so we take the cost of investments
as time-invariant. However, to capture the uncertainty and irreversibility of benefits in the
model, we take the genuine investment as GBM.

We define the option value to invest by Equations (A.9) and (A.10). Now, we follow Mc-
Donald and Siegel’s (1986) approach. In the Ito derivative of Equation (A.10), the option
value is:

d?Fzﬂl(avdt+avdzv)+ﬁ] (8 —1)%0‘3@#. (B.1)

The only risk or unanticipated component of the return on F is the term 5.4z, which
is a weighted average of the unanticipated components in the rate of change V. We know
from asset pricing models that the risk premium earned on an asset and the riskiness of
the asset are proportional. Hence, the discount rate for future payoffs and the equilibrium
expected rate of return on the investment opportunity are:

5=r+ﬁ1(az—r) (8.2)

where @, is the expected rate of return of the assets with an unexpected rate of return
podz,, I is the risk-free rate. With this, we define risk premium earned, which is the
proportional increase in the riskiness of the assets, ﬁl(é:"). Finally, if we equate the
required rate of return on F with the actual expected rate of return on ¥, then we can
arrive at the following equation and solve for A

[r+ﬂl(az—r)Jdt=E[d?Fj (B.3)

[r+ﬁ](ai—r)]dt=ﬂlav+,Bl(ﬂ1—l)%avz Jdt (8.4)
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2
1 r-y, r—y, 1| 2r
Bi=g——+ {7—5} Py

where 7, =a_ —a_, which defines the difference between the expected rate of return
required by investors and actual drift.
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ABSTRACT.

Evolving consumer demand has led to new food products surging into the market requir-
ing authorization by authorities. The European Union regulates such new food products
under its novel food regulation (NFR), which must balance safety and regulatory burden.
Contrary to previous studies that statically or qualitatively analyzed the development of
the NFR, we aim to assess the performance of the EU NFR over time. We empirically
analyze the development of the old and new EU NFR authorization procedure from 1997
to 2020, considering the number of applications, the duration of the authorization pro-
cedure, and the determinants of approval. We gather information on novel food applica-
tions, resulting in a unique dataset, which we analyze in three stages. We find relatively
stable applications across years, with an upsurge at the time the new NFR was introduced.
We also show a decreasing trend in the length of the authorization process over the time
period covered, although the data are still too limited to effectively quantify the impact
of the reformed NFR. Finally, our results suggest that being a private entity rather than a
public entity and applying for regulatory approval of a novel food ingredient instead of a
product result in higher success rates in authorization decisions.




5.1. INTRODUCTION

Food security, food safety, and environmental sustainability stand out as objectives for
food system governance (Belluco et al., 2017; Khajehei et al., 2019). Within the food
system, consumer demand is shifting toward new health, functional, and ethnic food
as well as different dietary alternatives and environmentally sustainable choices due to
demographic changes, globalization, and income and its distribution (Belluco et al., 2017;
Hermann, 2009; Marberg et al., 2017). European countries also import many traditional
food products from developing countries to meet the consumers’ evolving interest in such
products (Ververis et al., 2020).

These changes in consumer demand and the development of new technologies has led
to increased innovation in the food sector in recent decades (Willett et al., 2019). New
food technologies allow companies to produce food from unconventional sources, such
as vitamin K from menaquinone or Antarctic krill oil rich in phospholipids from Euphausia
superba (Vapnek, Jessica et al., 2020). Food start-ups such as JUST and MycoTechnology
receive large amounts of venture capital for financing their food innovation (Wesseler &
Zilberman, 2021).

Innovation is an essential instrument for food companies to face competition in the world
market (Bigliardi & Galati, 2013); however, the importance placed on consumer protec-
tion and food safety is high in Europe compared to the rest of the world. The advent of
new technologies creates concerns of adverse effects to human, environmental, animal,
and/or plant health, which trigger the need for standardized regulations (Vapnek, Jessica
et al., 2020). Additionally, a series of foodborne disease incidents in the late 1990s drew
even more attention to the need to establish general food principles and requirements at
the policy level (Hyde et al., 2017; Wesseler & Kalaitzandonakes, 2019).

Itis challenging but necessary for policy-makers to keep up with the rapid evolution of the
food sector. For this reason, the EU introduced the novel food regulation (NFR) Regulation
(EC) 258/97 in 1997. It represents an attempt to define, control, and uniformly regulate
the entry of novel food products into the EU market. It was repealed in 2018 by Regulation
(EU) 2015/2283—which entered into force in 2018. New food products are considered
novel food by the EU, defined as food that had not been consumed to a significant degree
by humans in the EU before May 15, 1997, when the first regulation on novel food came
into force (European Parliament and Council, 2015).

The European Commission (EC) created its NFR within an extensive general EU food
regulation. The actors involved in the regulatory processes are the EC, the European Food
Safety Authority (EFSA), Member States (MSs), national and international competent
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food and safety authorities, and private companies (European Parliament and Council,
2015; European Parliament and Council of the European Union, 1997). Early on, concerns
were raised about the regulatory burden and lack of efficiency. The higher the number of
actors, the higher the degree of compartmentalization, internally—coordination within
the agencies—and externally—with each other (Neuwirth, 2014). A lack of internal and
external coordination might increase the time needed to carry out the regulatory process
(Grimsby, 2021).

An elaborate authorization procedure for novel food entails costs and benefits for society.
A lengthy process might hamper innovation potentials in the food sector, reducing the net
benefits for producers and consumers (de-Magistris et al., 2015; Lahteenmaki-Uutela et
al., 2021). Companies applying for an authorization face relatively high regulatory compli-
ance costs with the EU NFR and the EU safety requirements (Brookes, 2007; Purnhagen
& Wesseler, 2020). Novel food applications are heterogeneous and complex, and thus
there can be no uniform authorization procedure for all of them (Ververis et al., 2020).
Regulation makes it possible to homogenize the safety and quality requirements asked
by the EU, protecting consumers from risks from consuming certain foods (de Magistris
et al., 2014; Hyde et al., 2017). Setting standardized risk assessment procedures may
also decrease consumer neophobia toward novel food products and increase acceptance
(Frewer et al., 2011). Nevertheless, the NFR of 1997 has resulted in several complaints
about compliance cost, lack of binding timelines resulting in delays, and discrimination
against non-EU food products and food producers (Grimsby, 2021; Holle, 2018; Hyde et
al., 2017). The EU reformed the NFR in 2018 to address these criticisms.

Although many studies have analyzed the advantages and shortcomings of the EU NFR,
there have been few empirical investigations into the EU NFR’s development. Hyde et
al. (2017) analyzed applications for approval and substantial equivalence applications™
submitted under Regulation (EC) 258/97. They found that the mean length for authorized
novel food between the receipt of an application by the national body and the approval
granted by Commission Decision is 1,194 days, ranging from 267 days to 3,523 days.
Grimsby (2020) used quantitative data from 163 applications and 523 notifications to
the old NFR and 90 novel food applications from 2018 to July 2019 to the new NFR as
background for semi-structured interviews with successful applicants and experts. Their
research aimed to study the innovation practices of novel food companies and the NFR’s
impact on these practices. No systematic differences in the size of companies applying
to the two regulations were observed. The study also found an average authorization
process length of 3.8 years. The above empirical investigations highlighted the importance

11 Regulation (EC) 258/97 provided a simplified procedure to bring a novel product to the market, which is
“substantially equivalent” to an existing counterpart (product) already allowed on the EU market. Substantial equiva-
lence must be demonstrated in an application dossier for notification (Wagenberg, 2014).
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of the length of the authorization process as a single performance indicator. However,
investigations have been static as no empirical evidence has been provided about the evo-
lution of the authorization length across and within the two NFRs. Whether the reformed
NFR resulted in reducing the cost of the authorization process and discrimination against
non-EU food products and whether lack of binding timelines resulted in delays has not
yet been addressed explicitly. Besides considering dynamic aspects, an assessment of the
NFR would benefit from additional indicators that measure the appeal and efficiency of
the NFR.

In the present study, we aim to assess the performance of the EU NFR over time, consider-
ing the changes between the current Regulation (EU) 2015/2283 and the former Regula-
tion (EC) 258/97. We empirically analyze the development of the old and new EU NFR
authorization procedures from 1997 to 2020, introducing a set of simple performance
indicators. Specifically, we focus on the following three main research questions (RQs):
How many and from where are applications submitted? (RQ1); How is the duration of the
novel food authorization procedure developing over time? (RQ2); What is the probability
of acceptance and the determinants for a successful novel food application? (RQ3). RQ1l
helps investigate the barriers to accessing the authorization procedure and its feasibility
for different types of applicants; RQ2 relates to the opportunity cost of the process with
the length of the approval decision imposing economic and strategic costs to companies;
RQ3 measures the success of applicants and its determinants. We investigate the RQs
considering possible trends and whether the more centralized approach of the current
NFR has led to a change in any of the above indicators. As the EU novel food catalogue
does not include a database with the information we need, we gather the information
on the applications under the former and current EU NFRs from each novel food’s official
EC decision document. This information also allowed us to consider regional differences
across countries in submitting novel food applications, resulting in a unique dataset.

The paper is structured as follows: The next section provides background information
about regulating novel foods in the EU. In the third section, we describe our data and
how we collected them and our empirical strategy to analyze the data. The fourth sec-
tion presents our results. In the fifth section, we discuss these results. We conclude and
provide policy recommendations in the final section.
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5.2. BACKGROUND

5.2.1. Regulating novel food in the EU

The EU NFR is part of the innovation landscape that includes research and development
(R&D) policy and food regulation. The authorization process for novel food is a part of a
regulatory environment to promote food safety and quality standards (European Commis-
sion, 2000)(Figure 5.1). The EU supports food innovations by giving incentives to research
projects, small and medium-sized enterprises (SMEs), and start-ups in the food sector,
promoting technological development, innovation, and new opportunities for employ-
ment (de Magistris et al., 2015). Implementing regulations causes administration costs
(Wesseler & Smart, 2014), and non-justified delays in the authorization process entail
costs, especially for innovative companies (Smart et al., 2015).

The EC aims to have transparent and clear policies, starting with a formal definition for
novel food. According to Regulation (EU) 2015/2283 (L 327, p. 2-7), the term “novel food”
refers to (I) “any food that was not used for human consumption to a significant degree
within the Union before May 15 1997” and (ll) falls under one of the categories expressed
in Article 3 of the NFR (European Parliament and Council, 2015; Pisanello & Caruso, 2018).
The categories are food from microorganisms, fungi, and algae; novel foods derived from
plants; novel foods from animals, including insects; and food from the novel production
processes, including nanofoods. Examples of novel products are foods derived from new
production processes such as UV treatment or high-pressure treatment, foods isolated
from animals or their parts (e.g., insects, oil from Antarctic krill, peptides from fish)(EFSA,
2012) or isolated from microorganisms, fungi, or algae (e.g., algae oil from Ulkenia sp)
(EFSA, 2014). Agricultural products traditionally consumed outside the EU are also consid-
ered novel foods, such as noni fruit juice and chia seeds.
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Figure 5.1: Regulatory frameworks in the EU NFR innovation landscape.
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Novel foods and novel food ingredients need to go through an EU-level assessment before
being placed on the EU market (Figure 5.2). Under both regulations, the authorization
procedure is performed in two steps of risk assessment (RA) and risk management (RM).
The novel food is evaluated during RA based on compliance with the European safety cri-
teria. In RM, the EC decides whether to authorize a product for the EU market (Pisanello
& Caruso, 2018).

5.2.2. Comparison of former and current EU NFR

The steps, actors involved, and time limits of the authorization procedure changed from
the former NFR to the current one (Tables 5.1 and 5.2). The apparent complexity of the
former NFR may have resulted in a potentially longer authorization procedure than that
of the current NFR (Pisanello & Caruso, 2018; Scarpa & Dalfra, 2008). Previous research
suggests that the number of authorities involved in the authorization procedure may be
a major factor that causes a lengthier procedural period (Hyde et al., 2017). Under the
former NFR, three major authorities played a part in the process at the EU level —MSs,
the Scientific Committee for Foodstuff (SCFF) or the EFSA, and the EC. The EFSA and the EC
lead the process in the current NFR, while MSs only endorse the authorization decision. In
the former NFR, the application dossier was initially assessed by the competent authority
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Figure 5.2: Main steps of the authorization process of novel food under the past and current EU
NFRs.
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at the MS level, and the EFSA carried out the additional assessment. In most cases, the
application had to be assessed twice (European Parliamentary Research Service, 2015). In
the current NFR, the safety evaluation and RA are done entirely by the EFSA. In both NFRs,
the RM phase was/is carried out by the EC.

The new NFR improves the synchronization of the legal and technical procedures across
all MSs, guaranteeing homogeneity in the process (Ververis et al., 2020). A decentralized
and heterogeneous procedure caused by multiple authorities’ involvement may result
in a long process for the applicant (Millstone & van Zwanenberg, 2002). A long process
constitutes a barrier for applicants aiming to place a novel food on the EU market (Her-
mann, 2009). The new NFR introduces a streamlined notification procedure for traditional
foods from third countries to further simplify the authorization. The simplified procedure
applies to foods with a “history of safe food use in a third country” for at least 25 years
(European Parliament and Council, 2015).
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The two regulations also differ in creating the “Union list” of novel foods and their defini-
tions. Under the previous NFR, the definition of novel food and its specifications were
general, resulting in different interpretations across MSs (Coppens, 2013). The current
NFR updates its definition of novel food, tries to better keep up with scientific and tech-
nological progress, and resolves misinterpretations. Additionally, the former NFR also
addressed foods and food ingredients containing genetically modified organisms (GMOs).
In 2003, a separate regulation was adopted to regulate GMOs exclusively, removing GMOs
from the definition in the current NFR. A further change is creating a Union list including
all authorized novel foods under Regulation (EC) 258/97, which increases transparency.

In summary, the current Regulation (EU) 2015/2283’s authorization procedure has fewer
steps than the past NFR, fewer actors involved, and a more centralized approach. Follow-
ing the regulators’ intent, this simplified process should lead to a shorter length of the
authorization procedure and an increase in applications.

Table 5.1: Authorization process time - Reg. (EC) No 258/97

Risk assessment

Initial assessment MS 3 months

EFSA safety assessment (if needed) SCFF/ EFSA No time limit

Implementation of the draft EC No time limit

Table 5.2: Authorization process time - Reg. (EU) 2015/2283

Risk assessment

Dossier transmitted to EFSA and MS EC 1 month

Risk management
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5.3. MATERIALS AND METHODS

5.3.1. Data and sample collection

We collected our data from the EC’s official decision documents on each novel food and
the Union list of authorized novel foods, containing all authorized novel foods. Addition-
ally, for each novel food, we collected information from the EFSA Register of Questions
and the Scientific Journal of EFSA on the exact dates of its authorization procedure steps,
such as the date of application submission and date of final decision. We identified the
decision status of each application, which can be authorized, refused, withdrawn, under
evaluation, or under consideration. Our dataset includes 294 applications, from which 187
were submitted under Regulation (EC) 258/97 and 107 under Regulation (EU) 2015/2283"2,
We recorded all applications submitted between November 1997 and December 2020
and monitored the approval status until September 2021.

The first observation is “Stevia rebaudiana Bertoni” from November 5, 1997, and the
last application is for “6-Siallylactose sodium salt” from September 22, 2020. The EC has
authorized 165 out of 294 applications, refused 36, and 80 applications are still ongoing.
We measured the length of the authorization process as the number of days between the
application submission date and the final decision (either authorization, withdrawal, or
refusal) by the EC. We constructed the length of each authorization process by taking the
arithmetic sum of the days between submission and decision.

Finally, we deduced information on each applicant at the year of submission from the
information previously gathered from the EC’s decision documents in terms of whether
the applicant is an EU resident, the type of novel food application (novel food as a whole
food product or novel food ingredient or both), whether the applicant is a private or
public entity, whether they have filed more than one submission throughout the entire
1997-2021 period, and whether the relevant scientific authority is in the same country
as the applicant. Table 5.3 presents an overview of the variables derived from our data.
Having collected our dataset, we applied an empirical strategy to deal with the lack of
information regarding the approval status of the novel foods still under evaluation, as
outlined in the following section.

12 Alongside submissions for authorization, we found more than 400 applications for
notification under the former NFR and more than 50 under the current regulation. A
novel food must be a substantial equivalent of a product already authorized under
the NFR for a notification application. In this case, the authorization procedure is
shorter and does not entail all the steps that would be required if a novel food prod-
uct entered the market for the first time. We do not include these submissions in our
analysis to ensure comparability.
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Table 5.3: Variables derived from the collected data

Variable Levels

Type of novel product Novel food
Novel food ingredient
Novel food and Novel food ingredient
GMO
Traditional food from a third country

Authorization process length Date of application submission
Date of the final decision (either authorization,
withdrawal or refusal)

Type of company Private
Public
Country of origin Country of applicant
EU/Non-EU country EU
Non-EU
Spatial relation to the competent authority The same country as the competent authority
A different country as the competent authority
Number of NF applications submitted Single
Multiple

5.3.2. Empirical strategy

We assessed the length of the novel food authorization procedure in the EU and analyzed
regional differences and the determinants of a successful novel food application. OQur em-
pirical strategy consisted of three stages, each addressing the different research questions
of this study (Section 5.1).

5.3.2.1. Number of applications and introduction of Regulation (EU) 2015/2283

The first stage addressed RQ1, assessing the yearly number of applications for novel
food products and how introducing Regulation (EU) 2015/2283 has affected them. We
designed a Bayesian hierarchical model (BHM)(Gelman et al., 2013; McElreath, 2020 and
references therein) to decompose the time series of novel food submissions into three
additive components. We postulated that the yearly count of novel food applications
results from a fixed offset component, &, a time-dependent coeffi linearly depends on
the observations in previous years, &,, and a dynamic shock following the introduction of
the new NFR, f,. Mathematically, the model can be expressed as follows:

n, ~poisson (4,

log(4,)=a+6,+p, x1[t>2018]

a ~normal(,,0,, ) (1)
~normal(, + p,0,,,0,);p, €(-1,

B ~n0rmal(/,zﬂ +pﬂﬂH,Jﬁ);pﬂ e(-L1),
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where [ represents an indicator function taking on a value of 1 when its argument is
true, u, and o, express prior hyperparameters for the offset, and 4, and u, indicate
initial mean deviations from the offset. The remaining terms, p, and p,, serve as the
autoregressive coefficients, whereas o, and o, represent variance hyperparameters for
the corresponding dynamic prior distributions. We provide further details on the model
structure and functioning, estimation procedures, inferential calibration, and prior defini-
tion for all the latent quantities in Appendix A. In short, S, represents our parameter set
of interest, indicating the additional rate of applications resulting from Regulation (EU)
2015/2283. The fact that B, depends on its previous values has two uses, one technical
and one conceptual. On the technical side, the autoregressive component of S helped
identify the effect of Regulation (EU) 2015/2283 from the trend component, 6,. From a
conceptual perspective, modeling both 6 and S autoregressively provided a generaliza-
tion to a simpler model in which the dynamic effects would be independent across periods.
This dependence might reflect future expectations about the business of the authoriza-
tion pipeline: as more products are being submitted for evaluation, capacity constraints
might compromise the ability of the competent authority to process applications within
a reasonable amount of time, thereby discouraging new candidates from submitting new
novel foods. However, since we gave both p, and p, zero-centered weakly informative
prior distributions (see Appendix A), it will depend on the data whether the autoregres-
sive structure actually holds.

5.3.2.2. Proportion of decisions within T years

In the second stage, we investigate RQ2, analyzing how the proportion of applications
that received a decision (either approval or rejection) within one, two, three, or four years
has changed since the introduction of Regulation 258/97 in January 1997. Specifically, we
estimated a linear, quadratic, and flexible (i.e., LOESS regression) model and then plotted
fitted line plots to discuss each specification. We calculated each proportion as the sum
of applications approved within kX365 days in year ¢ divided by the total number of
applications within the same year, . Our time series starts at  =1997 and terminates
at 7'=2021 while, as anticipated above, k e{1,2,3,4} years. If at any time £=2016
(i.e., 2021-max(k)+1) or beyond we observed applications with no decision by 2021, we
imputed the missing application length using 366x(T-¢). This means that whenever the
evaluation was still ongoing, we defined the length of the process as exceeding the con-
sidered time window. For each value of &k, the most recent year we considered depends
on k itself. For example, take k£ =4 . Since we were looking for novel foods that took no
more than four years to evaluate, we could not include years beyond 2016 as the data for
approval covering a whole year end with the calendar year 2020.
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5.3.2.3. Determinants of approval

In the third stage, we investigated RQ3, assessing the contribution of different applicants’
characteristics to the probability that a novel food is authorized. We defined a Bayesian
logit model, where we regressed authorization decisions on a dummy for submissions
that occurred under Regulation (EU) 2015/2283 and all indicators presented in Table 5.3.
As with the count model introduced in Section 5.3.2., we set up prior distribution for each
parameter in the conditional mean function via calibration (see Appendix A). We present
the results of applying our empirical strategy to the collected data in the following section.

5.4. RESULTS

5.4.1. Origin and number of yearly applications and the introduction of
Regulation (EU) 2015/2283

We looked at applicants’ home countries to analyze how the submission of novel food
applications varies across regions. Figure 5.3 shows that, before 2017, most applications
were submitted from entities in the United Kingdom, followed by Belgium, France, and
Germany. EU actors submitted 68.5% of the dossiers under the former NFR, while non-EU
actors submitted 31.5%. The non-EU countries with the highest number of applications
are the U.S. and Switzerland, with 20 and 16 applications, respectively. The proportion
of EU and non-EU entities submitting applications changed slightly with the current NFR,
where 70.6% of the applicants were from EU MS, and 29.4% were not from the EU. Since
the new NFR was introduced, the most EU actors submitting applications were from Ger-
many, followed by the Netherlands, Denmark, and France.
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Figure 5.3: Home countries of novel food applicants under the different NFRs.
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Novel food applicants can also be different entities such as private companies, public or
private research institutes, or non-governmental organizations (NGOs). Most applications
were from private companies except for a few cases where the applicants were universi-
ties and NGOs. We modeled the yearly number of applications through a BHM (Section
5.3.1.) to evaluate the development of novel food applications and how the new NFR
affects this dynamic. Figure 5.4 shows the estimates for all the time-dependent param-
eters of our reference model, suggesting that the yearly number of applications remained
relatively steady between 1997 and 2009, then exhibited slightly higher variability from
2010 to 2020.

However, what stands out is the additional rate of applications following the introduction
of Regulation (EU) 2015/2283 in 2018 with the corresponding parameter 8.. However,
since B: decreases in the following two years, our estimates suggest that this upsurge was
only temporary.

130 CHAPTER 5



Figure 5.4: Highest posterior density intervals (HPDI) based on a Bayesian hierarchical model for
the time-dependent coefficient of applications (in red) and additional rate of applications from the
introduction of Regulation 283/2015 (in blue).
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Note: 95% HPDIs represent the interval of the posterior distribution where 95% of the probability
lies. The dots indicate the median of the posterior (the maximum a posteiori [MAP] values), which
represent our point estimates.

5.4.2. The proportion of decisions within T years and the introduction of
Regulation (EU) 2015/2283

Having looked at the number of applications, we next analyzed the length of the autho-
rization procedure for novel food in the EU by assessing the share of applications that
received a decision

within a certain period (Section 5.3.2). Figure 5.5 visually represents three differently
flexible regression models for the four cut-off periods (one, two, three, and four years).
These simple models aimed at eliciting the underlying trend using various degrees of
adaptiveness to the data: linear (blue line), quadratic (red line), and LOESS smoothed
(green line). The first plot indicates that the EC has not changed the proportion of novel
food applications they decided upon within one year from 1997 to 2020 (Figure 5.5). The
second and third plots indicate only a very subtle increase in the proportions decided
upon within two and three years. The linear lines are sloping slightly upward, while the
quadratic and LOESS smoothed lines first increase and then decrease, primarily caused by
low proportions in 2018 and 2019. The fourth plot shows a general rise in the proportion
of decisions decided upon within four years. However, the non-linear lines show a decline
toward the end caused by a lower proportion in 2017. There are also no observations
from 2017 onward in this plot.
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Figure 5.5: Proportion of applications that received a decision within one, two, three, or four years.

Proportion of Decisions
within 1 years
o o <} =
N (42 ~ o
3 S o S
L]
L]
Proportion of Decisions
within 2 years
o o -
(%)) ~ o
o (4] o
)

o

N

o
L

o
o
o
L]
L]
[ ]
[
e
.
[ ]
[
®
o
o
o

........................

A 0O~ L oON O~ VOO OADDO

o) SO0 O NS~ I s ww e

S8EESOSSESSSESSESSEESSSS
Year

=
o
o

L]
-
o
o

o
~
o

.

.

.
.

Ll
.

o

~

o
)

within 4 years
o
o
o

o
N
o
.

Proportion of Decisions
within 3 years
o ;
o
=]
R
L]
L]
.//
Proportion of Decisions

o
N
o
L
.

o
o
=]
=]
o
S

Note: The blue (red, green) line represents the linear (quadratic, flexible) model.

5.4.3. Authorized applications in the EU NFR and determinants of
approval

To provide an overview of the development of novel food authorizations in the EU, we
looked at the number of authorizations per year, decision status per NFR, and the home
countries of successful applicants. Figure 5.6 shows cumulative and yearly authorizations
of novel foods from 1998 to 2020. The first novel food (“Phospholipids from Egg Yolk”)
was authorized in the EU in 2000. The years with the highest number of authorizations
are the last year of Regulation (EC) 258/97, 2017, and the first year of Regulation (EU)
2015/2283, 2018.

Table 5.4 shows the number of applications under the different regulations according
to their decision status. Although the number of authorized novel foods under the new
NFR was lower, many applications are still in process. Only one application got refused
after 2018, while the refusals under the former NFR were about 25% of all applications.
The former NFR remained in force from 1997 to 2017, with an average of 6.6 successful
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authorization procedures per year. In comparison, the current NFR has been in force since
2018, with an average of 11 successful applications per year.

To assess the contribution of the new NFR and different applicants’ characteristics to the
probability that a novel food is authorized, we applied a Bayesian logit model (Section
5.3.2). We regressed the application decision on a dummy for submissions that occurred
under Regulation (EU) 2015/2283 and other explanatory variables. Figure 5.7 reports the
posterior parameter estimates for the Bayesian logistic regression. First, the 90% HPDIs
for the variables “private company” and “novel food (not ingredients)” do not include
zero and cover almost entirely negative or positive values, respectively. These results sug-
gest that an application for a novel food (compared to a novel food ingredient) has a lower
chance of receiving approval status, while applications from private companies have a
higher prospect of receiving an authorization decision.

Figure 5.6: Annual and cumulative numbers of novel foods authorized in the EU.
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Table 5.4: Number of novel food applications authorized, withdrawn, refused, or in process for
Reg. (EC) 258/97, Reg. (EU) 2015/2283, and the transition.

Decision status Reg. (EC) 258/97 Reg. (EU) 2015/2283 T Reg. (EU) 2015/2283
Authorized 125 14 26

Withdrawn 9 0 4

Refused 31 4 1

In process 0 4 76

Total 165 22 107

Note: The category Reg. (EU) 2015/2283 T refers to the novel foods authorized during the transition
phase of the two EU regulations. Those applications were submitted under the old NFR but approved
under the new NFR.

Conversely, our estimates are less clear-cut regarding the remaining covariates. In this
respect, the point estimate in Figure 5.7 suggests that applications under Regulation (EU)
2015/2283 are more likely to receive an authorization decision. However, the effect is
rather noisy, and the corresponding HPDIs encompass both positive and negative values.
Likewise, applicants from non-EU countries and those with multiple applications might
be more likely to receive authorization, but the uncertainty in this estimate is too large
to deem any conclusion reliable. Similar reasoning applied to applicants from the same
country as the competent authority although the sign of the point estimates is negative
here. estimate is too large to deem any conclusion reliable.
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Figure 5.7: Highest posterior density intervals (HPDI) based on a Bayesian logit model on the prob-
ability that a novel food is authorized.
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Note: The thick (thin) lines indicate 90% (95%) HPDIs, which represent the interval of the posterior
distribution where 90%(95%) of the probability lies. The dots indicate the median of the posterior (the
maximum aposteiori [MAP]values), which represent our point estimates.

5.5. DISCUSSION

The collected data allowed us to assess RQ1, which addressed the number of yearly novel
food submissions to the EU, considering regional differences. Before 2017, the leader in
applications was the United Kingdom, followed by Belgium, France, and Germany. While
most applications came from EU applicants, the non-EU countries with the highest number
of applications were the U.S. and Switzerland. From the entry into force of the new NFR,
the European leader in terms of applications was Germany, followed by the Netherlands,
Denmark, and France. Considering that the number of novel food applications might be
a valuable indicator for innovation in the food sector (Kardung et al., 2020), this finding
is consistent with a study by Charlebois (2020), who found the United Kingdom, the U.S.,
and Germany to be leaders in their global food innovation index.

Concerning the total number of applications, our analysis showed a relatively steady num-
ber of novel food applications submitted, with an upsurge in applications in 2018 under
the new Regulation (EU) 2015/2283. Even if applications in 2020 are still higher than with
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the old NFR, we observed a decrease in the additional rate of applications after 2018. The
upsurge might be due to a conscious postponement: companies anticipated the introduc-
tion of the new NFR and withheld or were compelled to withhold their applications until it
was in force. This postponement might explain the unusually high number of applications
in 2018 and the lower numbers in the following years. The qualitative study by Grimsby
(2020) supports this interpretation, which could explain the decrease in 8., indicating an
only temporary effect. However, the additional rate of applications should be monitored
over a few more years to conclude whether or not the NFR led to a structural change in
the number of novel foods applications. The number of applications is also an indicator of
the appeal of the regulation: does it facilitate access to the procedures or not?

Concerning the length of the authorization procedure (RQ2), we found that the EC in-
creased the share of applications that received a decision within four years from about
50% in 1997 to around 80% in 2017. Differently, decisions within two and three years only
show minor improvements. This increase highlights how, over the years, the EC’s proce-
dures improved in guaranteeing an upper bound in the application length. Several criti-
cisms have been raised about the long duration of the authorization process (Hermann,
2009; Hyde et al., 2017) and the consequent costs for the system. Even if the process
is still quite long in terms of expectations from the industry, we can conclude that at
least the uncertainty about its length has consistently been reducing. For the old NFR, we
argue that the improvement in the upper-bound length can be explained by the greater
experience and efficiency in dealing with novel product applications gained over the years
by the actors involved.

Considering the new NFR, improvements in the length of the authorization process were
expected. After the regulatory reform in 2018, the EU novel food authorization procedure
changed from a decentralized to a centralized scheme. The impact assessment of a novel
product is now endorsed by the EFSA rather than the MSs’ competent authorities. The
main reasons for this change were to simplify the procedure and ensure homogeneous
novel food assessments across the EU (European Parliament and Council, 2015). However,
considering applications submitted in the first years of implementation, the new NFR did
not seem to introduce substantial changes in the observed timings. The proportions of
applications receiving a decision within one, two, or three years seem not to be impacted,
looking at the linear trend in the length of the authorization process. Moreover, including
quadratic and flexible functional forms shows that the applications submitted in the latest
years faced poorer performance in regard to length of time until a decision. The new NFR
did not impact the proportions of decisions decided within one year, which could be ex-
pected, but the proportion of decisions made in two or three years decreased. Therefore,
EU policy-makers seem not to have achieved the aspired shortening of the authorization
time yet. A possible explanation for this might be the upsurge in applications following
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the introduction of the new NFR in 2018, which could have created a bottleneck in the
authorization pipeline, increasing administrative inefficiencies. This further highlights the
importance of RQ1 as the effect on the number of applications per year could be strictly
connected to the length of the process, ceteris paribus the capacity of the EC administra-
tion dedicated to the process. Knowing whether or not the upsurge of applications is
temporary as well as the trend in applications is relevant for assessing the effectiveness of
the EC administrative bodies in adapting their capacity.

Looking at authorized applications in the EU NFR (RQ3), there seems to be a difference
between the rate of authorized novel foods under the old NFR and Regulation (EU)
2015/2283, which show overall successful rates, respectively, of 76% and 97%. However,
a careful examination shows corresponding HPDIs with a range that also encompasses
negative values. Still, there seems to be evidence that more successful authorizations
are obtained under the new NFR. However, the higher probability of acceptance under
the new NFR might be biased by the short length of time since its enforcement as several
applications made since 2018 are still pending a decision. The more problematic applica-
tions will likely undergo a longer authorization process because the EFSA may request
additional data from the applicants.

5.6. CONCLUSIONS AND POLICY RECOMMENDATIONS

In this paper, we provide exploratory research assessing the performance of the EU NFR.
We empirically analyzed the pre-market authorization procedure using data collected on
applications under the former and current EU NFRs. To investigate the appeal and ef-
ficiency of the regulations, our empirical strategy focused on a few indicators that could
provide proxy measures of the barriers to accessing the authorization procedure, the
opportunity costs of the process, and the degree of success of applicants.

Our results showed a relatively stable number of novel food applications over the years,
with an upsurge with the introduction of Regulation 283/2015 in 2018. However, it is too
early to conclude whether the new NFR facilitated the process and increased the appeal
for new applicants. We observed a progressively decreasing number of applications after
the first year of introduction. We also showed a decreasing trend in the length of the
authorization process, especially for those applications receiving a decision within four
years. Until 2020, the new NFR did not seem to impact this trend. The opportunity cost for
applicants due to lengthy waiting times is still high even though there appears to be more
certainty about the upper bound of the overall duration of the authorization process. Our
results suggested that being a private company and applying for a novel food ingredient
are predictors of higher success in the authorization decision. Apparently, the new NFR
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shows a high degree of successful applications. However, this indicator is likely biased
upward as it pertains to a subsample of applications that received a decision within a
relatively short period of time. Nevertheless, it seems that the policy reform moves into
the expected direction.

Our research was limited by publicly available data on novel food. The EC lists novel foods
in the so-called “Union list” of novel foods. However, this list only provided the name and
specifications of each product without mentioning the date of application or authorization
or the applicant. We collected the timing data for each novel food from among different
sources (EC website, EFSA Register of Questions, and the literature). However, the dataset
has a few gaps as it is not mandatory to publicly release the dates of the various proce-
dural authorization steps. Future policies should include release of these information.

We applied an empirical strategy to deal with the lack of information regarding the deci-
sion on applications still under evaluation. However, this lack of data only concerns the
new NFR and limits our ability to compare the two regulations. The success of the new
NFR should be re-evaluated in a few years when more observations are available. For
further research, it would also be interesting to investigate the economic costs of regula-
tory compliance for novel food producers and to compare the differences before and after
the regulatory reform in the EU. Moreover, it might be possible to compare the same or
similar products authorized under different legislations, such as Canada or the U.S. or
even in the United Kingdom after the Brexit. The impact of the new notification procedure
for traditional foods from third countries on the performance of the new NFR should be
evaluated as well. This will provide important information for harmonizing food policies
and in particular with respect to reducing approval costs without undermining food safety.
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5.A APPENDIX.

Priors, Likelihood, and the Full Bayesian Model

In all but the simples modelling exercises involving trivial conjugate probability models,
Bayesian computation requires two fundamental ingredients: (i) the joint posterior distri-
bution of the whole parameter set, and (ii) a sampling algorithm that efficiently and ef-
ficiently explores the typical set of that distribution (Betancourt & Girolami, 2013; Gelman
et al., 2013; Kruschke, 2015; McElreath, 2020). The samples generated this way can be
then employed to construct summary statistics, posterior credible intervals, or posterior
marginal distributions of the latent quantities of interest.

Setting up a full posterior for our BHM requires both a likelihood function and sensible
prior distributions. Although the standard Bayesian literature provides a clear cut between
the data model (the likelihood) and prior information, oftentimes in the most complicated
setups this dichotomic distinction becomes less clear. To avoid confusion, we hereby drop
this taxonomy altogether and adopt a slightly different notation (M. Betancourt, 2020): let
DD be the full observation set and let @@ be all the latent parameters. Then, the complete
Bayesian model is given by the joint distribution:

p(D.E)=p(D|E)p(E)

where p(-) defines a generic probability distribution while, following the standard classifi-
cation, p(E) would indicate the prior distribution. Then, using this setup, the full posterior
can be specified as:

p(DIE)p(E)
p(D)

Therefore, upon choosing a suitable sampling method to tackle p(£|D), one can explore

p(E|D)= ocp(D,E)zp(D|E)p(E)

the posterior of interest only after defining p(D|E) and p(E).

Modelling the number of applications

Following equation (1), we can make these two expressions explicit by indicating:

P (E):p (a’{et}tsz;)w ’Uﬂ’pﬁ’{ﬂt}zjgls ’O-ﬁ’pﬂ)

p(D |E)=poisson(4,),with: log(a+6,+ B, x|[1>2018])
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where the first line of equation (A1), p(E), can be further decomposed using the chain
rule of probability and dropping all the resulting uninfluential conditioning:

2020 2020

p(a)[ HP(QIQ,1,79>09)}17('91997 \79,%)17(79)17(%)[ I1~2(5 \ﬁ,,l,yﬂﬁﬁ)}p(ﬁm 175.05)p(75) (0,)
1=1998 1=2019

where p, =2y,-1and p, =2y,-1. Consequently, we can expand equation (1) to provide
a full representation of the data generating process (DGP):

n, ~ poisson(4,)

»(D|@) :{log(lg) =a+8,+ B xI[t>2017

p(@)

a ~ normal(log(10), 0.25)

8, ~ normal(log(1) + pgf,_,.05); pg € (—1,1); t € {1998 to 2020}

B, ~ normal(log(1.75) + pgB,_1, 95 ); pg € (—1,1); t € {2019,2020}

¥e ~ beta(2,2); pg =(2Xyg) — 1 (A2)
¥g ~ beta(2,2); pp = (2% yg) -1

B1557 ™ normal(log(lj,ag/ 1-p5 )

Bagig ™ normal(log(l.?S), crﬁf 1 —pé )

gg ~ normal, (0,0.25)
o ~ normal, (0,0.25)

in which normal, indicates a positive half-normal distribution.

The (marginal) distributions for the base year parameters, 0,5, and p,;, are derived
algebraically by convoluting all the conditional distributions following the initial period.
Given mean and covariance stationarity, one can then show™ that the variance at time
min(r) is given by the ratio between the standard deviation of the dynamic parameter,
divided by the square root of one minus the autoregressive coefficient, squared (as in
equation A2). Similarly, the mean at times ¢ >min(¢) is equal to the mean at the beginning
of the series, plus the coefficient at £ —1, scaled by the autoregressive parameter. Finally,
we motivate our hyperparameter choices for u,,0,,4,, 4, (see equation 1) as well as the
hyperpriors for o,and o, in the next section, where we illustrate simulation-based Prior
Predictive Checking (PrPC) to calibrate prior distributions.

13 Details are available upon request.
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Prior Distributions

In this section, we present our choice of hyperparameters and hyperpriors for the full
BHM in equation (A2). Our strategy consists of calibrating each parameter following the
Bayesian workflow methodology proposed in Gabry et al. (2019), Gelman et al. (2020),
Betancourt (2020) and Schad et al. (2021). Specifically, we begin with a simple model in-
cluding only the offset parameter, @, and choose values for x4, and o, by simulating new
synthetic observations from the so-called prior predictive distribution (PrPD)(Gabry et al.,
2019; McElreath, 2020; Stan Development Team, 2021; Wesner & Pomeranz, 2021). Once
this generative model can produce outcomes covering all plausible data configurations,
we register its parameters and substitute these values for the priors of our first BHM.
Next, we expand the initial configuration by adding the two autoregressive coefficients
and follow the same procedure indicated above. We begin by calibrating 4, and #,, then
we complete the model by choosing sensible configurations for o, and o,. On the other
hand, because we want to encode as little information as possible in p, and p,, we setup
weakly informative beta priors for both y, and y,, so that the resulting distribution of the
autoregressive coefficients is roughly zero-centred and has decreasing probability away
from the mean. This iterative process is sometimes referred to as PrPC (M. Betancourt,
2020; Gelman et al., 2020; Wesner & Pomeranz, 2021). Sampling from p(E) using the val-
ues specified in equation (A2), plugging the resulting simulated parameters into p(D |E)
and then drawing observations from the data model produces the left-hand side panel of
Figure Al. The density plots indicate both the range of n, (vertical axis) and their likeli-
hood had the data been generated according to the process described above. Intuitively,
the ensemble should generate counts that are plausible within the domain knowledge
of a given problem. In our case, we simply make sure that all the observed number of
applications fall within the range of synthetic data simulated through the PrPD, ascertain-
ing that the latter is not too concentrated around the realized counts so that we do not
encode too much prior information in the model. Finally, notice that we let the PrPD for
the years 2018 and beyond have a longer left tail. Before seeing the data, we cannot say
for sure whether n, has changed after the implementation of Regulation 283/2015, so the
most sensible solution is to allow for a wider range of possible outcomes through a proper
specification of the prior distribution for g,.
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Figure A1: Prior Predictive Distribution (PrPD — left panel) and Posterior Predictive Distribution

(PoPD - right panel) for », under the model indicated in equation (A2). The vertical axis indicates
the number of applications per year.
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Therefore, although the distributions in (A2) might seem at first very informative, they in
fact guarantee that our model does not generate unrealistically large or small outcomes,
while remaining rather vague on how many applications we should expect each year. This
approach to priors is consistent with Gelman et al. (2017), who advocate that ‘the priors
can only be understood in the context of the likelihood’ (hence the name of the paper).

Bayesian workflow fully incorporates this principle and provides technical guidelines for
applied works.

Modelling the authorization decision

Our simple Bayesian logit model can be generically indicated as:

approved, ~ bernoulli( p, )

. K
r(DIE) logit(p,) =% +>97,, (A3)
=1

p(E)=1{9, ~normal(0,0,); j €{l,....K}

where approved, is a dichotomic variable taking on value one when application Iis
authorized, while z,, indicates one of the K binary indicators introduced in Section

5.3. The parameter g, represents the average proportion of approved NF when all other
regressors are set to zero, i.e.: z, ;=0 for all
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Figure A2: Prior Predictive Distribution (PrPD — left panel) for 7; conditional on % =15 ang ¥ -0
for all /. The diffrently shaded areas represent credible intervals between 5% (darker) and 95%
(lighter).
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J . Because this parameter enters a logit transformation, one can show that any prior
distribution on g with support extending beyond 4 to -4 would produce a PrPD for p,
with high probability concentration at either one or zero. Therefore, any prior with large
density beyond these thresholds would generate unwarranted very informative bimodal
posteriors. To keep the information weak (i.e.: keeping p, around 0.5), a reasonable work-
around to this algebraic issue consists in adopting a 1.5 scaled normal distribution with
zero location so that the resulting distribution for p, resembles Figure A2.

We next calibrate the remaining parameter, o,, via PrPC, as discussed in the previous
section.

Specifically, setting o, =0.5 barely changes the shape of the PrPD for p,, hence guaran-
teeing that we do not encode too much information through the priors.
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MODEL ESTIMATION VIA MARKOV CHAIN MONTE CARLO

Sampling from the posterior distributions

We sample from the posterior densities implied by equations (A2) and (A3) using Stan
(Stan Development Team, 2021). If the target joint distribution does not exhibit poorly
identified regions, such as unintended sharp curvatures, or other geometric deficiencies
like strong multimodality, Stan can efficiently draw posterior parameters samples from
probability functions defined over high dimensional range spaces. Specifically, Stan em-
ploys a No-U-Turn Hamiltonian Monte Carlo (NUT-HMC) sampler (M. Betancourt, 2017;
M. J. Betancourt & Girolami, 2013; Stan Development Team, 2021) that explores the
typical set of any well-behaved twice differentiable distributions through a Markov Chain
Monte Carlo (MCMC) algorithm integrated with Hamiltonian dynamics. Moreover, Stan
only requires the user to define priors, hyperpriors, and the data model, conveniently
removing the need to explicitly derive an expression for either the full Bayesian model or
the joint posterior (M. Betancourt, 2017; Neal, 2011). In our work, we run the NUT-HMC
algorithm four times, extracting 2000x4 samples from the joint posterior distributions
defined through (A2) and (A3). We also apply a 50% burn-in (Geyer, 2011) and no thinning
(Link & Eaton, 2012; Maceachern & Berliner, 1994).

Convergence checks for the HMC algorithm

We assess the quality of the estimates obtained through the NUT-HMC sampler using two
standard measures of convergence: the split-R (Gelman et al., 2013; Stan Development
Team, 2021) and the effective sample size (ESS).

The R indicator (Figure B1) approaches one whenever the mean variance of the samples
extracted by the NUT-HMC in each chain gets close the variance of the samples drawn
through all the chains (Stan Development Team, 2021). Therefore, if all the chains did
converge to a stationary distribution, the resulting draws would be approximately identi-
cal, thereby generating an R measure very close to one will converge to one. As displayed
in Figure B1, all the models’ parameters exhibit Rs of roughly one, indicating that the
sample successfully achieved convergence.
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Figure A3: Convergence checks for the HMC sampler, R-hat measures for the two models.
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Figure A4: Convergence checks for the HMC sampler, ESS-R measures for the two models.
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In general, the samples obtained via MCMC methods will generally be autocorrelated.
Therefore, the estimated posterior quantities will usually entail larger variance, thus
requiring caution when reporting summaries of the latent quantities of interest (Geyer,
2011). We can however measure to what extent autocorrelation will affect the uncertainty
of our estimates by the so-called Effective Sample Size (ESS). In the case of independent
samples (i.e.: simple Monte Carlo — MC — samples obtained through the inverse CDF
method), the central limit theorem (CLT) provides a lower boundary for the noisiness of
an estimator. This threshold is based on the inverse square root of the (MC) sample size.
Conversely, when MC samples are correlated, the sample size must be replaced by the
ESS, which measures the amount of independent parameter observations drawn from
p(E |ID) that would provide the same estimation power as the corresponding autocor-
related sample. For example, for ESS=100 we would need 100 MCMC samples from
the target posterior to achieve the estimation power that we would have obtained, had
the draws been independent. Put it differently, the estimation error for the random
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guantities obtained through NUT-HMC is proportional to 1/\/@, which suggests higher
uncertainty with respect to independent MC sampling. Clearly, the closer ESS is to the
sample size of the corresponding independent sample, the better. Figure B2 reports the
ratio ESS—R =ESS/S, where s=3%"s, and S, indicates the number of NUT-HMC samples
drawn each chain £ after subtracting the burn-in (Gelman et al., 2013). A widely adopted
heuristic recommends regarding ESS—R smaller than 0.1 unreliable, as the correspond-
ing posterior summaries would be too noisy. In this respect, the Hamiltonian Dynamics
exploited in Stan’s algorithm could instead produce superefficient estimates through
anticorrelated samples. In such cases, we would observe ESS—=R>1 which would imply
higher precision than independent sampling. Figure B2 reports the ESS—R for all the
latent parameters in equation (A2) and (A3), indicating that all these quantities have been
estimated with a reasonable number of posterior samples (with several showing anticor-
relation).

Checking model fit

In this section, we assess the consistency of the dynamic Poisson model defined in
equation (A2) with our observed annual application counts. Specifically, we compare our
outcome data to 4000 NUT-HMC draws (i.e.:2000x4x0.5) from the Posterior Predictive
Distribution (PoPD), which we define as the marginalisation (Bayarri & Castellanos, 2007;
Gelman et al., 2013; Kruschke, 2015):

p(iln)=1p(A.Eln)dE =[p(i|E,n)p(E |n)dE =[p(ii|E)p(E |n)dE (B1)

where p(E|n,) indicates the joint posterior distribution of E . since the integral in
equation B1 is algebraically intractable, we perform Monte Carlo integration to obtain
the distribution of interest through simulation. Given a collection of S samples from the
posterior distribution, {E‘“)}IS, we draw one ") from 7 E' ), for each S €S. The result-
ing density plots in right-hand side plot of Figure Al helps us assess visually whether
the n, sequence (red dots) is consistent with "}, (density plots — Gelman et al., 2020;
Betancourt, 2020; Schad et al., 2020). Specifically, the reported simulations from the PoPD
(density plots) show that our model fits the observed data remarkably well, although the
rather vague information encoded in the prior for £, produces rather noisy posterior es-
timates. This higher uncertainty results from the limited number of observations beyond
the implementation date of Reg. 283/2015, where prior information dominates on the
likelihood.
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6.1. GENERAL DISCUSSION

This thesis addressed the overall research question:

How is the EU bioeconomy developing and affecting the economy, society, and the envi-
ronment?

The approach to measuring the EU bioeconomy can be represented by a reversed pyra-
mid, reflecting narrowing of the perspective from the second through the fifth chapter.
First, the thesis presented a conceptual framework. Then, it empirically investigated how
the bioeconomy is developing and affecting the economy, society, and the environment,
assessed the sustainability of bioeconomy sectors, and finally analyzed the relationship
between regulation and innovation in the food sector.

The change in perspective allowed investigation of the development of the EU bioeconomy
from various angles, revealing patterns that might stay hidden when viewed from a single
angle. So far, relatively few studies have monitored and measured the bioeconomy across
EU states (D’Adamo et al., 2020b; Ronzon et al., 2022; Ronzon & M’Barek, 2018), and
additional, comparable measurement and monitoring methodologies for the trends in
the bioeconomy are needed (Bracco et al., 2018). Chapters 3 and 4 of the thesis provided
cross-country analyses for 10 and 28, respectively, (former) EU MSs. The conceptual
framework in Chapter 2 helped in interpreting the empirical results in Chapters 3 to 5.
The bioeconomy cuts across economic sectors, and researchers have suggested that
measurement should inform its ongoing evolution across different sectors (Wesseler &
von Braun, 2017). Several studies have followed the NACE — to have clear and consistent
sectoral boundaries for measuring the bioeconomy (Efken et al., 2016; Fumagalli & Trenti,
2014; Lier et al., 2018; Piotrowski et al., 2018; Ronzon et al., 2017; SAT-BBE, 2015a). Chap-
ter 2 built upon the existing literature and provided a wide-ranging list of NACE sectors
delimiting the bioeconomy. Chapter 4 used this sectoral delimitation and bioeconomy
value-added by sector, including up- and downstream linkages, using Input-Output tables
from Cingiz et al. (2021) to provide a unique, extensive analysis of bioeconomy sectors
comparable among all EU MSs.

Prior studies have noted the importance of measurement tools that track the contribution
of the bioeconomy and other developments towards sustainable development, including
reproducible capital (e.g., buildings), human capital (e.g., education), and natural capital
(e.g., land) (Calicioglu & Bogdanski, 2021; Dasgupta et al., 2015). GDP has been the policy
and discourse-dominating indicator for economic and general welfare, but it does not
include the depreciation of capital assets nor other environmental and social aspects
(Dasgupta et al., 2015; Stiglitz et al., 2018). Instead, a broad range of indicators measur-
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ing the bioeconomy’s contribution to reaching the SDGs is crucial to assess its success
(Calicioglu & Bogdanski, 2021; O’Brien et al., 2017; Wesseler & von Braun, 2017). This
thesis has made four contributions to the literature on measuring the sustainability of the
bioeconomy: First, a conceptual framework to understand this contribution (Chapter 2).
Second, a framework for assessing the development of the bioeconomy using any number
of indicators and finding its speed and patterns (Chapter 3). Third, a framework measuring
the bioeconomy’s sustainability framework that is directly linked to the 1987 Brundtland
Report’s definition of sustainable development (Chapter 4). Fourth, an analysis of the
sustainability of the EU food sector.

The bioeconomy is a complex system; its measurement therefore benefits from a compre-
hensive systems analysis (van Leeuwen et al., 2015). Using Chapter 2 as an interpretive
framework is useful to reflect on the development of the many indicators covering various
elements of the bioeconomy in Chapter 3. The same applies to the two indicators measur-
ing the sustainability of all bioeconomy sectors in Chapter 4. Chapters 3 and 4 comple-
ment each other, as they cover many indicators measuring specific aspects for the whole
bioeconomy, on the one hand, and two comprehensive indicators measuring sustainable
development for individual bioeconomy sectors on the other. Chapter 5 helps validate
Chapters 3 and 4, as it provides indicators for more specific elements of a particular indus-
try. Looking at the results from Chapters 2 through 5, one can draw additional conclusions
addressing the overall research question. Combining the approaches from Chapters 2to 5
allows analysis and comparison of the bioeconomies of EU MSs. Chapter 2 found resource
availability as a driving force of the bioeconomy, as land, water, and skilled labor are
its important inputs. The development of the bioeconomy heavily depends on biomass
production, which again depends on the land available for biomass production, available
water, and people who can work in the bioeconomy. The type and quality of available
biomass are affecting the bioeconomy as well. Biomass can originate from agriculture,
forestry, marine environment, or waste. France and Germany are European countries with
a lot of potential for biomass production (Hamelin et al., 2019; Verkerk et al., 2019) and
large workforces (OECD, 2022). These conditions make the two countries a good example
to illustrate how the collection of chapters of this thesis can provide additional insights.
Chapter 3 showed that France and Germany have a high number of bioeconomy-related
policy actions and that their bioeconomies are progressing quickly. Germany’s circular-
bioeconomy indicators have advanced the most (on average) compared to the rest of
the EU-10, while France is also among the more advancing countries. At the same time,
intra-distribution dynamics were high for Germany, which means that indicators sharply
differed in their developments and that their relative rankings varied in consecutive years.

Going into more in-depth analysis, ammonia emissions from agriculture increased in
Germany, and while this is undesirable considering the environmental impact, it also indi-
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cates high biomass production. In France, R&D personnel and gross domestic expenditure
on R&D by the government have regressed, which could negatively impact innovation
and the development of new technologies there. However, Chapter 4 showed that both
countries have high potential for further investments in their bioeconomies. Germany
and France generally have low hurdle rates for their bioeconomy sectors. Contrarily,
agriculture, forestry, and fishing are among the five sectors with the highest hurdle rates
in both countries, indicating that the potential for further sustainable investments in the
biomass-producing sectors is limited compared to other sectors. But there are sufficient
bioeconomy sectors with lower hurdle rates. For example, in Germany and France, food
products, beverages and tobacco, paper products and printing, wholesale and retail
trade, and repair of motor vehicles are among the sectors with the lowest hurdle rates.
While these sectors are not considered to have the highest level of innovation compared,
for example, to the information technology sector, this might change (Friedman, 2015).
Chapter 5 provided several indicators for innovation in the food sector and found that it is
increasing. The number of applications for the authorization of NF products has upsurged
recently, even though the procedure takes a considerable time. Germany and France are
the home countries of many applications, indicating that they are leading innovators in
the food sector.

Looking back at the insights from all chapters allowed a nuanced view of Germany’s and
France’s bioeconomies and explained their good position in the EU going beyond their
biomass potential (D’Adamo et al., 2020b; Morone et al., 2022). It also showed that the
bioeconomy is a complex system with many interactions that should be analyzed com-
prehensively. This insight supports using a complex systems perspective in economic re-
search (Foster, 2005). Foster (2006) argued that developing a complex economic systems
approach is necessary to study the microeconomic and macroeconomic implications of
economic behavior. Studying the whole range of potential actions, from legislative and
regulatory acts to changing individual behaviours, requires the economy and society to be
analyzed in their full complexity (Foxon et al., 2013).

Innovation as an important driver of long-term economic growth has been well-estab-
lished in the economic literature (Aghion & Howitt, 1992; Grossman & Helpman, 1993;
Romer, 1990). Innovation is broadly defined as developing new technologies, including
creating new processes or products, commercializing them, and bringing them to market
(Sachs & McArthur, 2002). Chapter 2 confirmed a similar relationship between innova-
tion and bioeconomy development. Advances in biological sciences and in information
and communication technologies, and other technological advances are needed to reach
the societal objectives of the bioeconomy. Bringing new bio-based products is especially
challenging because there are already similar fossil-based products on the market. For
the production process of an existing product, costs are minimized over time, and social
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costs like carbon emissions are not priced into the market. These challenges make private
investments in developing new products less attractive and public investments indispens-
able (Zilberman et al., 2013). Therefore, measuring innovation in the bioeconomy is
central for policymakers.

Keeping track of innovation in the bioeconomy is challenging because there has been no
proper, broader measurement of ongoing innovation activities and their outcomes (Wydra,
2020). Patents have long been used as an indicator of innovation in a country’s economy
(Archibugi, 1992). Patents represent the outcome of the inventive process and, more
specifically, those inventions expected to have a business impact. However, using patents
as an indicator has the problem that companies sometimes protect their innovations with
industrial secrecy, and the propensity to patent varies by sector and country (Shepherd
& Shepherd, 2003). Sirilli (1987) also argued that many patents are worthless and never
used and that the economic impact of patents is highly skewed. Chapter 2 proposed,
new spatially differentiated indicators for revealing these effects, measuring, among other
things, innovation via the number of patents submitted by field and sub-field. However,
Chapter 5 provided another measure of innovation for the food sector: the number of NF
applications. Compared to patents, companies are less likely to apply without using them
afterward because of the high costs of the authorization procedure. Also, NF applications
involve a product or ingredient ready for the market, while patents often have no direct
economic benefit. Considering the empirical results, Chapter 3 showed that patent ap-
plications are among the worst in Germany, ltaly, and France, while they are among the
best in Poland. But as mentioned before, Germany and France are the home countries of
many applications, indicating that they are leading innovators in the food sector.

6.2. SYNTHESIS OF ANSWERS TO THE RESEARCH QUESTIONS

Each of the research questions (1 to 4) described in Chapter 1.3 was addressed in a chap-
ter (2 to 5) of this thesis. Hereafter, a synthesis of the answers to these research questions
is provided.

Research Question 1: What is driving the development of the EU bioeconomy, and how can
it be measured?

Chapter 2 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 for answering this research question. The chapter reviewed the
literature to identify several major forces steering the development of the bioeconomy.
They are grouped as supply drivers, including technology and innovation, market orga-
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nization, an increase in the importance of climate change and pressure on ecosystems
demand, and demand drivers, including demographics, economic development, and con-
sumer preferences. Other driver groups are resource availability and the measures of gov-
ernments to influence the development of the bioeconomy, which include global, EU, and
national policies, regional policies, and legislation. A wide range of bioeconomy sectors
was derived from the EC’s definition, including biomass-producing activities, conventional
biomass processing activities, novel biomass processing activities, and service-related
activities that use biomass (European Commission, 2018b). A major issue in monitoring
the bioeconomy is that national statistical agencies seldom distinguish between bio-based
and non-bio-based products (Jander et al., 2020), which limits monitoring efforts. The
chapter found few indicators addressing innovation, policies, strategies, and legislation
within a monitoring and measuring framework (Lier et al., 2018; SAT-BBE, 2015b), but
these factors heavily influence the development of the bioeconomy (Nitescu & Murgu,
2020; Tsiropoulos et al., 2017; Wesseler & Zilberman, 2021). New indicators measuring
changes over time have been suggested for monitoring innovation, policies, strategies,
and legislation. The indicators can be combined into time-series datasets and put onto a
standardized scale that allows further transformation to compare developments among
EU MSs or even beyond, as commonly done in the literature on economic growth (Quah,
1996) or trade (Zaghini, 2005). Researchers have considered it crucial for society to achieve
sustainable development at national, EU, and global levels, and the bioeconomy can
contribute to that achievement (Knudsen et al., 2015; O’Brien et al., 2017). The sustain-
ability of the bioeconomy is mainly attached to its environmental dimension, especially
regarding sustainable production and use of biomass (Capasso & Klitkou, 2020; D’Adamo
et al., 2020a). Biomass can be produced and used more sustainably by including principles
from the circular economy (Carus & Dammer, 2018; Hetemaki et al., 2017). Therefore,
the chapter proposed indicator measures; among others, ‘Material use efficiency’ and
‘Sustainable resource use’ for the degree of circularity of the bioeconomy and various
indicators for measuring its contribution to the UN SDGs, respectively.

Research Question 2: What patterns can be found in the evolution of the bioeconomies of
ten selected EU Member States?

Chapter 3 showed similarities and differences in the dynamic evolution of a wide range
of indicators for circular bioeconomies in ten EU MSs. The chapter developed a novel
framework in which indicators with various units and dimensions were normalized and
then investigated patterns by using Markov transition matrices. The framework helped in
understanding indicators that cover various economic, environmental, and social aspects
of a circular bioeconomy. Bracco et al. (2019) reviewed existing monitoring approaches
to the bioeconomy and collected 269 distinct indicators from 19 sources that measured a
wide range of impact categories, and Lier et al. (2018) proposed 161 indicators for a bio-
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economy monitoring framework. This chapter addressed several issues associated with
frameworks using a high number of indicators, such as normalization and information
overflow (Berg et al., 2019; Lyytimaki et al., 2020; Miola & Schiltz, 2019). A normaliza-
tion method was used that allows for country comparison and is insensitive to outliers.
The chapter used the slope parameter of a linear regression as a novel manner to rank
the normalized indicators and Markov transition matrices to analyze the distribution
of many indicators, compared to one indicator in previous studies (Alessandrini et al.,
2007; Chiappini, 2014; Ferto & Sods, 2008; Zaghini, 2005). The chapter found that the
evolutions of the EU-10 circular bioeconomies were generally progressive, considering all
indicators; however, this development was not homogeneous. Circular bioeconomies in
Slovakia, Poland, and Latvia developed quickly compared to the rest of the EU-10. Their
substantial relative progress from 2006 to 2016 was particularly unexpected because their
governments had not implemented any policy actions at the national level for the circular
bioeconomy during that period. However, D’Adamo et al. (2020b) found that Slovakia,
Poland, and Latvia are still lagging behind the rest of the EU regarding socioeconomic per-
formance. Therefore, the rapid development of circular bioeconomies in these countries
may partly be explained by a catch-up effect on highly developed circular bioeconomies
such as the Netherlands. This finding is consistent with that of Ronzon and M’Barek (2018),
who emphasized the potential of the bioeconomy in Central and Eastern Europe. The
indicators related to R&D generally progressed quickly in the private sector and regressed
in the public sector, which suggests that one substituted for the other.

Research Question 3: How sustainable is the transition to a bioeconomy in the economic
sectors of EU Member States?

Chapter 4 quantified and compared the sustainability of bioeconomy development in
the EU. A theoretical framework was conceptualized, building upon Arrow et al.’s (2012)
framework for assessing whether economic growth is compatible with sustaining well-
being over time. The chapter complemented their framework with the characteristics
of bioeconomy-related investment projects: uncertainty of future rewards and losses,
irreversible impacts, and flexible timing. Not considering these characteristics could
compromise sustainability measurement because benefits of genuine investment projects
would be overestimated. The chapter devised a framework that is directly linked to the
1987 Brundtland Report’s definition of sustainable development using the concept of
intergenerational wellbeing. Bioeconomy value-added was linked with intergenerational
wellbeing, and irreversible effects on greenhouse gas emissions were estimated, which al-
lowed applying the framework empirically to the EU’s bioeconomy. The chapter calculated
hurdle rates to describe the degree of uncertainty and flexibility of bioeconomy sectors
and the maximum amount of irreversible costs as an indicator for the sustainability of
bioeconomy investments against irreversible environmental impacts. It was found that
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the hurdle rate in the bioeconomy is lower for the bio-based part than for the non-bio-
based part for most countries, indicating high potential for further sustainable invest-
ments in the transition towards an EU bioeconomy. The sectoral hurdle rates showed high
variability within and between countries. Conventional bioeconomy sectors such as food
products, beverages and tobacco, and paper products and printing have low hurdle rates
in many countries. The major share of countries have negative maximum incremental so-
cial tolerable irreversible costs (MISTICs) for their bioeconomy, implying that bioeconomy
projects need to provide irreversible benefits. However, every country has bioeconomy
sectors with positive MISTICs. The findings are consistent with results from the Ecological
Footprint, where most EU MSs have an ecological deficit as they have a greater footprint
than biocapacity.

Research Question 4: How is the EU’s novel food regulation developing and impacting
innovation in the food sector?

Chapter 5 provided exploratory research assessing the performances of the EU NFR. The
chapter empirically analyzed the pre-market authorization procedure by using data col-
lected on applications under the former and current EU NFR. To investigate the appeal and
efficiency of the Regulation, the empirical strategy focused on a few new indicators that
could provide proxy measures of barriers to accessing the authorization procedure, the
opportunity costs of the process, and the degree of success of applicants. Several criti-
cisms have been raised about the long duration of the authorization process (Hermann,
2009; Hyde et al., 2017) and the consequent costs for the system. Hermann (2009, p. 505)
highlighted that “costs, complexity, length and uncertain outcomes of NFR procedures
have led to uncertainties about the likelihood of successful applications and discouraged
firms of the sector to file applications.” The empirical findings suggest that expectations
impact firm investment decisions, as the EU has had a relatively stable number of NF
applications over the years, with an upsurge with the introduction of the new NFR in
2018. However, it is too early to conclude whether the new NFR facilitated the process
and increased the appeal for new applicants. A progressively decreasing number of ap-
plications after the first year of introduction was observed. A decreasing trend in the
length of the authorization process was shown, especially for those applications receiv-
ing a decision within four years. Until now, the new NFR has not seemed to impact this
trend. The opportunity cost for applicants due to lengthy waiting times is still high, even if
there appears to be more certainty about the upper bound of the overall duration of the
authorization process. Innovation in the food industry is growing in importance (Grunert
et al., 1997) and impacting the whole supply chain (Zilberman et al., 2022). Therefore, it
is becoming more important to measure the level of innovation and the factors affecting
it. The chapter provided a new indicator for innovation in the food sector: the number of
NF applications. The results suggest that being a private company and applying for an NF
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ingredient are predictors of higher success in the authorization decision. Apparently, the
new NFR shows a high degree of successful applications. However, this indicator is likely
biased upward as it pertains to a subsample of applications that received a relatively quick
decision.

6.3. OVERARCHING POLICY RECOMMENDATIONS

In the 2018 Bioeconomy Strategy Action Plan, EU policymakers stated that they aim to
increase observation, measurement, monitoring, and reporting capabilities and develop
the Bioeconomy Monitoring System. This monitoring system covers environmental, social,
and economic dimensions of sustainability and relates to the overarching SDGs (Kilsedar
et al., 2021). The common approach is to use indicators that measure different sustain-
ability aspects and have targets for them that are considered sustainable (Bracco et al.,
2019). It is recommended to use indicators designed specifically for measuring sustainable
development as well, that is, indicators that explicitly consider the wellbeing of future
generations and how they will be affected by irreversibility and uncertainty.

The EU Bioeconomy Monitoring System uses a hierarchical structure, where broad ob-
jectives are broken down into normative criteria, which are further broken down into
key components (European Commission, 2022a). The full list of indicators planned to
be implemented in the system amounts to 168 indicators. The EU Bioeconomy Progress
Report states that the nested structure allows for aggregation of the indicators to the
different levels of the hierarchy and considers the ‘key components’ level the most ap-
propriate level of aggregation (European Commission, 2022a). However, while this type
of aggregation improves user-friendliness, it also bears the risk of ignoring more nuanced
trends at the lower level of aggregation. EU policymakers should consider as many indica-
tors as are available in a given period, assessing their speed and direction.

Monitoring frameworks such as the one presented in this thesis should be used with cau-
tion. As with any framework, this work on indicators simplifies the intricate complexity of
the bioeconomy. No indicator or set of indicators can perfectly capture different aspects
of reality (Maggino, 2017). It also represents a compromise regarding what can be quanti-
fied, the type of data collected, and its quality. The ramifications are that indicators and
related methodology should be viewed as value-neutral and only measure what they point
to. A link to specific policy objectives should only be made if they explicitly refer to one
or more indicator(s) and associated methodology. It would be unsound to assume that
increases in all the indicators that mark the transition towards bioeconomy mean that all
possible aspects of this transition have been accomplished. This caution is especially true

158 CHAPTER 6



for environmental indicators, where environmental aspects of sustainability transition to
bioeconomy are much less abundant than economic indicators.

Developing new bio-based products requires substantive investments from companies,
and they have problems with cost-effectiveness (Lange et al., 2021; Mujtaba et al., 2022).
Chapter 4 showed that many bioeconomy sectors still have high hurdle rates, making
future returns more risky and uncertain (Wree et al., 2016). A higher hurdle rate indicates
that companies need to expect higher benefits for an investment in developing a bio-
based product to be sustainable. Policymakers can increase private investment in bio-
economy sectors by reducing the uncertainty of future benefits in a sector, for example,
by introducing a public procurement program of bio-based products for the EU similar to
the United States Department of Agriculture BioPreferred Program. Chapter 3 showed
that research and development progressed in the private sector but regressed in the
public sector in selected countries in the EU. Providing incentives for private investments
is even more critical if this trend continues and would complement existing public-private
partnerships™.

Chapter 5 found that regulators could offset the sluggishness of the authorization pro-
cedure for NFs in the EU by reducing the degree of uncertainty regarding the maximum
expected length. As was presented in the framework in Chapter 4, uncertainty creates the
need for additional benefits for an investment to be sustainable. Therefore, policymakers
could unlock investments, as described in the 2022 EU Bioeconomy Strategy Progress
Report, by ensuring a maximum time the authorization would take. This action could also
be applied with authorization procedures in other bioeconomy sectors, such as microbial
biological control agents (Frederiks & Wesseler, 2019), biopharmaceuticals (Tsuji, 2008),
or genetically engineered crops (Smart et al., 2017). Policymakers can foster investment
opportunities by lowering the expected irreversible approval costs and by decreasing the
approval process’s expected length and uncertainty about this length.

6.4. LIMITATIONS AND SUGGESTIONS FOR FURTHER
RESEARCH

The availability and quality of data for measuring and analyzing the bioeconomy were
limitations that kept coming back during the research. Compared to other economic re-
search, splitting out the bio-based portion of the bioeconomy is an added issue. The data
situation is challenging when observing the bio-based sectors, and it becomes even more
challenging when considering export and import data and flows. In addition, bio-based

14  The most prominent example of a public-private partnership for the EU bioeconomy is the Circular Bio-based
Europe Joint Undertaking.
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and fossil-based economies are intimately interlinked, and in assessing the bioeconomy,
one must not lose sight of the rest of the economy. Changes or trends in the fossil-based
economy might have a profound impact on the bioeconomy.

The research was limited mainly to the EU and did not view interactions with other re-
gions to the full extent. The conceptual framework in Chapter 2 considered globalization
and global policies a driving force, emphasizing the importance of international trade.
Also, some indicators, such as ‘Comparative advantage’, capture the relationship of the
EU bioeconomy with the rest of the world. But the framework’s scope is based on the
EC’s bioeconomy definition. The existing indicators mainly came from a European source
(Lier et al., 2018) and were discussed with stakeholders from the EU. Chapters 3 and
4 empirically assessed EU bioeconomies and only considered global effects to a limited
extent via indicators such as greenhouse gas emissions. However, the frameworks behind
the empirical analysis could also be used for other world regions. Chapter 5 analyzed the
EU’s NFR, for which applicants from outside the EU can apply. Most applications come
from applicants from the United States. However, the results of this chapter cannot be
generalized to other world regions and must be validated first.

European policymakers struggle to counteract the rural exodus by implementing poli-
cies that effectively promote rural development and provide more job opportunities in
sparsely populated regions. Rural areas are most affected by bioeconomy policies, so by
supporting the bioeconomy, policymakers intend to promote the economic development
of these areas, among other goals. Rural areas depend on the bioeconomy for their eco-
nomic development more so than urban areas, and in many European countries, they
are left behind. Rural regions of the EU have a higher risk of poverty or social exclusion,
fewer highly educated people, and worse infrastructure than non-rural regions (Abreu
et al., 2019). Future research should address whether bioeconomy policies succeed in
promoting rural development by offering more economic opportunities.

While development of the bioeconomy is driven ambitiously by the EU and by EU MSs,
concrete bioeconomy-related policies are scarce. Countries are also willing to intensively
promote the development of their bioeconomies politically, using enabling policy means
(Dietz et al., 2018). In recent years, researchers have analyzed bioeconomy strategies
qualitatively, and the approaches and objectives of these strategies have been scrutinized
(De Besi et al., 2015; Dietz et al., 2018; Meyer, 2017). The EU’s efforts are the most ad-
vanced compared to other world regions but still appear to be a somewhat fragmented,
inconsistent, and heterogenous policy field (Vogelpohl et al., 2022). Existing bioeconomy-
related strategies often aim for mid- and long-term impacts, which are difficult to evalu-
ate. The use of indicators to measure the development and various intended outcomes
of the bioeconomy has recently been widespread, with data gaps often being the biggest
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challenge to overcome (Ronzon et al., 2022). However, future research should address the
uncertainty about the causation between bioeconomy policy strategies and their objec-
tives.

A large group of scientists worldwide has recently declared that climate change could
“cause significant disruptions to ecosystems, society, and economies, potentially making
large areas of Earth uninhabitable” (Ripple et al., 2020, p. 10). The EU vowed to become
the world’s first “climate-neutral bloc” by 2050 in the European Green Deal (European
Commission, 2019b) and highlighted the vital role of the bioeconomy in achieving this
climate neutrality and environmental, economic, and social sustainability (European Com-
mission, 2022a). Tracking the path towards a bioeconomy is challenging because it affects
many economic sectors, societal aspects, and environmental systems. This thesis provided
sophisticated and novel approaches and indicators for measuring the bioeconomy and
found varying but generally positive trends. A focus was on providing methods to analyze
the many aspects of the bioeconomy and its contribution to sustainability. Additional re-
search is needed to measure whether the bioeconomy’s contribution towards sustainable
development, which is most threatened by climate change, is sufficient and fast enough.
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Summary

EU policymakers strive to transform their fossil-based economies and steer them onto
a sustainable path by using their natural resources differently. Tracking this path is chal-
lenging because it affects many economic sectors, societal aspects, and environmental
systems and requires sophisticated and novel approaches and indicators.

One opportunity for a society is to transition towards a bioeconomy, which entails all
economic sectors and systems being linked to biological resources and their functions
and principles. A bioeconomy in the EU could tackle economic, environmental, and social
problems if the transition from a fossil-based economy is adequately realized. The bio-
economy is a broad strategy tackling many economic, social, and environmental challenges
simultaneously. There are tradeoffs with other policies as links between policies increase,
which makes objectives and elements more complicated. The EU aims to promote the
bioeconomy and reach the UN SDGs by establishing an extensive policy framework, and
tracking this process and its dynamics is crucial to ensure that resources are efficiently
spent.

Chapter 2 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. The chapter reviewed the literature to identify several primary
forces steering the development of the bioeconomy. They were grouped as supply driv-
ers, demand drivers, resource availability, and government measures. A broad range of
bioeconomy sectors was derived from the EC’s bioeconomy definition. New indicators
have been suggested for monitoring innovation, policies, strategies, and legislation, which
were sparse in previous works. The chapter proposed indicator measures, among others,
‘Material use efficiency’ and ‘Sustainable resource use’, for the degree of circularity of the
bioeconomy and various indicators for measuring its contribution to the SDGs.

Chapter 3 showed the similarities and differences in the dynamic evolution of a wide
range of indicators for circular bioeconomies in ten EU MSs. The chapter developed a
novel framework in which indicators covering economic, environmental, and social as-
pects of the circular bioeconomy were normalized and then investigated patterns by using
Markov transition matrices. The normalization method allows for country comparison
and is insensitive to outliers. The chapter used a novel manner to rank the normalized
indicators and Markov transition matrices to analyze the distribution of many indicators,
compared to one indicator in previous studies. The chapter found that the EU-10 circular
bioeconomies were generally developing well considering all indicators; however, this
development was not homogeneous. The indicators related to R&D generally progressed
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quickly in the private sector and regressed in the public sector, which suggests that one
substituted for the other.

Chapter 4 quantified and compared the sustainability of bioeconomy sectors in the EU.
A theoretical framework was conceptualized for assessing whether bioeconomy devel-
opment is compatible with sustaining wellbeing over time. The framework included the
characteristics of bioeconomy-related investment projects: uncertainty of future rewards
and losses, irreversible impacts, and flexible timing. Not considering these characteristics
could compromise sustainability measurement because the benefits of genuine invest-
ment projects would be overestimated. The chapter linked bioeconomy value-added with
intergenerational wellbeing and estimated irreversible effects on greenhouse gas emis-
sions, which allowed applying the framework empirically to the EU’s bioeconomy. It was
found that the hurdle rate in the bioeconomy is lower for the bio-based part than for the
non-bio-based part for most countries, indicating high potential for further sustainable
investments in the transition towards an EU bioeconomy. The findings are consistent with
results from the Ecological Footprint, where most EU MSs have an ecological deficit as
they have a larger footprint than biocapacity.

Chapter 5 contributed exploratory research assessing the performance of the EU NFR.
The chapter empirically analyzed the pre-market authorization procedure of the NFR.
The empirical strategy focused on a few new indicators to investigate the appeal and
efficiency of the Regulation. These new indicators provided proxy measures of the barriers
to accessing the authorization procedure, the process’s opportunity costs, and the ap-
plicants’ degree of success. The empirical findings suggest that expectations impact firm
investment decisions as the number of NF applications has been relatively stable over the
years, with an upsurge with the introduction of the new NFR in 2018. A decreasing trend
in the length of the authorization process was shown, especially for those applications
receiving a decision within four years. The chapter provided a new indicator for innova-
tion in the food sector, which is growing in importance for the whole supply chain.

Finally, Chapter 6 provided a general discussion of the results, drawing additional
conclusions by looking at all chapters together and relating them to societal and scien-
tific debates on bioeconomy monitoring, sustainability, and innovation. Furthermore, the
chapter synthesized the results from the previous chapters. Overarching policy recom-
mendations, especially concerning the EU Bioeconomy Strategy, were presented. The last
section discussed limitations and suggestions for further research. Additional research is
particularly needed to measure whether the bioeconomy’s contribution towards sustain-
able development, which is most threatened by climate change, is sufficient and timely.
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